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Preface to the Second Edition

Zoonoses: Infections Affecting Humans and Animals – A Focus on Public
Health Aspects
“Habent sua fata verba” – at least some words have their own history and success
stories, even when starting their career with one or more little errors at their coming
to life. A striking example is the term “zoonosis.” It was coined in 1855 by the
German physician Rudolf Virchow, mainly known as father of scientific pathology,
but also as an important political figure in nineteenth-century Germany. Prior to the
widespread acknowledgment of microorganisms as causative agents of infectious
diseases, Virchow introduced the term – without clearly defining it – basically
through the back door, when writing a subchapter in the second volume of the
“Handbuch der speciellen Pathologie und Therapie” entitled “Intoxicationen,
Zoonosen und Syphilis” on “Infectionen durch contagiöse Thiergifte” and putting
the term “Zoonosen” as explanation in brackets. Actually, he not even mentioned the
term in his chapter except in its heading. Today we know that the underlying
pathogenic concept of “Thiergifte,” that is, animal poisons or toxins, as disease
agents is mostly wrong as is Virchow’s very first sentence stating that luckily the
number of diseases transmissible from animals to humans is not very large – a gross
underestimation since most infectious disease entities and their agents are in fact
zoonotic.

Interestingly, the term “zoonosis” is derived from the Ancient Greek word ζῷoν
(living being, living creature, animal) with its root in ζῷoς (living, alive, vivid).
Etymologically, Virchow limited the concept of zoonoses to “animals.” More than
100 years later in 1958, the Joint WHO/FAO Expert Committee decided to narrow
down the scope of “zoonoses” even more by defining these as “diseases and
infections which are naturally transmitted between vertebrate animals and man.”

On the other hand – and even from the beginning of zoonoses as an object of
scientific research – Virchow and his Canadian disciple William Osler, also a
physician by training, very early recognized the need for interdisciplinary collabo-
ration between human and veterinary medicine and also – probably even more
importantly – the public health, social and political aspects of zoonotic diseases.
Researching zoonoses over the decades consequently not only helped to gain deeper
insights into infectious diseases – additionally fostered by enormous progress
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especially in molecular typing-based techniques – but also changed the research
object and broadened the perspective under which zoonoses were seen. In 1984,
Calvin Schwabe, a public health-trained veterinarian, introduced the concept of
“One Medicine” (as discipline) and the corresponding “One health” approach not
only comprising humans and animals but also the environment in all its facets. Thus,
the concept of zoonoses had to be expanded by ecological, environmental, even
societal, and economical aspects. In this respect, Virchow’s etymological rooting of
the term “zoonosis” in ζῷoν shifts from the narrow “animal” to the much wider
“living being,” such as in the constructs of “biosphere” or the more mythical “gaia”
model (to stay with Ancient Greek-derived expressions or ideas and deities).

“Habent sua fata libelli” (Not only words, but also books have their history). After
the publication of its first edition in 2014, the current One Health-based book became
rapidly popular among readers worldwide. Since nature never stops creating new
infectious challenges for both mankind and the animal kingdom, it became obvious –
at latest during the COVID-19 pandemic with one of its very first epicenters being a
live wildlife food sale market in China – that a new and completely revised edition of
the current book had to be started. New chapters addressing different animal groups
(e.g., camels, birds, and reptiles), additional merging and re-emerging pathogens
such as Borna Virus, Borrelia spp., Coronaviruses, trichinae, Chlamydia spp. or
staphylococci, or new perspectives, for example, ancient and reverse zoonoses, were
incorporated into the second edition.

The authors were chosen from a variety of academic and professional back-
grounds, from the fields of human and veterinary medicine, from universities and
public health institutions, and from more than 20 countries of all continents except
Antarctica. The underlying idea was not to get an encyclopedic review on all known
zoonotic disease entities but to have a forum for identifying or discussing urgent
issues of zoonoses under a public health perspective.

Accordingly, the main target groups are the respective scientific communities,
medical and veterinary practitioners, their students, public health and veterinary
public health practitioners as well as decision-makers in the field of public health and
veterinary public health.

Finally, I like to thank all authors for their very valuable chapters written with
both heart and brain in the midst of a pandemic in which most, if not all of us, were
heavily involved in COVID19-related professional work. We all are very grateful to
Dr. Silvia Herold from Springer for initiating the new edition and especially to Neha
Thapa and her team from Springer Nature India for her tireless, prudent, and
extremely dedicated support throughout the whole publication process.
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Preface to the First Edition

Zoonoses are infectious diseases caused by microorganisms passing from animals to
humans and vice versa. In the last few decades most emerging and re-emerging
diseases were in fact either of zoonotic origin or zoonotic potential.

The term “zoonosis” was coined by the German physician Rudolf Virchow,
mainly known as father of scientific pathology, but also as an important political
figure in nineteenth-century Germany. Although rooted in a classical faculty-based
university system, he and his Canadian disciple William Osler, also a physician by
training, very early recognized the need for interdisciplinary collaboration between
human and veterinary medicine and also – probably even more importantly – the
public health, social and political aspects of zoonotic diseases. While the scientific
basis for both of them was pathology, the rise of microbiology as a medical discipline
allowed to put the focus on microorganisms as the obvious and easiest walkable
bridge between human and animal infectious diseases. This is even more true since
the advent of especially DNA-based typing techniques for analyzing microorgan-
isms isolated from different species thus allowing to study their real zoonotic
potential.

By incorporating life and social science subdisciplines (e.g., immunology or
epidemiology) a systemic paradigm was introduced in medical science thus prepar-
ing the ground for inter- and transdisciplinary approaches both in human and
veterinary medicine. A striking example for the consequences of this paradigm
shift on a population level are the concepts of New Public Health.

Not at last driven by the need for global public health efforts to combat both real
and anticipated releases from Pandora’s box in an interconnected and globalized
world the One Health concept rapidly gained momentum in the last decade after the
establishment of the 2004 “Manhattan Principles.”

This book is based on the One Health concept with a focus on the public health
impacts of zoonoses, both medically and societally. Important aspects in understand-
ing zoonoses are not restricted to more classical issues, for example, their epidemi-
ology in both humans and animals or disease symptoms in the respective
two-legged, four-, or more-legged, feathered or unfeathered species, but have to
take into account molecularly based epidemiological data and systemic, for example,
ecological approaches.
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To give an impression of the wide range of zoonotic research issues, the authors
of this book were chosen from a variety of academic and professional backgrounds,
from the fields of human and veterinary medicine, from universities and public
health institutions, and from all continents. The underlying ideas were not to get
an encyclopedic review on all known zoonotic disease entities but to have a forum
for identifying or discussing urgent issues of zoonoses under a public health per-
spective. Accordingly, the main target groups are the respective scientific commu-
nities, medical and veterinary practitioners, their students, public health and
veterinary public health practitioners as well as decision-makers in the field of public
health and veterinary public health.
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Part I

Zoonoses as Continuous Companions of
Mankind and the Animal Kingdom



Ancient Zoonoses 1
“Les Liaisons Dangereuses”

László Bartosiewicz
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Abstract

Archaeozoology is the study of animal–human relationships using the evidence
of archaeological finds. Throughout the history of civilization human and animal
welfare have become inseparable from each other. Microbiota found in and on all
multicellular organisms include pathogens linking animals and humans not only
to their environments but also to individuals of their own and other species.
Animal paleopathology is traditionally based on the attempted identification of
macromorphological symptoms of various infections on the excavated skeletal
remains of various species. Osteological lesions caused by past animal disease
reveal situated relations with humans, as many of them may be resulting from
zoonoses shared between multiple species, including people. Interactive socio-
ecological systems giving rise to zoonoses thus involve humans, animals, and
pathogens in specific environments. While many such diseases first emerged with
the onset of domestication and increasing social complexity, they are also caused
by recent human infringements on the natural habitats of wild animals. Under-
standing animal disease in the distant past is indispensable in developing a
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long-term, holistic perspective on zoonotic infections. Contextualizing scarce
archaeozoological evidence for zoonoses in epidemiological terms should help
identifying the factors that promote disease and understanding their dynamics.

Keywords

Archaeology · Zooarchaeology · Animal paleopathology · Human medicine ·
Veterinary medicine · Taphonomy · Skeletal lesion · Pathomorphology · Ancient
DNA · Ancient RNA · Paleoparasitology · Mycobacterium sp. · Brucella sp. ·
Yersinia sp. · Bone inflammation · Arthritis · Dog · Horse · Environment

1.1 Introduction

Human and animal health represent integral aspects of history. An increasing number
of modern diseases are zoonotic in nature. Today various forms of the common cold
and tuberculosis (TB henceforth) are well-known adaptations of strains originating
in species other than humans (Benatar 2007). The historical perspective of
co-evolving human and animal diseases cannot be studied without better under-
standing animal disease in archaeology. This short study is a review of evidence
related to animal paleopathology.

Human agency in fostering as well as handling and curing animal disease has
recently gained center stage in archaeological research illustrating how ancient
people and animals coexisted in their shared environments. A driving force behind
pathogen evolution seems to be the general human modification of the environment
since many emerging zoonoses have been associated with anthropogenic changes
(Pearce-Duvet 2006).

Today, major factors contributing to the emergence of new zoonotic pathogens in
human populations are linked to the intensification of agriculture (Jones et al. 2013)
as well as increased contacts between humans and wildlife in certain regions (Daszak
et al. 2001). Aside from the widely publicized consumption of bushmeat in many
parts of the world, zoonoses have recently been exacerbated by the encroachment of
human activity into shrinking wilderness areas as well as game straying into ever-
expanding human habitats. Contemporary observations in North America show that
TB in white-tailed deer is increasingly associated with the proximity of infected
cattle herds and/or high areal densities of white-tailed deer (O’Brien et al. 2001). In
the British Isles, badgers are well adapted as the primary host for bovine TB
(Gallagher and Clifton-Hadley 2000).

Throughout history several epidemics have been documented or are hypothesized
to have taken place. Most of their causative agents still remain speculative. Archae-
ological and historical data complemented by robust biomolecular methods can be
used to demonstrate the significance of zoonoses in these episodes (Spyrou et al.
2019).
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1.2 Research Materials and Methods

“Unlike medical and veterinary work on the living, we usually have calcified tissue
and little else. In the future, we can perhaps expect increasing support from immu-
nological and DNA evidence related to specific disease, but for the present we are
left with little more than bones and teeth” (Brothwell 2008).

Archaeozoology (or zooarchaeology) is a discipline devoted to the study of
relationships between humans and animals, typically using osteological evidence
recovered from archaeological excavations. Among archaeological finds, lesions on
animal remains have regularly been observed for well over a century, as many
diseases cause bone involvement thus allowing research using macromorphological
methods (e.g., Steenstrup 1870; Shufeldt 1893).

While human paleopathology can directly benefit from groundbreaking achieve-
ments in modern medicine, present-day veterinary research is divided between
diverse animal species and is focused on diseases of economic impact rather than
odd-looking skeletal disorders. Skeletal manifestations of TB have decreased from
5–9% to 0.5–1% in cattle during the first half of the twentieth century (Lignereux
and Peters 1999). In addition to improving prophylaxis, this may be explained by
changes in exploitation that reduced longevity (intensive fattening for beef, decreas-
ing draught work). In addition, the spread of modern epidemics is routinely pre-
vented by the mass culling of herds before individuals would develop skeletal
lesions. The lack of modern clinical data regarding the appearance and frequency
of osteological symptoms of zoonoses in animals thus frequently impedes their
detection in archaeozoological assemblages (Bartosiewicz 2021a). Some pathomor-
phological observations on the human skeleton are thus taken as a proxy in the
diagnosis of disease in other mammals.

The sheer nature of archaezoological find assemblages poses additional chal-
lenges. Taphonomy is the critical study of information loss caused by fragmentation,
poor preservation, and partial recovery in excavated materials. Each of these reduces
information of vital significance in archaeozoological inquiry (Bartosiewicz 2008a).
The bulk of animal bone deposits were generated through ancient butchery, were
prone to scavenging, multiple re-deposition, and other destructive taphonomic
forces. Lesions are thus typically noted on isolated bone specimens recovered
from fragmented and commingled food refuse. This precludes the reconstruction
of diseased individuals in the absence of coherent background information on age,
sex, and associated skeletal symptoms. These would be readily available in tradi-
tional, undisturbed human burials (Bartosiewicz 2002).

In want of complete skeletons, Upex and Dobney (2012) emphasize the need for
large syntheses and detailed analyses in traditional, morphology-based animal
paleopathology. Analyses of disarticulated animal bones need to concentrate on
the identification, quantification, and mapping of bone lesions associated with
infection across the skeleton (Bartosiewicz 2008b) and their correlation with loca-
tions of clinically documented skeletal involvement. This work should be supported
by advanced biomolecular analyses (Bendrey et al. 2019).
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Birds (and likewise mobile bats) present a high risk of zoonotic transmission due
to the ease with which they can fly between a variety of habitats, including human
settlements. In archaeology, however, their small bones are found in numbers only
when targeted, high precision recovery techniques are used in the field (fine screen-
ing, water-sieving). Thus, the general underrepresentation of bird remains limits the
discovery of pathological cases. Due to these difficulties, traditional, morphology-
based animal paleopathology in general and avian paleopathology in particular have
seen protracted methodological development compared to archaeozoology as a
whole or cutting-edge research in human paleopathology (Thomas 2012; Gál 2013).

By the end of the past millennium, the identification of TB, the probably best
researched zoonosis in archaeology, entered a new phase thanks to the identification
of mycobacterial DNA and lipid biomarkers in human remains at the eighth century
AD site of Bélmegyer–Csömöki domb, Hungary (Haas et al. 2000). The develop-
ment of high-throughput sequencing has stimulated unforeseen progress in the
analysis of ancient DNA and RNA (aDNA and aRNA henceforth), offering a subtle
way of identifying causative agents in paleopathology and insights in their microbial
evolution (Spyrou et al. 2019).

In aDNA research, there has been a continuing emphasis on the analysis of human
samples in the study of zoonotic pathogens. Over two decades ago Lignereux and
Peters (1999) lamented the financial limitations of using molecular genetics in
routinely identifying TB in archaeozoological assemblages. Studies of aDNA and
aRNA necessitate sophisticated analytical procedures using costly infrastructure
whose funding is more easily justified in human paleopathology: the long-term
evolutionary history of microorganisms is relevant to contemporary challenges in
public health (Spyrou et al. 2019). History, however, has been shaped not only by
pathogens infecting humans, but also those damaging domestic animals and crops
(Balloux and van Dorp 2017). Some groundbreaking work in aRNA research has
actually been carried out on plants (e.g., Rollo 1985).

Forces of taphonomy also impact biomolecular methods. The terms aDNA and
aRNA refer to the surviving nucleic acids isolated from archaeological samples.
Post mortem decay takes place both through host enzymes, microbiomes, and abiotic
factors. Differential preservation can also distort research results. Mycobacteria, for
example, have a thicker, hydrophobic, and thus more resistant cell wall than that of
Brucella. The difference in preservation thus causes a bias in recovery, the
M. tuberculosis complex (MTBC) being better represented in the archaeological
record (Recht et al. 2020). The MTBC includes, among others, M. tuberculosis,
M. bovis, and M. africanum. Additional DNA damage may be caused by microbial
contaminants (Duchêne et al. 2020). The even faster decomposition of RNA limits
the study of aRNA genomes, although recent studies suggest that given favorable
conditions even RNA remains can survive for millennia (Smith et al. 2019).

As taphonomic factors determining nucleotide preservation vary dramatically by
geological and climatic circumstances, there is no predictable correlation between
the level of DNA/RNA damage and the chronological age of archaeological sam-
ples. For example, human bone preserved in a shell midden in Latvia yielded
identifiable molecular evidence of Yersinia pestis after 5000 years of deposition
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and 150 years of museum storage in Rudolf Virchow’s collection in the Berliner
Gesellschaft für Anthropologie, Ethnologie und Urgeschichte (Susat et al. 2021).

1.3 History of Zoonoses

During early prehistory, Paleolithic communities of hunter-gatherers tended to be
small and probably came into contact rarely with one another. They were indubitably
exposed to infections of animal origin, albeit episodically (Sabbatini and Fiorini
2015). Such zoonoses may have occurred through the handling and consumption of
infected game, but the spread of disease was likely limited. Isolation would have
contained epidemics in localized communities, as the propagation and expansion of
pathogens depend on the frequency of contacts between individuals.

In the Old World, this modest conduit for human infection by wildlife was
significantly amplified by the onset of domestication (Pearce-Duvet 2006) through
increased contact with the vectors of animal illnesses: the ecological entanglements
of humans and livestock have resulted in regular somatic exchange (Rosenberg
2020), which became a mutual source of infectious diseases (as well as traumatic
injury) for both people and their domesticates. On a broader scale, the combined
effects of a higher human population density supported by emerging agriculture,
accompanied by close and regular animal–human contacts meant exposure to a
much richer pool of dangerous pathogens. Archaeozoological analyses and cases
of human TB in late Pre-Pottery Neolithic in the Levant and Northern Syria support
the hypothesis that close coexistence between early domesticates and humans has
contributed to the emergence of this zoonosis since prehistoric times (Horwitz and
Smith 2000; Baker et al. 2017).

Urbanization also increased the risk of mutual infections between animals and
humans. Tanga et al. (2022) identified predisposing factors for zoonotic diseases in
the Roman cities of Pompeii and Herculaneum. In these crowded urban environ-
ments, animals played diverse roles. The intensity of animal-related commercial
activities contributed to the risk of infections. The climate also favored the prolifer-
ation of parasites and pathogens. Basic hygiene was often ignored in food processing
and distribution while the proper disposal of human waste remained to be solved.
The contamination of drinking water also became inevitable.

Aside from the immediate physical environment, zoonoses may have been
indirectly exacerbated by other natural and social cataclysms. The Black Death
(1347–1350 AD), for example, can be seen as part of the Late Medieval Crisis
(ca. 1300–1350 AD). Changes occurring until 1350 should be seen within the
context of previous catastrophes such as the Great Famine (1315–1322), or the
Magdalenian Flood around the end of July in 1342 (Paxinos 2017). Recently,
Seetah et al. (2020) have developed an exemplary integrated predictive model of
Rift Valley fever virus outbreaks by combining climatic data with those on landscape
archaeology, historical sources, and human behavior.

The fact that domestication and urbanization have demonstrably increased the
risk of zoonoses should not be treated a topos. Contemporary outbreaks have
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redirected attention to the role wildlife may play in the evolution of pathogens
infecting humans. Paleopathologists should consider wild animals – integral agents
in past ecosystems – as sources of health hazard for both humans and their domes-
ticates (Bendrey and Martin 2021).

Paleoparasitological research ought to be increasingly integrated in the study of
zoonoses. It would be important to work toward a consistent global coverage in this
field (Bendrey and Martin 2021). A recent overview of archaeological finds of
zoonotic parasites (identified in association with humans) has demonstrated the
key role parasites have played in the evolution and spread of new pathogens,
particularly from the Neolithic Period onward (Ledger and Mitchell 2019). An
emerging diachronic trend is already evident during prehistory: sediment analyses
of the Neolithic Els Trocs cave in Spain show a significant increase in the abundance
and diversity of parasites as pastoral resources were increasingly exploited with the
advancement of time (Tejedor-Rodríguez et al. 2021).

In order to persist in small, early prehistoric human populations, a pathogen either
had to cause chronic infection (surviving in the infected host for a longer time), or it
had to spread to other species that served as reservoirs. Some obligate pathogens
require more than a single host to fulfill their ontogenetic cycle. The actual host,
supporting the adult form of the pathogen, is often a vertebrate, while the interme-
diate host (referred to as a vector) can also be an arthropod or mollusc (Balloux and
van Dorp 2017). In intermediate hosts, pathogens could incubate until susceptible
hosts were contacted/infected. Parasite remains are informative in investigating past
zoonoses as they have diverse life cycles that often involve both animal and human
hosts, while some are not host-specific (Ledger and Mitchell 2019).

In addition to pathogens shared by humans with invertebrates (acting as vectors
or intermediate hosts for disease), over 3/4 of reservoir species of zoonoses are
mammalian and two thirds of zoonoses have their origins in domesticates (Schwabe
1984; Morse et al. 2012). Risks of infection were multiplied by both human and
animal contacts between ancient farming communities (Fournié et al. 2017). In
Fig. 1a, the number of diseases shared between humans and common domestic
animals (McNeill 1976) are plotted against the approximate time of domestication
(calBCE, Zeder 2008). A high correlation between the two variables shows that the
longer the shared history between an animal species and humans, the longer the list
of bilateral infections.

While we share the greatest numbers of diseases with dog, the first ever domes-
ticate, the four artiodactyl species of the so-called “Neolithic package” (livestock
that were first domesticated in addition to dog: sheep, goat, cattle, and pig) form a
cluster associated with more zoonoses than expected on the basis of their chrono-
logical positions (above the trend line in Fig. 1a). It is important to remember that
this diagram shows only bilateral infections between humans and each animal
species. In reality the picture is far more complex, following multiple pathways of
disease. When various combinations between mammals are considered, humans
share the most pathogens with even-toed ungulates (c.f. the “Neolithic package”),
followed by rodents, carnivores, and primates (Morse et al. 2012). This is shown by
the example of the three most commonly occurringMycobacterium species and their
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hosts (among the best studied in archaeology) summarized in Fig. 1b (Manninger
and Mészáros 1975; Lignereux and Peters 1999; Krauss et al. 2003). Based on the
worldwide comparison of 14 selected bacterial and viral zoonoses each and four
additional (mostly parasitic) zoonoses, Recht and co-workers (2020) warned of
inaccuracies and inconsistencies in trying to exactly estimate ever-changing host
diversity.

Numerous epidemics, recently recognized as zoonoses, also appear in the docu-
mentary record. While a detailed list would be beyond the scope of this chapter
discussing archaeolzoological evidence, a few selected examples deserve attention.

In Europe, Thucydides was the first to report, in the History of the Peloponnesian
War, how the plague of Athens (caused by the bacterium Yersinia pestis) devastated
the city state in 430 BCE (Balloux and van Dorp 2017). Three major subsequent
outbreaks have likewise been documented and even investigated using biomolecular
methods on human bone (Wagner et al. 2014).

Cattle plague or Rinderpest (Morbillivirus) was documented in Asia as early as
3000 BCE, and mentioned in Greek and Roman sources around the beginning of the
fourth century BCE (Spinage 2003; Pastoret et al. 2006). Although it is not a
zoonotic disease in its modern form, measles likely evolved from cattle plague
(Furuse et al. 2010), possibly as early as the fourth millennium BCE (Düx et al.
2020). Viruses seem to mutate at a higher rate than other pathogens thereby adapting
to the human host, relying on interpersonal transmission without another reservoir
species (Morse et al. 2012). Some experts have suggested that all human viral
infections could be originally zoonotic (Benatar 2007).

Fig. 1 (a) The number of diseases shared between humans and various domestic animals in
relation to the time of domestication. Species in the Neolithic Package are marked by light dots;
(b) Epidemiology of three common forms of Mycobacterium infections
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Another virus infection, rabies (Rabies lyssavirus), long known to have spread
through dog bites to humans and other animals, was described as early as the
thirteenth century by, among others, Albertus Magnus (Walker-Meikle 2012).
Archaeological evidence for rapid viral infections in animals is rare as it cannot be
visually detected in skeletal remains and their molecular identification is hampered
by poor nucleotide preservation.

1.4 Archaeozoological Evidence

Archaeologically, infections can only be identified on animal bones exhibiting a
range of secondary macromorphological changes. Several microbes causing zoono-
ses represent a transition between specific and nonspecific sources of bone inflam-
mation, since after localized beginnings they have a potential to invade the entire
skeleton. Within the body, many zoonotic infections are spread by the vascular
system through soft tissue foci to the skeleton. This process takes time. Some
important zoonoses (e.g., Erysipelothrix rhusiopathiae seen mainly in growing
pigs) produce acute symptoms rarely visible on the animal skeleton before they
cause sudden death. Such diseases cannot be recognized through the visual inspec-
tion of archaeological bone finds.

Infections generally affect well-vascularized spongy trabecular bone in vertebral
bodies, meta- and epiphyseal ends of long bones, ribs, sternum, and other flat bones,
but may also occur under the periosteum (e.g., tuberculous periostitis). Infections by
a variety of bacteria can cause tenosynovitis as well as bursitis, leading to osteolog-
ical changes in the joints affected. However, predilection sites and the character of
lesions differ both between pathogens and various host species (Nieberle and Cohrs
1970).

The taphonomic conundrum that symptoms can be observed only on isolated
archaeological animal bones limits recognizing ancient MTBC, as only about 5% of
known cases are believed to result in osteoarticular changes (Lignereux and Peters
1999; Donoghue et al. 2015). This small proportion shows how intangible even
important infectious diseases can remain relying on the evidence of isolated bone
finds alone. The macromorphological identification of general zoonotic infections
tends to be more reliable in species seldom processed for food, their bodies being
buried as a whole. Non-disarticulated skeletons of dogs and horses offer possibilities
for better, comprehensive diagnoses.

Studies of human TB show how useful it is to have morphological observations
supported by using aDNA (Masson et al. 2013). A case of Pott’s disease from
Alsónyék-Bátaszék (Köhler et al. 2014) was not only confirmed by the evidence
of MTBC aDNA but tests helped detecting three additional humans in the burial
group who displayed no visible skeletal lesions (Pósa et al. 2015). As of today,
aDNA assays have only been sporadically carried out on animal bone to support
macroscopic diagnoses (Rothschild et al. 2001; Bathurst and Barta 2004; Wooding
2010) and the molecular identification of MTBC in archaeozoological assemblages
remains elusive. A rare example of testing animal rather than human remains for
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microbial aDNA is the Iron Age assemblage fromWetwang Slack, United Kingdom,
where aDNA samples from two horses, two cattle, and one pig showing symptoms
of infection were tested for both MTBC and Brucella, the primary differential
diagnosis for bovine TB (Wooding et al. 2019). Preservation allowing, fetal and
neonatal animal bone finds should also be considered for aDNA analyses as possible
indicators of abortifacient pathogens (Bendrey and Martin 2021).

1.5 Zoonotic Infections in Archaeology

Tuberculosis, caused by various species of the Mycobacterium genus, has been a
focal topic in paleopathology. The oldest aDNA evidence for the MTBC in a wild
bovine was detected in an American bison dated to ca. 17,000 BP (Rothschild et al.
2001). In the Old World, zoonotic TB infections are at least as old as dairying, a
source of food already known in Early Neolithic Europe (Craig et al. 2005; Copley
et al. 2003); historically, milk-borne transmission has been responsible for most
human M. bovis infections (O’Reilly and Daborn 1995). Among livestock it is best
known in cattle, its contemporary form being less frequent in sheep and goats.
Available aDNA evidence suggests that M. tuberculosis in humans and cattle
would have gone through a co-evolutionary process. The MTBC genome had a
wide time-span to reach a suitable adjustment, co-evolving in geographical environ-
ments both at high and low host density (Sabbatini and Fiorini 2015).
M. tuberculosis is an obligate pathogen that has no environmental reservoir, but
numerous mammals and birds can also serve as reservoir hosts. The degree of
mutuality and directions of TB infections vary between species as outlined in
Fig. 1B. In addition to broadly varying degrees of infection in European livestock
(Lignereux and Peters 1999), Mason (1917) reported a 2.8% prevalence of TB in
dromedaries at a Cairo abattoir. He concluded that camel TB was caused byM. bovis
and indicated that the confinement of camels and cattle together may be the source of
cross-infection.

In the Americas, mounting pre-Columbian evidence of human TB (Braun et al.
1998; Buikstra 1999) has been indicative of alternative sources for this infection
(Lignereux and Peters 1999). The only domestic mammal available to Americans
before European contact, dog – as other carnivores – is not highy susceptible to TB
(Fröhner and Zwick 1925). Thus it is important that hypertrophic osteopathy caused
by TB in a sixteenth century Iroquoian dog skeleton from Southern Ontario, Canada,
was directly supported by aDNA evidence (Bathurst and Barta 2004).
Pre-Columbian mycobacterial infections in humans also indicate the implication of
marine mammals in the zoonotic transmission of the MTBC between continents
(Bos et al. 2014).

Avian TB is most often caused by M. avium and M. genovense (Tell et al. 2001)
affecting domestic hen and captive wild birds (Cousins 2008). In the wild it has been
observed in wading birds as well as diurnal raptors (Lignereux and Peters 1999). In
birds, the lesion first occurs characteristically in the bone marrow, and usually affects
the major bones in the leg (Baker and Brothwell 1980).
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MTBC is spread through droplet infection and the consumption of infected
animal products. When the bacterium is inhaled, pulmonary lesions develop. The
aforementioned molecular evidence of TB in several Late Neolithic humans (first
half of the fifth millennium BCE; Masson et al. 2013; Pósa et al. 2015) offer the
earliest genetically confirmed evidence of TB in Europe. They indirectly support the
morphological identification of a “tuberculous” cavern observed macroscopically on
a contemporaneous cow metatarsus recovered from the Late Neolithic site of
Berettyóújfalu–Herpály in Hungary (Hertelendi et al. 1998).

Human bones from the medieval churchyard of Wharram Percy, England,
revealed M. tuberculosis aDNA in individuals who also displayed skeletal manifes-
tations of the disease (Mays et al. 2001). Assays aimed at identifying bovine TB
(M. bovis), however, turned out to be negative, somewhat surprising at this rural
settlement where people probably relied on milk and beef. TB infections likely
culminated around the industrial revolution when cows were kept even in crowded
city centers to provide milk for likewise densely concentrated human populations
(Mays 2005). Causing disease in a wide range of mammals, M. bovis has the
broadest host range of the members of the MTBC (O’Reilly and Daborn 1995).

Lignereux and Peters (1999) reviewed the skeletal symptoms attributable to cattle
TB, which generally affect well-vascularized trabecular bone in vertebral bodies as
primary sites of predilection. Notably, while symptoms of TB commonly occur on
both the vertebrae and ribs of animals, they seem unrelated to grave pleural lesions
unless infection affects the lymphatic system (Nieberle and Cohrs 1970). In bovids,
as in humans, various forms of bone resorption and lysis dominate (e.g., osteomy-
elitis, osteoporosis, and cavitation). Symptoms of advanced TB also include cav-
ernous, purulent panosteitis with fistulation. Infiltrating TB in cattle may lead to
excess bone growth that tends to connect articular surfaces (arthritis tuberculosa
pannosa; Kardeván 1976) causing ankylosis, as between the three first thoracic
vertebrae in a medieval (tenth to eleventh century) horse from Szombathely–
Zanat, Hungary (Nyerges 2009). Although TB tends to be manifested in the cervical
region in horse (Fröhner and Zwick 1925), this isolated specimen was found among
food refuse, thus the involvement of neck vertebrae could not be appraised. The
ankylosed vertebrae of this horse also show advanced fistulation (Fig. 2).

A special form, chronic miliary TB results from massive lymphohematogenous
dissemination during which bacteria are spread from a single center of infection,
producing small tubercles in other parts of the body (Nieberle and Cohrs 1970). A
result of this process is the development of tuberculotic fibrous capsules, especially
on ribs, reminiscent of callus formation following minor fractures, although these
deformations caused by TB have a far softer, spongy structure. In Hungary, such
lesions were observed on the ribs of two dogs from the Celtic-Roman village of
Balatonlelle–Kenderföld (Daróczi-Szabó 2008) and in a tenth to twelfth century
medieval dog in Buda Castle (Csippán and Daróczi-Szabó 2008).

TB usually does not lead to acute arthritis. Its osteological manifestation tends to
be infiltrating exudative arthritis rather than acute inflammation in the joints. TB may
also be accompanied by osteoporotic inflammation within the bone tissue that is
almost always proliferative and leads to the buildup of hypertrophic osseous material
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(Wooding 2010). Hypertrophic osteopathy seems present on a Roman Period fifth
metacarpal bone of pig found in a late first century pit dwelling in Budapest–
Aquincum, Hungary (Fig. 3). Although TB is rarely manifested in the pig skeleton,
over one third of the infections may cause skeletal symptoms in present-day pigs.
Distal extremity segments (metapodia, including those in vestigial dewclaws) appear
commonly affected (Kitt 1900). MTBC infections are capable of inducing this
symptom in dogs as well (Bathurst and Barta 2004).

In chronic miliary TB the granulation tissue of the synovial membrane and
epiphyseal trabecular bone progressively destroys and replaces the articular cartilage
(Nieberle and Cohrs 1970). The concomitant necrosis of articular cartilage was
observed in the right hip joint of a young pig from the eighth century, Avar Period
settlement of Dunaújváros–Alsófoki-patak, Hungary. The originally clear contours
of the bone were rearranged in an amorphous mass within the acetabulum. The new
tissue buildup was dense enough to develop a secondary articular surface for the
dislocated femur as shown by eburnation on the newly formed mass of bone that
took over the acetabulum (Bartosiewicz 2013). Less extreme but similar deforma-
tions were noted on two pig pelvis fragments from the Eneolithic levels of Poljanitsa,

Fig. 3 First century AD
Roman Period pig fifth
metacarpus from Budapest–
Aquincum, Hungary showing
hypertrophic osteopathy.
Medial, dorsal, and lateral
aspects. (Photo: Alice
M. Choyke)

Fig. 2 Fistulized abscess on
the ventral surface of three
ankylosed thoracic vertebrae
of a tenth to eleventh century
horse. Cranial and right latero-
ventral aspect (Photo: Tibor
Tóth)
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Bulgaria (Bartosiewicz et al. 2018). Since neither of the latter specimens was found
as part of articulated skeletons, differential diagnoses include traumatic luxation
compounded by chronic inflammation.

Advanced MTBC infections may be manifested on the diaphyses of long bones.
The aforementioned metatarsus of a small cow from Late Neolithic Berettyóújfalu–
Herpály, Hungary, shows proliferative/lytic osteomyelitis attributable to microbial
infection. Cavitary osteolysis of this type is frequently accompanied by the forma-
tion of a wreath-like osteosclerotic ring around the tuberculous lesion (Fig. 4).

Unfortunately, such proliferative deformations are not specific to offending
microorganisms, several could cause lytic anomalies similar in appearance. A
definitive diagnosis of TB is not possible without confirming the presence of the
pathogen microscopically or by biomolecular tests of a typical lesion.

While present-day brucellosis is the most commonly occurring bacterial zoonosis
worldwide (Bendrey and Fournié 2020), it is poorly recognizable in the
archaeozoological record. This zoonosis is a threat to all important species of
livestock, although the risk of infection varies between Brucella species.
B. abortus is a disease of large bovines (cattle, buffalo, bison), horse, and even

Fig. 4 Osteomyelitic cavern
with sclerotic ring on the
metatarsus of a gracile Late
Neolithic cow from
Berettyóújfalu–Herpály,
Hungary. Anterior aspect.
(Photo: Lajos Sugár)
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dog, affecting small stock (pig, sheep and goats) rarely. B. melitensis can infect all
bovids and camel, but is rarer in horse and pig. B. suis, B. canis, and B. ovis are
largely specific to pig, dog, and sheep, respectively. Brucella species generally
pathogenic to humans are B. melitensis, B. abortus, as well as biovars 1 and 3 of
B. suis (Corbel 2006).

The impact on bone occurs in the form of focally extensive periosteal formations.
Additional bone and joint involvement includes sacroiliitis, spondylitis, peripheral
arthritis, osteomyelitis, bursitis, and tenosynovitis. Osteomyelitis frequently affects
vertebral bodies, especially in the lumbar section (Corbel 2006). Such lesions,
however, may result from numerous other infections, making the study of aDNA
evidence especially important. In a recent summary, Bendrey et al. (2019) cited only
five human remains with confirmed biomolecular evidence for Brucella infection,
and there are no published definitive cases of animal brucellosis from archaeological
sites. Known archaeozoological remains for which brucellosis forms part of the
differential diagnosis or as a possible cause are exclusively from horses. In the
United Kingdom they originate from the site of Dragonby (Baker and Brothwell
1980), the Late Iron Age/Early Roman sites of Viables Farm and Downlands Farm
(Bendrey 2008; Bendrey et al. 2008). A horse skull fragment from Arzhan 1, a site of
Early Iron Age Scythian burials in the Tuva Republic, Russia, showed inflammation
and necrosis following local infection described as “poll-evil” (Bendrey et al. 2011).
Reflecting present-day public health concerns focused on humans, however, aDNA
research has been quite anthropocentric in archaeology.

Among the most researched ancient zoonoses bubonic plague is caused by the
bacterium Yersinia pestis. Although this acute disease kills the victim before leaving
visible lesions on the bone, it is a zoonosis (Meerburg et al. 2009) archaeologically
identifiable through aDNA sequencing. This bacterium has so far caused three
genetically identified human pandemics of catastrophic consequences: the Plague
of Justinian (sixth to eighth centuries), the Black Death (fourteenth to seventeenth
centuries), and a third plague in the Modern Age (nineteenth to twentieth centuries;
Wagner et al. 2014). Y. pestis is an obligate parasitic bacterium whose life cycle
consists of alternating infections of rodents and fleas, but can infect essentially any
mammalian host (Balloux and van Dorp 2017). A dramatic 1532 woodcut from
Germany shows plague victims equally including people, a stallion, a dog, a cat,
poultry, and even a small songbird (Fig. 5). It seems that the lineage of Y. pestis
inducing the Plague of Justinian differed from the lineage that caused the next
pandemic eight centuries later (Wagner et al. 2014). Recently, Y. pestis has also
been isolated from a prehistoric (5300–5050 calBP) human skull fragment recovered
from the shell midden of Riņņukalns, Latvia, in the late nineteenth century (Susat
et al. 2021). This case is the first in a series of ancient strains that evolved following
the split between Y. pestis and its putative predecessor Y. pseudotuberculosis
7000 years ago (Susat et al. 2021). It is suggested that this early form of Y. pestis
was perhaps less transmissible and virulent than later strains. The Riņņukalns case
may be attributable to a single zoonotic event rather than an epidemic. Y. pestis
infected people in Bronze Age Eurasia three millennia before written records of
plague, the highly virulent flea-borne bubonic strain emerged only around 1000
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calBCE (Rasmussen et al. 2015). Wagner et al. (2014) confirmed that rodents serve
as reservoirs in the recurrence of diverse lineages of Y. pestis jeopardizing human
populations. This falls in line with Rütimeyer’s (1877) observation that beaver, a
common host of Y. pseudotuberculosis, was the best represented game in the
Riņņukalns archaeozoological assemblage (Susat et al. 2021). This is yet another
example when aDNA tests carried out directly on archaeological animal bone could
confirm and expand the interpretive framework of ancient zoonoses.

1.6 Differential Diagnoses

With a few notable exceptions, animal paleopathology has increasingly been studied
by archaeologists specialized in osteology rather than veterinarians with clinical
experience (Bartosiewicz 2019). Interpretations thus often lack a broader view on
animal morbidity.

Differential diagnoses, however, would be of key importance in evaluating ancient
zoonoses (Lignereux and Peters 1999; Lawler 2017; Bendrey and Martin 2021).
Conditions potentially caused by multiple pathogens always need to be considered.
Analogous osteomorphological manifestations of different diseases are the natural
consequence of bone tissue having but a limited repertoire of responses to diverse
pathological conditions. Typical zoonoses damaging the skeleton, i.e., visible in
archaeozoological assemblages, may be understood in terms of inflammatory diseases
caused by general infection (Baker and Brothwell 1980; Bartosiewicz 2013).

Inflammation leading to osteological changes such as bacterial arthritis can be
caused by several pathogens not falling under the traditional concept of zoonoses as

Fig. 5 Plague scene in the 1532 German edition of Francesco Petrarca’s “De remediis utriusque
fortunae” (1492) Woodcut by the anonymous Master of Petrarch
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they can be part of the normal microbiome inhabiting the oral, nasopharyngeal, and
digestive tracts of the host. Lesions caused by bacterial vertebral osteomyelitis and
septic arthritis are difficult to distinguish in animals as the primary causative
pathogens vary both diachronically and by geographical region, affecting differential
diagnosis in archaeozoological studies. Many such bacteria (e.g., Staphylococcus
aureus, Pasteurella multocida) are opportunistic pathogens that can cause endemic
disease and have recently been increasingly associated with epizootic outbreaks
posing a high risk of becoming zoonotic pathogens (Jaffe 1972; Ho 1993; Rao
et al. 2017; Wilson and Ho 2020). General inflammations leading to pyogenous
osteomyelitis may also be caused by chronic infection by other bacteria (Coryne-
bacterium sp., Streptococcus sp.; Lignereux and Peters 1999).

In the case of brucellosis, differential diagnoses of various morphological symp-
toms observed on Iron Age horses included infections caused by Trueperella
pyogenes, Mycobacterium bovis, Actinomyces bovis, Streptococcus zooepidemicus,
and Aspergillus sp. (Bendrey et al. 2008, 2011). In animal paleopathology such
infections must be considered whenever localized osteological symptoms can be
identified. However, it is in such cases when the scarcity of complete skeletal finds
makes it impossible to decide whether a lesion encountered on an isolated bone
fragment results from localized or general systemic infection.

Of the best known zoonoses in archaeology, MTBC and brucellosis may both
cause cavernous, purulent panosteitis with fistulation. From the viewpoint of differ-
ential diagnosis it is of interest that paravertebral abscesses are more common in TB
than in brucellosis (Aufderheide and Rodríguez-Martín 1998; Corbel 2006). The
involvement of the skeleton is late during the pathogenesis of MTBC. Only 0.5–1%
of present-day cattle and 8–9.5% of pigs display bone lesions, in part due to early
slaughter. (Osteological manifestations are more common in birds, both wild and
domestic, than in mammals: Nieberle and Cohrs 1970). In brucellosis, on the other
hand, bone and joint involvement (sacroiliitis, spondylitis, peripheral arthritis, oste-
omyelitis, bursitis, and tenosynovitis) may reach 40% of cases in humans (Corbel
2006). Baker and Brothwell (1980) suggest that there is also a greater incidence of
periosteal proliferation in brucellosis than TB. Since pulmonary neoplasia may also
induce hypertrophic osteopathy, it should also be considered in differential diagno-
ses of MTBC on dry bone (Snider 1971; Wooding 2010; Bathurst and Barta 2004).

While these difficulties frequently overshadow the visual evaluation of osseous
lesions, they are not limited to the macromorphological study of zoonoses. Lawler
et al. (2020) warn that potential contribution by soil microbiota should also be
considered in differential diagnoses during the aDNA identification of pathogens.

1.7 Concluding Remarks

As with all historical studies, a better knowledge of ancient zoonoses should support
informed decisions made both in the present and future (Bendrey and Martin 2021).
During the history of civilization human and animal welfare have become insepara-
ble from each other. The study of animal paleopathology shows a rich diversity of
attitudes toward animals (Bartosiewicz and Gál 2018). As Benatar (2007) noted,
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even if zoonoses seem inevitable, much suffering and damage caused by zoonotic
diseases could probably have been prevented if humans had treated animals better.

While the complexities of public health phenomena are far too subtle to be
characterized using the patchwork of archaeological evidence offered by animal
paleopathology, contemporary epidemics clearly illustrate the large extent to which
the health of people and animals are entangled. Studying archaeological occurrences
is indispensable in understanding the emergence of zoonoses on a long-term chro-
nological scale. It can also help nurturing a more objective attitude to such contem-
porary threats, minimizing defensive overreaction by the broader public (Bendrey
and Fournié 2020).

Interdisciplinarity has long been a popular slogan in research. Bendrey and
Martin (2021) also stress the importance of a holistic approach in the study of past
zoonoses. Interpretations must be aimed at capturing the diverse factors influencing
infections. Contextualizing scarce archaeozoological evidence for zoonoses in epi-
demiological terms should help identifying the factors that promote disease. Under-
standing the time-depth of ever-changing relationships between animals, humans,
and their environment should help in generating hypotheses concerning the dynam-
ics of zoonoses. Such hypotheses can then be tested using carefully compiled
paleopathological evidence, both morphological and biomolecular, gained from
parallel studies of animal and human remains. Archaeological applications of the
One Health perspective (Bendrey et al. 2019) acknowledge the essential link
between the well-being of animals, humans, and environment in an interdisciplinary
setting. On the other side, in archaeology, the emerging posthumanist approach
mirrors this integrative endeavor in the form of a widening spectrum of animal
studies in humanities (Bartosiewicz 2021b).
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Abstract

The fundamental premise of the One Health concept is that the collective health of
humans, animals, and their shared environments depends upon the interactions
between each domain. When it comes to mitigating infectious disease risk at this
interface, an integrated approach is necessary. While recognition of the threat of
animal-to-human disease transmission (zoonosis) is widely understood, there has
been less consideration of the potential harm that humans can have on animal
populations through reverse zoonosis. This chapter presents evidence and
descriptions of human-to-animal disease transmission spanning viruses, bacteria,
parasites, and fungi among companion animals, livestock and poultry, and wild-
life as well as recommendations for multidisciplinary strategies for prevention
and control. Collaborative efforts between veterinary health, public health, and
environmental health professionals are critical to address the anticipated
increased risk of reverse zoonotic events.

Keywords

One Health · Zoonoses · Reverse zoonoses · Zooanthroponosis · Epidemiology ·
Public health · Veterinary health · Environmental health · Animal health · Virus ·
Bacteria · Fungus · Parasite · Spillover · Spillback · Pandemic · SARS-CoV-2 ·
H1N1pdm09 virus · MRSA

2.1 Introduction

2.1.1 Healthy Humans, Healthy Animals

Human health and animal health are closely connected. With rapidly growing global
human and domestic animal populations, increasing human enchroachment of
wildlife habitats, and rapid environmental change, the linkages between human,
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animal, and environmental health are becoming more evident. Negative disturbances
that impact the health of the environment or biological organisms can affect the
equilibrium of their interactions (Alves and Policarpo 2018; Mi et al. 2016). Over the
years, many individuals from varied disciplines have worked towards promoting
awareness of these risks to mitigate their consequences, which has led to the
development of the One Health approach (Europe, A.h. 2017). This multi-
disciplinary framework recognizes that the complex relationships that exist at the
human-animal-environmental nexus require innovative, holistic, and collaborative
approaches to prevent disease threats for all species.

Cross-species transmission of microbes have been observed since humans
domesticated animals (Kruse et al. 2004; Reperant et al. 2013). To date, most
attention has been placed on the zoonotic movement of pathogens from animals to
humans. However, microbes can also move from humans to animals. This reverse
zoonosis transmission has two concerns. First, the infected animals can become ill
and potentially die; second, the affected population of animals can become a
pathogen reservoir from which novel agents may cause spillback into
humans resulting in further human disease (Di Marco et al. 2020; Sooksawasdi
et al. 2021).

While we have often focused upon zoonotic disease threats to humans, rapidly
increasing human population densities and frequent contact with domesticated and
wild animals make humans just as likely to be an incubator for pathogens that
could be transmitted back to animals. In recent decades, population growth,
environmental disruption, and the rise of industrial agriculture have altered the
human-animal interface. This change has led to the emergence of several outbreaks
of public health and veterinary importance, including influenza A viruses and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Since the
1960s, researchers have documented cases of humans infecting wildlife, compan-
ion animals, and livestock with a wide range of pathogens, including viruses,
fungi, protozoa, and bacteria. Evolutionary analyses of the 2002–2003 SARS
outbreak indicated a bidirectional transmission between humans and animals.
Studies of the H1N1 influenza pandemic (H1N1pdm09 2009) in 21 countries
confirm that sufficient contact between human and non-human species can facil-
itate human-to-animal transmission (Scotch et al. 2011). Further, several reverse
zoonotic events of SARS-CoV-2 in wildlife and companion animals highlight the
risk of transmission via close contact with infected humans such as farmworkers
(Forgie et al. 2011; Holyoake et al. 2011; Sweetline Anne et al. 2017), pet owners
(Zhang et al. 2020; Zhao et al. 2014; Dundon et al. 2010), caretakers, and
veterinarians (Martelli et al. 2019; Crossley et al. 2012). As of August 2022,
human-adapted SARS-CoV-2 has infected at least 31 unique animals species in
39 countries (https://vis.csh.ac.at/sars-ani/) (Nerpel et al. 2022).

SARS-CoV-2 has demonstrated the potential of reverse zoonoses while also
causing great loss to human life, the global economy, and our social and com-
munity networks. Several cases of dogs, cats, domesticated animals, and zoo
animals testing positive for SARS-CoV-2 have occurred, primarily due to close
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contact with infected humans (Kuchipudi et al. 2022; Munir et al. 2020; Santini
and Edwards 2020). Transmission of SARS-CoV-2 from infected animals to
humans is also suspected (Munir et al. 2020). In addition to human-to-animal
direct transmission (e.g., by physical contact with domestic and wild animals),
there remains the potential for animal transmission via indirect contact with
contaminated human waste (e.g., nasal discharge, phlegm, saliva, blood, urine,
and feces) (Franklin and Bevins 2020; He et al. 2021). Also, improper disposal of
contaminated personal protective equipment (masks, face coverings, gloves,
tissues, and wipes) constitutes a source of SARS-CoV-2 infection for animals.
When not managed properly, these items are subject to open dumping, which pose
risks of infection for synanthropic and wild animals in surrounding environments
(Han and He 2021). Because animals often suffer a similar spectrum of disease as
humans, they can serve as “sentinels” for threats within our living or working
environments, just as humans may sometimes serve as sentinels for proximal
animal health (Alves and Policarpo 2018). Diseases have an important impact on
public health and the economy, as well as conservation of wildlife. Animals are an
important resource for food, textiles, companionship, and assistance. Besides
serving as a source of dietary protein, animal-based products are fundamental
ingredients for both traditional and modern medicines. Healthy animals enable
farmers to produce more meat, milk, eggs, and fish, with less environmental
impact. Many owners depend on their animals for income; therefore, if an animal
falls ill, it can create financial difficulties for the household. The veterinary and
daily care expenses associated with animals can be cost-prohibitive for poorer
households, making it harder to maintain optimal health and custody of the
animals. The loss of food animals on account of poor health or disease can create
additional public health issues, such as malnutrition, despite no inherent disease
transmission risk.

The more than one billion people worldwide who work daily with food
animals, or their products, are at particularly high risk for disease transmission.
In addition to their personal risks, animal workers can be a bridge popula-
tion for zoonotic pathogen transmission between animals and the general
human population. For example, the spouses of swine workers have demon-
strated elevated rates of seropositivity to swine influenza viruses (Gray et al.
2007). The rise in the global human population is also contributing to an increase
in the numbers of companion animals. The significance of companion animals
speaks to the strength of the human-animal bond. Studies have suggested positive
health effects from such attachments, including improvements in physical and
mental well-being (Friedmann and Son 2009). However, just like with food
animals, good hygiene is vital to prevent the spread of disease to companion
animals as well as to people within shared spaces. Maintaining a healthy diet,
providing fresh drinking water, creating clean living conditions, and following
recommended vaccination schedules can minimize the risk of animal illness
(Leeflang et al. 2008).
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2.1.2 What Are Zoonoses and Reverse Zoonoses?

Due to the close contact and proximity that humans and animals have had
throughout our common history, many pathogenic microorganisms have
co-evolved to successfully infect both types of host (Slingenbergh et al. 2004).
Today, more than 200 different diseases are shared between people and animals
with 60% of the organisms known to be pathogenic to humans classified as
zoonotic (Taylor et al. 2001; Cleaveland et al. 2001). In fact, over 77% of
pathogens that infect livestock are multiple species pathogens (Cleaveland et al.
2001). Diseases that can be transmitted between animals and people, or zoonoses,
or anthropozoonoses, are found in livestock, poultry, wildlife, and companion
animals (FAO-OIE-OMS 2019; Messenger et al. 2014). Although zoonotic dis-
eases are primarily described as transmission occurring from an animal reservoir
or host to a human, many of our shared pathogens can be spread bidirectionally,
meaning contagion can also occur in animals after exposure to an infected human.
This is referred to as reverse zoonoses, or zooanthroponosis (Messenger et al.
2014). Zoonotic microorganisms may cause infection in either or both groups
with symptoms and severity of illness dependent upon intensity of pathogen expo-
sure, pathogen virulence, and the immune status and overall health of the host.
Types of zoonotic and reverse zoonotic pathogens include bacteria, viruses, pro-
tozoa, helminths, fungi, and prions (Slingenbergh et al. 2004; Taylor et al. 2001;
Cleaveland et al. 2001). Zoonotic pathogens can be transmitted through indirect
contact with the contaminated environment (i.e., soil), items (i.e. fomites), vectors
(i.e. ticks), airborne particles or by direct contact with an infected host or host
bodily fluids (i.e. petting an animal or droplet spread) (FAO-OIE-OMS 2019).

2.1.3 Why Is Knowledge of Reverse Zoonoses Important?

As human population and livestock production continue to expand, the risk of
reverse zoonoses will increase as humans and animals have more frequent and
closer contact. Knowledge and understanding of the epidemiological triad, which
includes transmission factors associated with the host, pathogen, and environ-
ment, is essential for devising public health measures to aid in the prevention and
control of infectious disease outbreaks. Most epidemiological studies aim to
identify clinical and pathological features in infected species to determine
host susceptibility (i.e., which species are capable of being hosts and which are
susceptible to natural infections) (Sreenivasan et al. 2021). Early and accurate
diagnosis could lead to the timely detection of outbreaks and ultimately decrease
the impact of epidemics on human and animal populations (Steele et al. 2016).
For public health interventions to be effective, knowledge of risk factors, trans-
mission routes, and virulence factors between different species are crucial for
estimating the magnitude of outbreak impacts and transmission rates (Kraemer
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et al. 2020; Charu et al. 2017). For example, researchers and health providers
should understand the probability of transmission of the pathogen, types of inter-
action between infected humans and recipient animals, the capability of the
animal host factors for producing infection, and the suitability of the animal
host population for pathogenic persistence (Sooksawasdi Na Ayudhya and
Kuiken 2021).

The recognition of the role of humans as a source of pathogens is pivotal to
public health measures as it has redefined vulnerable population groups to
include animal species. Interspecies transmission may also contribute to an
increase of genetic diversity in pathogens by providing more opportunities for
genetic reassortment that could drive the evolution of pathogens (Chastagner
et al. 2018; Nelson and Vincent 2015). These evolutionary changes in pathogens
pose further challenges to the surveillance and outbreak controls such as reducing
the efficacy of vaccines (dos Santos 2021; Lemaire et al. 2012) and increasing the
possibility of the emergence of new enzootic strains in animal populations
(Watson et al. 2015; Simon et al. 2014). Therefore, genomic sequencing studies
help revise our understandings of the dynamics of human-animal transmission
and contribute to improved forecasting models of outbreak impacts (Jia et al.
2021). Advancing our knowledge of reverse zoonoses is critical to the develop-
ment of enhanced outbreak surveillance and biosecurity systems.

2.2 Routes of Transmission

The transmission of an infectious disease depends on the type of interactions that
occur between humans, animals, and/or their environments. Compared to the
better understood transmission routes of zoonotic diseases, human-to-animal
transmission still merits more comprehensive investigation (Al-Tawfiq and
Memish 2014). Given a global increase in industrial animal production, increas-
ing proximity between humans and animals across multiple settings provides
opportunities for humans to spread shared pathogens to animals through reverse
zoonoses. Pathogen transmission generally occurs through the inhalation, inges-
tion, or contamination of mucous membranes or broken skin by respiratory
droplets, bodily fluids, secretions, or other excretions (Pantin-Jackwood et al.
2010). Transmission of pathogens to animals may also occur through the inges-
tion of contaminated feed. The role of vectors in biologic or mechanical disease
exposure has been documented but still requires further research (Patel et al.
2022). Ecological and viral characteristics can directly contribute to the trans-
mission of causative pathogens in a host. Pathogens must be able to evade
immune response and colonize the host, be nutritionally compatible with the
host, be able to reproduce using host resources, and exit and spread to a new
host (Alberts 2015). In addition, anthropogenic activities may facilitate favorable
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environments for reverse zoonoses. Increasing intensity of interaction and prox-
imity between humans and animals is found to be associated with disease emer-
gence (Despommier et al. 2006).

2.3 Use of New Technology

While basic PCR measures and viral isolation approaches remain key to the surveil-
lance and detection of pathogens, there have been several innovations that have
further enhanced novel disease detection capabilities. A large variety of data map-
ping techniques are now available with disease tracing, which enable individuals to
better visualize the spread of disease, susceptible animals, or infected humans with
concurrent time and location tags. Such visualization not only assists epidemiolo-
gists in researching the movement of the disease but can also be used to educate
policymakers and the public.

Compared to a general analysis of the overlap between host animals and human
patients, genomic analysis has become more common to distinguish different path-
ogen strains. For example, genomic sequencing and phylogenic analysis have been
widely used in current anthroponotic research. By building up the phylogeny of a
core genome (Linz et al. 2018), the evolutionary relationship between different
clones can be laid out for researchers and epidemiologists. These methods help to
provide more substantial evidence for the transmission pathways of the disease.
Such analysis enables health scientists to distinguish between diseases that co-infect
animals and humans, zoonotic transmission, and reverse zoonotic transmission.
Further analysis of the phylogenetic relationships between disease strains also aids
researchers and health practitioners to better predict possible transmission routes,
which can then be used for preventative measures.

Besides increased attention to the general phylogenetic relationships, detailed
genetic studies have also been implemented. By comparing the results from DNA
fingerprinting and repeated PCR results, researchers can recognize and begin to
develop responses to mutations that occur during repeated or prolonged transmis-
sion (Hasan et al. 2018). This could provide information on highly conservative
sequences or key mutations that could lead to improvements in transmissibility,
lethality, and antimicrobial resistance (Hosie et al. 2021; Li et al. 2019). By
analyzing the conservative sequences, it is possible for researchers to develop
innovative testing methods that could remain effective despite the occurrence of
further mutations. Sequence data also helps researchers to develop more effec-
tive vaccines. The inclusion of research findings examining possible differences
among human and animal strains could drive the expansion of more targeted
measures. Such information could also help us to predict the harm of specific
pathogens or the impact we could expect from their spread to provide more
information and urgency for higher-level policymaking.
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2.4 Epidemiology of Zoonotic and Reverse Zoonotic Events
(Supported with Heat Map and Frequency Map) (Fig. 1)

2.5 Evidence of Reverse Zoonosis of Viruses and Disease
Symptoms in Animals and Humans

The rapid increase in the global human population coupled with intensive and
frequent traveling for trade, business, and recreational purposes has posed an
increased threat regarding the transmission of viruses from humans to animals
which may have a negative impact on biodiversity, wildlife conservation, and public
health. Human-to-animal virus transmission jeopardizes the health and well-being of
wild and domestic animals and the viruses which cause spillback (reverse zoonoses)
to animals from humans may cycle back to infect humans again. Several barriers
need to be crossed for a virus spillover or species jump between humans and animal
species to occur. There must be frequent contact between humans and animals and
sufficient compatibility between the virus and the new host to allow for attachment
and replication. During the last decade, several reverse zoonoses events among
humans, domestic, and wild animals have been reported (Sooksawasdi Na Ayudhya
and Kuiken 2021; Messenger et al. 2014; Fagre et al. 2021) (Table 1).

Fig. 1 Map of the density of studies by location and reverse zoonotic agent examined. Study
locations without specific country names (ex. Antarctica) were excluded. Country delineation was
compiled according to the 2021 World Bank standards. Map created in ArcMap 10.6 (ESRI,
Redlands, CA); no copyrighted material was used. ESRI Environmental Systems Research Institute
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Measles is a highly contagious virus that is endemic chiefly among humans.
Measles morbillivirus (MeV) generally does not occur in monkeys in the wild but
can become an important pathogen when nonhuman primates are held in captivity
and exposed directly or indirectly with humans (i.e., tourists, visitors, caretakers,
etc.) who are infected with the measles virus. Outbreaks of measles in free-living and
laboratory primates are known to occur coincidentally with human outbreaks.
Several measles outbreaks following shipment of monkeys or introductions into an
established colony have been described (Jones-Engel et al. 2006; Levy and Mirkovic
1971; MacArthur et al. 1979; Potkay et al. 1966; Remfry 1976; Shishido 1966;
Welshman 1989). The pathogenesis of MeV infection in nonhuman primates is
similar to that in humans (Choi et al. 1999). It is known to induce immunosuppres-
sion in affected humans and nonhuman primates by disrupting both cellular and
humoral immunity, which can result in various secondary opportunistic infections.
This pathogen has resulted in significant morbidity and mortality among nonhuman
primate populations. Both natural and experimental measles infection can cause
disease of varying severity with pathogenesis similar to that of human MeV infec-
tion. Erythematous maculopapular skin rash and presence of multinucleated syncy-
tial cells in the lungs are regarded as pathognomonic for measles virus infection.
Endometritis, cervicitis, and abortion associated with measles virus have been
described in rhesus monkeys (Choi et al. 1999; Willy et al. 1999).

Similarly, herpes virus infections are common in humans and usually result in
mild disease characterized by recurrent mucocutaneous lesions. Human simplex
herpesvirus (HSV) infections have also been reported in several nonhuman primates
along with the domestic rabbit, chinchilla, and the African pygmy hedgehog (Allison
et al. 2002; Araujo et al. 2016; Barnes et al. 2016; Bhatt et al. 1966; Bruno et al.
1997; Costa et al. 2011; Eberle and Hilliard 1989; Emmons and Lennette 1970;
Gilardi et al. 2014; Gozalo et al. 2008; Heldstab et al. 1981; Huemer et al. 2002;
Imura et al. 2014; Juan-Sallés et al. 1997; Kik et al. 2005; Kreutzer et al. 2011;
Landolfi et al. 2005; Longa et al. 2011; Marcia Helena Braga Catroxo et al. 2020;
Matushima 2014; Mätz-Rensing et al. 2003; McClure et al. 1980; Meléndez et al.
1972; Sakulwira et al. 2002; Schrenzel et al. 2003; Smith et al. 1969; Weissenböck
et al. 1997; Wohlsein et al. 2002; Schmitt et al. 2014). New World monkeys are
particularly susceptible and often succumb to the disease. Herpes viral interspecific
transmission creates significant risk for captive primates and the human handlers
working with them. Reverse zoonosis events of HSV have resulted in several out-
breaks in various parts of the world. Transmission in nonhuman primates has
occurred by direct contact with mucosal surfaces, wounds, and maternal milk or
through contaminated feed with HSV. In contrast to infection in humans, significant
and often fatal disease occurs with HSV infection in a variety of nonhuman primates
and other species. Affected animals have presented with whitish vesicular lesions on
the soft palate and ulcerative tongue, as well as enteritis, severe emaciation,
vomiting, serous nasal and ocular discharge, dyspnea, neurological signs, prostra-
tion, and death (Landolfi et al. 2005).

While the many types of adenoviruses (AdVs) are in general thought to be host-
specific, there is increasing evidence that these viruses may infrequently cross
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species. In particular, there is evidence that nonhuman primates have been infected
from human reservoired AdVs. This risk will likely be higher where contact between
species is more prevalent, such as with captive and habituated animals (Dehghan
et al. 2019; Medkour et al. 2020; Roy et al. 2009; Shrivastava et al. 2020; Pauly et al.
2015). Recently, similar AdVs in humans and gorillas have been detected and
sequences derived from gorillas revealed high similarity to human sequences,
suggesting the potential for zoonotic transmission (Medkour et al. 2020). Similar
findings have also been shown for feline AdVs, which has been demonstrated to be
genetically homologous to human AdV type 1.

Multiple types of hepatitis viruses (HV) are major threats to human and animal
health. However, sources of viral infection for many animals are unknown since
transmission may occur from animal to animal, human to human, animal to human,
and human to animal. Although animal-to-human transmission of HV is relatively
well described, pathogen transmission in the opposite direction is poorly understood.
For instance, swine function as a reservoir for hepatitis E virus (HEV) infections
in humans but there is no clear evidence yet of human HEV spillbacks from
humans to swine or other animals. Persons with occupational contact to domestic
pigs, such as slaughterhouse workers, pig farmers, or veterinarians, exhibit signifi-
cantly higher anti-HV antibody prevalence than the general population. Farm ani-
mals are transported across wide geographical ranges and often interact with wild
species that they would never have encountered naturally. With intensified global
animal production and an increase in the movement of both animals and humans, a
human-originated pathogen could easily circulate and eventually adapt in different
niches/hosts/species (Messenger et al. 2014). Detection of hepatitis B virus (HBV) in
old-world primates, neotropical primates, domestic animals, bats, and rodents sug-
gests that transmission from humans to animals or animals to humans is likely to
occur wherever there is habitat overlap (Vieira et al. 2019).

Multiple types of rotaviruses (RV) are a major cause of severe gastroenteritis and
mortality in young children and animals. The interspecies transmission of animal RV
to humans and back to animals is plausible due to the close contact between animals
and humans. It may augment interspecies infections and genetic reassortment during
co-infection with rotavirus strains from different host species. The reassortment may
further result in the evolution of novel or atypical RV. There are several pieces of
evidence that demonstrate a potential reverse zoonotic transmission cycle of human
RV to animals (Abe et al. 2010; Choudhary et al. 2017; Steyer et al. 2008; Wu et al.
2017; Kumar et al. 2018; Sharma et al. 2013; Ghoneim and K.A.A.-M.a.H.S. 2019).

Human noroviruses (HuNoVs) are the predominant cause of foodborne gastro-
enteritis worldwide. The possibility of animal transmission of HuNoV is also
supported by previous studies, which observed HuNoVs in the feces of cattle,
pigs, dogs, birds, and a rat (Caddy et al. 2015; Charoenkul et al. 2020; Summa
et al. 2018, 2012; Wolf et al. 2013; Mattison et al. 2007). HuNoV sequences detected
in avian fecal samples were identical or nearly identical to previously published
sequences from human samples and differed from sequences identified in other avian
or murine samples (Summa et al. 2018).
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Humans and nonhuman primates are closely related species who share a general
predisposition for pathogen exchange and reverse zoonotic transmission risk.
Anthroponotic respiratory viruses including human metapneumovirus (hMPV),
rhinovirus, respiratory syncytial virus (RSV), and parainfluenza virus (PIV) have
caused notable morbidity and mortality among wild apes including chimpanzee,
gorilla, and bonobo populations. These infections have heightened concerns about
the risk of human pathogen transmission to wild animals and critical effects of
anthroponotic transmission on ecosystem biodiversity, conservation efforts, and
the economy. HMPVand PIV have been identified as causative agents in morbidity
and mortality events in other nonhuman primate populations in the wild and in
captivity (Hanamura et al. 2008; Kaur et al. 2008; Köndgen et al. 2010; Patrono et al.
2018a; Scully et al. 2018; Slater et al. 2014; Szentiks et al. 2009; Unwin et al. 2013;
Negrey et al. 2019; Sojka et al. 2020; Yoshida et al. 2021; Jones-Engel et al. 2001;
Kilbourn et al. 2003). HMPV infections in Tanzania, hMPVand human respirovirus
3 in Uganda, rhinovirus C in Uganda, and coronavirus OC43 have been implicated
to have significant mortality in wild chimpanzees (Kaur et al. 2008; Patrono et al.
2018a; Scully et al. 2018; Negrey et al. 2019). In 2009, hMPV contributed to the
deaths of two gorillas during an outbreak of severe respiratory infection (Palacios
et al. 2011). hRSV has been documented to simultaneously infect lowland, wild
bonobos, chimpanzees, and people (Szentiks et al. 2009; Unwin et al. 2013;
Grützmacher et al. 2018, 2016; Mazet et al. 2020). Co-infection with other bacterial
pathogens could also worsen outcomes of anthroponotic respiratory infections in
nonhuman primates. Frequent human contact predisposes wild animals to respira-
tory viruses of human origin, especially in zoos and wildlife parks (Kilbourn et al.
2003; Buitendijk et al. 2014; Kooriyama et al. 2013).

In addition to human respiratory viruses, Zika virus, dengue virus (DV), Ebola
virus (EBOV), and human enterovirus (EV) have also been reported in animals,
although routes of transmission are not clear (Kilbourn et al. 2003; Favoretto et al.
2019; Kato et al. 2013; Terzian et al. 2018; Williams et al. 2008; Barrette et al. 2009;
Bermejo et al. 2006; Demetria et al. 2018; Fieldhouse et al. 2018). The H1N1pdm09
virus is anthroponotic and has demonstrated cross-species transmission in a variety
of animal species, including swine, cats, ferrets, dogs, turkeys, and cheetahs. In all
these reported cases, some human owners or animal caretakers were reported to have
influenza-like illness and there were frequent contacts and close interaction between
the infected animals and humans prior to the detection of the virus in the animal.
Human-to-swine transmission of H1N1pdm09 is the most frequently reported
reverse zoonoses during the last decade and detection of human-origin
H1N1pdm09 in swine herds was reported in many countries (Sooksawasdi Na
Ayudhya and Kuiken 2021). In Canada, the first human-to-swine transmission of
H1N1pdm09 influenza was observed at a swine farm (Howden et al. 2009). Since
then, the H1N1pdm09 virus has transmitted repeatedly from humans to swine
spanning six continents (Forgie et al. 2011; Hofshagen et al. 2009; Moreno et al.
2010; Pereda et al. 2010; Sreta et al. 2010; Kim et al. 2011; Deng et al. 2012;
Chastagner et al. 2019; Ducatez et al. 2015; Grøntvedt et al. 2013; Njabo et al. 2012;
Osoro et al. 2019a; Adeola et al. 2015, 2017; Arunorat et al. 2016; Ayim-Akonor
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et al. 2020; Er et al. 2016a, 2020; Rajão et al. 2013; Senthilkumar et al. 2021;
Baudon et al. 2015; Meseko et al. 2014; Nagarajan et al. 2010; Ma et al. 2018; Song
et al. 2010; Terebuh et al. 2010; Trevennec et al. 2012; Sabale et al. 2013; Nelson
et al. 2015; Mon et al. 2020; Pippig et al. 2016; Bálint et al. 2013; McCune et al.
2012). Pigs can act as an active reservoir for H1N1pdm09 virus. Reverse zoonosis
events linked to infected farmers with H1N1pdm09 virus have been supported by
serological and molecular diagnostics (Forgie et al. 2011; Holyoake et al. 2011).
Sequencing analysis has shown that the viruses infecting humans and pigs are highly
similar; hence, H1N1pdm09 does not require major changes to adapt and cause rep-
lication in swine (Sooksawasdi Na Ayudhya and Kuiken 2021; Forgie et al. 2011;
Song et al. 2010). Besides domestic turkeys, reverse zoonosis events of H1N1pdm09
virus infections have not been reported in other avian species over the years.
Sporadic infections of H1N1pdm09 have been mainly reported in turkey breeder
flocks and sick farm workers potentially transmitted virus to breeder turkeys during
artificial insemination (Berhane et al. 2010; Mathieu et al. 2010). The farm workers
were showing influenza-like illness symptoms and had antibodies against
H1N1pdm09 virus in their serum samples. Viruses from infected farm workers
and turkeys revealed highly similar sequences which further supported worker-to-
turkey transmission (Sjurseth et al. 2017). Seroconversion against H1N1pdm09,
virus isolation, and molecular detection of H1N1pdm09 virus in several organs of
infected turkeys confirmed H1N1pdm09 influenza in turkey breeder flocks (Sjurseth
et al. 2017; Reid et al. 2012). No mortality was reported among infected turkeys and
clinical signs ranged from none to mild (Sooksawasdi Na Ayudhya and Kuiken
2021; Sjurseth et al. 2017; Reid et al. 2012).

Human influenza viruses (H3N2 and H1N1pdm09) isolated from mink strongly
suggest human-to-mink virus transmission (Gagnon et al. 2009). Recently, a sero-
logical survey revealed that farmed mink were commonly infected with human
H3N2 and H1N1pdm09 and transmission of human influenza viruses occurred
from humans to mink (Sun et al. 2021). During the pandemic, a mink farm in
Norway reported H1N1pdm09 virus infections in American mink and eight striped
skunks died on a mink farm in Canada (Åkerstedt et al. 2012; Britton et al. 2010).
Phylogenetic analysis revealed highly similar sequences among those derived from
infected minks and humans during the same pandemic. Sequences obtained from
infected mink were highly similar to human-derived isolates during the H1N1pdm09
pandemic indicating transmission from humans. The source of transmission could be
sub-clinically infected humans, fomites, or virus-contaminated feed from infected
pig offal. Higher mortality rates were reported among infected minks due to severe
respiratory disease.

There are many reports of H1N1pdm09 virus infection in companion animals
(e.g., dogs, cats) (Sooksawasdi Na Ayudhya and Kuiken 2021; Sabale et al. 2013;
Ali et al. 2011; Damiani et al. 2012; Fiorentini et al. 2011; Ibrahim et al. 2016a;
Kwasnik et al. 2020; Löhr et al. 2010; Pigott et al. 2014; Ramírez-Martínez et al.
2013; Said et al. 2011; Seiler et al. 2010; Yin et al. 2014; Kovalenko et al. 2021;
Sponseller et al. 2010; Su et al. 2014, 2013; Zhang et al. 2015; Zhao et al. 2014; Jang
et al. 2017; Lin et al. 2012; McCullers et al. 2011; Sun et al. 2014; Tangwangvivat
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et al. 2019). Molecular diagnostics performed on tissue organs including tonsils,
trachea, lungs, and nasal swab and pharyngeal specimens detected H1N1pdm09
viral RNA (Lin et al. 2012; Campagnolo et al. 2013). A sequence analysis revealed a
close relationship to H1N1pdm09 virus from infected humans and animals during
the pandemic (Fiorentini et al. 2011; Lin et al. 2014). In addition, detection of
antibodies against H1N1pdm09 virus in cats and dogs during the period of virus
spread in the human population strongly supports the occurrence of reverse zoono-
ses. Since companion animals often live together in close contact with humans, the
mode of transmission could be direct contact between animals and humans during
the same time period (Dundon et al. 2010; Zhao et al. 2014). A case of natural
H1N1pdm09 infection in a pet ferret was also reported (Campagnolo et al. 2013; Lin
et al. 2014; Swenson et al. 2010). Serological studies showed that group housing of
animals likely facilitated efficient intraspecies transmission, including cat-to-cat
transmission and ferret-to-ferret transmission (Fiorentini et al. 2011; Campagnolo
et al. 2013). However, H1N1pdm09 virus transmission between dogs seemed to be
limited. Although all of these species were susceptible to H1N1pdm09 virus infec-
tion, their clinical signs varied. Cats and ferrets often developed severe respiratory
signs, including dyspnea, coughing, and sneezing, and even died from the infection
(Sooksawasdi Na Ayudhya and Kuiken 2021; Sponseller et al. 2010; Campagnolo
et al. 2013, 2011; Knight et al. 2016). However, dogs either showed no clinical signs
or only mild respiratory signs, such as rhinorrhea and coughing (Sooksawasdi Na
Ayudhya and Kuiken 2021; Lin et al. 2012).

Evidence of H1N1pdm09 virus reverse zoonoses has been shown among wild
animals kept in captivity. This includes cheetah, elephants, a Bornean binturong, an
American badger, a black-footed ferret, and giant panda (Crossley et al. 2012; Lin
et al. 2014; Goldstein et al. 2013; Paungpin et al. 2017; Schrenzel et al. 2011;
Martelli et al. 2019). All animals were housed separately from other wildlife and the
source of transmission was not exactly known. It is possible that tourists, caretakers,
and veterinarians might have caused a spillback of the virus to zoo animals. The
infected giant panda, American badger, and the Bornean binturong showed severe
signs of respiratory infection. However, the black-footed ferret did not show any
clinical signs (Schrenzel et al. 2011). In addition, H1N1pdm09 has also been
reported in Asian elephants. Although the source of infection could not be con-
firmed, animal caretakers and tourists were implicated as a possible source of
transmission (Paungpin et al. 2017).

Like Asian elephants, evidence of H1N1pdm09 virus infection among nonhuman
primates has been reported in some studies (Buitendijk et al. 2014; Kooriyama et al.
2013). However, there was no clear association or evidence that H1N1pdm09 was
solely responsible for clinical signs of disease or mortality from H1N1pdm09 virus
infection in nonhuman primates (Sooksawasdi Na Ayudhya and Kuiken 2021;
Buitendijk et al. 2014). There are limited serological and epidemiological studies
among captive wild animals and thus it is still largely unknown whether these
animals could transmit virus to other closely associated animals or act as a new
reservoir for the virus. In addition, H1N1pdm09 virus infections have also been
reported in giant anteaters, seals, and sea lions (Goldstein et al. 2013; Boyce et al.
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2013; Nofs et al. 2009). The only free-living wild animal species in which
H1N1pdm09 virus has been reported is the striped skunk. Sequencing and phylo-
genetic analysis of virus isolated from affected animals were highly related to
H1N1pdm09 virus circulating in humans (Britton et al. 2010, 2019). The source of
infection was unclear. In one study, the skunks lived near a mink farm, suggesting
that spillover of H1N1pdm09 virus from infected mink farm workers or infected
mink may have occurred (Britton et al. 2010). In another study, the skunks were
found in an urban park where hand feeding by park visitors normally took place
(Britton et al. 2019). Clinical signs were not observed in all infected minks and only
fatally infected skunks showed purulent nasal exudate.

Natural infection of SARS-CoV-2 has been reported in domesticated and wild
animal species. The frequency of spillover events to other species has been relatively
low, despite the high incidence of SARS-CoV-2 human infection. Some studies have
reported acute SARS-CoV-2 infection in dogs and cats who had close interaction
with SARS-CoV-2-infected individuals, indicating a strong possibility for human-to-
pet transmission (Sailleau et al. 2020; Segalés et al. 2020; Sit et al. 2020; Ruiz-
Arrondo et al. 2021; Newman et al. 2020; Musso et al. 2020; Barrs et al. 2020;
Hamer et al. 2020; Gaudreault et al. 2020; Garigliany et al. 2020; Klaus et al. 2021;
Pagani et al. 2021; Patterson et al. 2020). There are several reports which describe
natural infection of SARS-CoV-2 infections in zoo animals involving large felids
and nonhuman primates. Most zoo animals do not exhibit any clinical signs of
infection and remain largely asymptomatic. Conversely, infected companion animals
(e.g., dogs, cats) have usually presented with asymptomatic or mild infections
involving respiratory and digestive systems. Chicken, ducks, dairy animals, and
pigs have shown less susceptibility to SARS-CoV-2 infection. Camels and alpacas
are known carriers of Middle East respiratory syndrome virus (MERS-CoV), but
show no susceptibility to SARS-CoV-2. Naturally acquired infections of SARS-
CoV-2 have been demonstrated in tigers, lions, gorillas and chimpanzees, domesti-
cated ferrets, mink, and white-tailed deer (Kuchipudi et al. 2022; McAloose et al.
2020; Bartlett et al. 2021; Wang et al. 2020a; Mitchell 2021; Karikalan et al. 2021;
Mishra et al. 2021; Fernández-Bellon et al. 2021; Glasser et al. 2021; Gortázar et al.
2021; Molenaar et al. 2020; Oreshkova et al. 2020; Oude Munnink et al. 2021;
Hammer et al. 2021; Aguiló-Gisbert et al. 2021; Shriner et al. 2021). All such cases
of natural infection have been associated with SARS-CoV-2-infected animal care-
takers or tourists who transmitted the virus to animals by their direct or indirect
contacts. Like other animals, these animals exhibited a wide range of clinical signs
from mild-to-severe respiratory and gastrointestinal signs (Oreshkova et al. 2020).

Apart from direct human-to-animal transmission (e.g., by physical contact with
domestic and wild animals), transmission to animals via human waste and discarded
items is also likely. Contamination of aquatic systems with unmanaged feces and
improperly disposed personal protective equipment from infected humans could be a
route for spillover into aquatic and wild mammals. Current role of wildlife in the
global epidemiology of SARS-CoV-2 seems negligible. However, wildlife could
become a potential reservoir for SARS-CoV-2 over time and may further transmit
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the virus to humans. Phenotypic variants could also evolve as the virus adapts to new
species facilitating continued transmission to humans and other species.

2.6 Evidence of Reverse Zoonosis of Bacteria and Disease
Symptoms in Animals and Humans

In recent years, reverse zoonotic transmission of Mycobacterium tuberculosis and
Mycobacterium bovis, human pathogens that cause tuberculosis (TB), have been
reported in a wide range of wildlife species. While the actual host range is unknown,
between 1974 and 2019, M. tuberculosis was isolated from 22 animals.
M. tuberculosis transmission between human and animals was reported among
companion pets in households and among the livestock population (Fernandes
et al. 2018; Hackendahl et al. 2004; Kandefer-Gola et al. 2016; Schmidt et al.
2008; Weese et al. 2006; Ackerman et al. 1974; Every et al. 2011; Mittal et al.
2014; Špičić et al. 2012; Thakur et al. 2012). While this finding may accentuate the
importance of effective TB detection in human-habituated areas, most reverse
zoonotic bacterial infections reported have been among captive wild animals. The
pathogens detected in this group include Staphylococcus aureus, Streptococcus
pneumoniae, and Campylobacter spp. (Szentiks et al. 2009; Nagel et al. 2013;
Seguin et al. 1999; Senghore et al. 2016; Sørensen et al. 2019; Unwin et al. 2013;
On et al. 2019). Close contact, common feeding and drinking sources, and exposure
to infected caretakers, veterinarians, and visitors are suspected transmission routes of
human-to-animal transmission, which suggests that zoos, research facilities, and
wildlife sanctuaries may all serve as reservoirs of infection and spread of the disease.

An extensive study of the prevalence of reverse zoonotic transmission is usually
carried out following a report of an outbreak. Prevalence studies in the livestock
industry detected several cases of zoonotic bacterial species moving from a farm
worker carrying the disease to susceptible livestock. S. aureus and M. tuberculosis
are found in livestock animals like cattle, swine, camels, and goats (Adesokan et al.
2019; Berg et al. 2009; Cobo-Angel et al. 2019; Crestani et al. 2021; Osadebe et al.
2013; Sunde et al. 2011; van de Vijver et al. 2014; Gumi et al. 2012). Other bacterial
species were found in livestock and domestic animals such as Acinetobacter
baumannii in sheep; Escherichia coli in chickens, dogs, and horses; Salmonella in
poultry; and methicillin-resistant staphylococci (MRS) in companion animals living
nearby livestock farms (Linz et al. 2018; Li et al. 2019; Nguyen Vinh et al. 2016;
Ewers et al. 2010; Post et al. 2019; Loncaric et al. 2016; Kottler et al. 2010).
Prevalence studies found bacterial pathogens in several wild animals in zoos, in a
sanctuary, and in unprotected natural areas, particularly among primate species such
as apes, lemurs, baboons, gorillas, and monkeys (Schaumburg et al. 2012, 2013;
Rolland et al. 1985; Nizeyi et al. 2001; Rwego et al. 2008a; Tang et al. 2021). In
addition, infections were found in other terrestrial mammals such as banded mon-
goose and stripe-faced dunnarts (Every et al. 2011; Pesapane et al. 2013). Interest-
ingly, reports of enteric bacteria in Antarctic wildlife suggest a spread of zoonotic
agents among seabirds in Antarctica (Cerdà-Cuéllar et al. 2019).
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Many studies investigate clinical, microbiological, and molecular characteristics
of pathogens in order to determine the epidemiologic origin of novel antimicrobial
resistant zoonotic pathogens using genomic approaches. Oftentimes, the strains are
found to be of human origin. Methicillin-resistant Staphylococcus aureus (MRSA)
are prevalent in companion animals, livestock, and wildlife, but oxacillin-resistant
S. aureus was reported only in Taiwan (Kwon et al. 2006; Morris et al. 2006; Price
et al. 2012; Rubin et al. 2011; Feßler et al. 2018; Hsieh et al. 2008). Studies suggest
zoonotic pathogens harbor antimicrobial susceptibility of human origin, for exam-
ple, extended-spectrum beta-lactamases (ESBL) producing enterobacteria in fruit
bats, Clostridium difficile in farm animals, Enterococcus faecalis in poultry, and
E. coli in chimpanzees (Hasan et al. 2018; Mbehang Nguema et al. 2020; Knetsch
et al. 2018; Goldberg et al. 2007). Some studies of M. tuberculosis in wildlife
unintentionally discovered a genetic similarity between human and animal strains
(Goldberg et al. 2008; Michel et al. 2013; Prasad et al. 2005). Studies of human
pathogens in aquatic species found the same conclusion such as Serratia marcescens
in mammals and fish and Streptococcus agalactiae in elkhorn coral (Delannoy et al.
2013; Sutherland et al. 2011).

2.7 Evidence of Reverse Zoonosis of Parasites and Disease
Symptoms in Animals and Humans

Zoonotic parasites can be transmitted bidirectionally from humans and animals, often
via fecal-oral exposure pathways due to contaminated environmental spaces, food, or
water. Poorly managed excreta from free-roaming livestock and other animals, inad-
equate community sanitation services, and areas with open defecation can result in
fecal pollution of private and public settings which expose humans and animals to
shared pathogens. Safe handling, storage, and treatment of human and animal waste
are critical to the prevention of enteric parasites which often follow exposure pathways
of contaminated food, water, soil, hands, personal items (i.e., fomites), and filth flies.

For instance, many Cryptosporidium spp. are shared between human and animal
hosts with several incidents of, or potential for, reverse zoonotic transmission occur-
ring in livestock, companion animals, and wildlife after human contact (Shrivastava
et al. 2020; Wang et al. 2020b; Schiller et al. 2016; Ibrahim et al. 2016b; Learmonth
et al. 2001; Coklin et al. 2007; Dixon et al. 2011; Graczyk et al. 2001; Guk et al. 2004;
Krawczyk et al. 2015; Mynářová et al. 2016; Nizeyi et al. 1999; Nolan et al. 2017; Sak
et al. 2014). Likewise, Giardia duodenalis/Giardia intestinalis has evidence of prob-
able reverse zoonotic transmission from humans to animals (Coklin et al. 2007; Dixon
et al. 2011; Krawczyk et al. 2015; Mynářová et al. 2016; Arafa et al. 2013; Graczyk
et al. 2002a; Johnston et al. 2010; Nasher 1988; Sá et al. 2013; Sak et al. 2013;
Sleeman et al. 2000; Tangtrongsup et al. 2019; Ash et al. 2010; Teichroeb et al. 2009).
Pentatrichomonas hominis and Entamoeba sp., while considered non-pathogenic to
humans, can serve as fecal indicator organisms for proximal water and/or food
contamination and have the potential for reverse zoonotic transmission leading to
diarrheal disease in animals (Nolan et al. 2017; Arafa et al. 2013; Li et al. 2016).
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Gastrointestinal parasites Enterocytozoon bieneusi, Encephalitozoon intestinalis, and
Encephalitozoon cuniculi can cause microsporidiosis, sometimes referred to as a
fungal infection, and there is probable evidence of human-to-animal transmission
(Sak et al. 2014; Yu et al. 2017; Graczyk et al. 2002b). Additionally, several soil-
transmitted helminths like Ascaris sp., hookworm, and Trichuris spp. can produce
infectious particles that are persistent in the environment allowing for reverse zoonoses
to occur in animals that live in close proximity to humans and human waste (Arafa
et al. 2013; Nasher 1988; Adejinmi 2008; Murray et al. 2000;Mohd-Shaharuddin et al.
2019; Chang et al. 2006).

Alternatively, the parasitic disease of leishmaniasis is a vector-borne zoonoses
caused by the bite of an infected female sand fly. This insect vector takes blood meals
from both humans and animals and can spread Leishmania spp. resulting in multiple
disease presentations in humans such as cutaneous, visceral, and mucosal leishman-
iasis. Reverse zoonoses of cutaneous and visceral leishmaniasis present a potential
exposure risk for animals, particularly dogs, in the vicinity of people and the sand fly
vector (Dereure et al. 2003; Faulde et al. 2008a; Ait Kbaich et al. 2017). The human
skin mite vector, Scabies scabiei, can also be transmitted from humans to animals
and cause significant morbidity and mortality among immunocompromised hosts
(Kalema-Zikusoka et al. 2002; Pusey 1998).

2.8 Evidence of Reverse Zoonosis of Fungi and Disease
Symptoms in Animals and Humans

Over the last 5 years, there have been an increasing number of fungal infections iden-
tified among animals and humans. Fungal spores spread in the air and soil of
which some are capable of causing infection (Gnat et al. 2021). Reviewing past
reports on fungal infections demonstrates cases of reverse zoonoses between a pet
owner and their animal(s). One such example is a report of Trichophyton rubrum.
This fungal species is sometimes found to be related to ringworm in baboons, cats,
cattle, and dogs. In one case report, T. rubrum was transmitted from the owner to a
pet monkey (Pal et al. 1997). In a subsequent report of human-to-animal fungal
infection,Microsporum gypseum was found to have transmitted from a pet owner to
a puppy (Sharma et al. 2009). Beyond those examples of fungal reverse zoonoses
due to close contact, an analysis of clades of Candida albicans in humans and
wildlife has suggested possible reverse zoonoses. The authors suspect that transmis-
sion may have occurred due to wildlife having close contact with poorly managed
human garbage including dirty diapers or half-eaten food, which could have been the
source of infection (Wrobel et al. 2008). These reports have suggested the possibility
of transmission of fungal infections from humans to animals. Since a variety of
fungal infections are capable of transmission to both human and animal species,
more attention is needed to monitor for potential reverse zoonotic events. Despite the
limited number of reported cases, this may not be a true indication of low probability
for such transmissions.
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2.9 The Impact of Zoonosis and Reverse Zoonosis
on Animals and Humans

The expenses associated with zoonoses can be measured from related prevention
efforts, such as vaccination campaigns, to the health-care costs for treating a human
or animal infection (Shaw et al. 2017). However, the costs of zoonoses extend
beyond a single case of disease. The impacts and consequences of zoonotic and
reverse zoonotic disease encompass more than just physical, social, mental, and
emotional health but also the integrity of global economies, agricultural markets,
tourism, trade and transportation, gender equality, children’s health, international
policy, the environment, wildlife conservation, trust in public health and veterinary
public health, and more (Jordan et al. 2016; McDonald 2011).

Human effects of zoonotic disease expand beyond the infected person to their
household and their communities. For example, if a person is sick from a zoonosis,
they may experience pain, social stigma related to the illness, high individual or
institutional medical care costs, acute or long-term disability, the inability to partic-
ipate in normal activities such as childcare, loss of job productivity or lost wages,
disruption in education, food insecurity, a risk for additional comorbidities, and even
death (Shaw et al. 2017; Jordan et al. 2016). The global socioeconomic burden of
zoonotic infections disproportionately impacts lower-income countries and margin-
alized, vulnerable communities (Grace et al. 2012). Cases of zoonoses are often
underreported and categories of neglected zoonotic diseases may not be reflected in
national morbidity or mortality statistics (Grace et al. 2012). Estimating the true
burden of zoonotic disease for human and animal populations within these regions is
challenging.

When an animal is sick from a zoonotic disease, they may also endure pain or
death in addition to weight loss, decrease in milk production, infertility, the inability
to procure a high trade or sale price, and costs associated with veterinary services
(Shaw et al. 2017). Besides the significant harm zoonoses can have on a household’s
dietary access to animal-based food items or economic opportunity through sale or
barter, the region or country may experience a restriction on their ability to export or
trade in agricultural goods and food products during an outbreak event (Narrod et al.
2012; Martins et al. 2015). Global livestock production and agriculture is heavily
dependent upon biosecurity measures from production to consumption (Waage and
Mumford 2008). Without robust sanitation and hygiene measures in place at each
farm and packaging facility, the potential for zoonotic disease transmission could be
markedly high (Martins et al. 2015). For example, the World Bank has estimated that
the economic loss from just six major zoonotic disease outbreaks between 1997 and
2009 was at least $80 billion USD and projected the costs for the global SARS-CoV-
2 pandemic to be in the trillions (World 2006). Recognizing and responding to early
infections of zoonotic or reverse zoonotic disease in either the human or animal host
is critical to prevent further cases or outbreaks.

Spillover events, wherein humans are exposed to zoonotic pathogens largely
circulating within wild animal reservoirs, are often due to anthropogenic changes
to the land that disrupt the natural wildlife host and disease cycles and create new
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opportunities for animal-human contact (Plowright et al. 2020). Since early human
movement of people and animals, the spread of zoonotic pathogens into, and out of,
previously undisturbed natural wildlife habitats have led to outbreaks and pandemics
(May et al. 2021). Reverse zoonotic transmission of virus, bacteria, and parasites to
wild animals (i.e., primates) can occur from contact with humans following conflict,
land-use changes, and increased housing along conservation areas and national park
boundaries (Dunay et al. 2018). As a result, humans could become potential reser-
voirs or intermediate hosts for some pathogens. Hunters, loggers, livestock herds and
herders, farmers, researchers, and visitors have been known to spread emerging and
reemerging diseases to and from wild animals through zoonotic spillover and reverse
zoonoses (May et al. 2021; Plowright et al. 2017). Therefore, prevention of zoonotic
and reverse zoonotic disease is also crucial for the conservation and protection of
global biodiversity.

2.10 How to Prevent Occurrence of Reverse Zoonosis

Conventional surveillance measures for infectious disease outbreaks include
seroepidemiological studies in outbreak areas, reducing distance (quarantine and
physical distancing), vaccinating humans and animals, and conducting
serosurveillance (Lee et al. 2021; Gray et al. 2015; Jefferson et al. 2011; Buddle
et al. 2013; Bosco-Lauth et al. 2020; Jiles et al. 2014). However, these within-
outbreak approaches are principally reactive rather than preventive. As cross-species
spillovers result from a multi-level interaction between hosts, pathogens, and envi-
ronment, ecological interventions to eliminate the environmental conditions that
favor human-to-animal transmission could prevent the occurrence of reverse zoo-
nosis. For instance, measures for reducing prevalence in reservoir hosts (i.e., vacci-
nation, treating infections) and manipulating reservoir-host connectivity to reduce
contact and spread rates (i.e., fences and translocation) or fertility control of suscep-
tible species could prove effective strategies (Sokolow et al. 2019). In recent years,
genomic-based approaches have gained momentum in research as they allow for the
accurate identification of potential hotspots and locations with a high density of
susceptible groups to make ecological interventions more cost-effective and
sustainable.

Geographic proximity may increase the likelihood of cross-species transmission,
but successful infection is determined by the biological compatibility of hosts and
recipient species, primarily immunological profiles. Phylogenetic studies found that
closely related species tend to have similar immunological responses and are of greater
risk of interspecies transmission (Woolhouse et al. 2001; Ricklefs and Fallon 2002).
Accurate identification of vulnerable species and their habitats can inform
policymakers where an escalation in public health intervention may be needed.
Further, genomic surveillance data of the pathogen’s dissemination patterns can
broadly describe outbreak dynamics. Such insights can fill the gap in monitoring
epidemics, superspreading events, and differentiating between relapse and reinfection
events (Kinganda-Lusamaki et al. 2021). Recently, research focus has been on
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infectious disease forecasting models for prediction of characteristics of future out-
breaks. The forecasting tools can provide useful guidance for the utility, scale, and
timing of prevention and mitigation strategies (Scarpino and Petri 2019; Lutz et al.
2019).

Policy legislation and reinforcement play a vital role in transforming research into
practice. In livestock production and wildlife conservation where transmission is
more likely, vaccination in both animals and human must be required. Further
regulation on regular health checks and disease screening is subject to the geo-
graphic area and vulnerability to outbreaks. Besides monitoring the transmission
among livestock and wildlife populations, One Health efforts and professionals
should pay more attention to the development of education and training related to
reverse zoonosis among vulnerable populations to prevent future outbreaks. Owners
of companion animals are also the target of such programs to reduce transmission in
households where close proximity is often a major concern of secondary infection
among close contacts. Importantly, one crucial improvement with the One Health
approach is the cohesive cooperation between researchers in epidemiology and
public health fields. Within the included titles, there was a lack of well-roundedness
and connection in fields of both animal and human disease. Therefore, an adoption of
the One Health approach must underlie the importance of transdisciplinary cooper-
ation to achieve a multifaceted understanding of the spread of infectious disease, to
better protect the health of humans and animals and their shared environment.

According to the definition given by the CDC, “One Health is a collaborative,
multisectoral, and transdisciplinary approach—working at the local, regional,
national, and global levels—with the goal of achieving optimal health outcomes
recognizing the interconnection between people, animals, plants, and their shared
environment” (Alves and Policarpo 2018). With the intent of reducing disease in
both human and animals, a One Health approach seeks collaboration between
experts in various areas. After reviewing reports on the topic of reverse zoonosis,
several aspects of this model should be given more attention.

While human habitat has grown to have more overlap with natural habitat,
leading to closer contacts between human and wild animals, the risk of disease
transmission between human and domesticated animals should receive more con-
sideration. Among recent reports on transmission of disease between animals and
humans, whether zoonotic or reverse zoonotic, most of the cases were reported
between farm animals and hosts (Mi et al. 2016; Europe, A.h. 2017; Kruse et al.
2004; Reperant et al. 2013; Di Marco et al. 2020; Sooksawasdi Na Ayudhya and
Kuiken 2021). This grouping of animals and humans has provided an optimal
environment for fostering disease transmission. However, there still lack a complete
education system and preventative policy for most agriculture and food chain
workers. This poses a risk not only for the transmission of disease to the host animals
but would also endanger the health of the public as infectious agent could move into
the larger global chain of food production and distribution.

In addition to consideration of animals within and around farms, more emphasis
should be put on the threat of reverse zoonoses among companion animals. As
people have close contact with their pets through sharing beds, kissing and
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snuggling, and eating and drinking in proximity, the risk of disease transmission
between human hosts and their pets also increases (Zhang et al. 2020; Zhao et al.
2014). For example, in recent reports on cases of SARS-CoV-2, there have been
several instances of the transmission of the virus from infected people to their
household pet animals (Forgie et al. 2011; Holyoake et al. 2011; Sweetline Anne
et al. 2017). While early One Health work focused on researching ways to reduce
disturbance of wild animals to prevent anthroponotic transmission of human path-
ogens, the policies and strategies relating to protecting companion animals require
improvement. This is of special importance because when people are quarantined in
response to a pandemic, the contact between the host and pet(s) is likely increased. In
response to One Health’s principle of “One Health involves everyone,” we should
encourage the importance of close observation of pet animals when an infected
household member has been identified to prevent possible transmission in the home.

Besides seeking cooperation from stakeholders at the health professional level,
we should also encourage more cooperation between researchers. Among the epi-
demiological reports included in this summary, the publications frequently lacked
input from experts in the fields of both animal and human disease. Therefore, such
reports usually suggested a possibility of transmission but did not provide tangible
evidence that may have been garnered by working with a professional in the parallel
areas of animal or human disease. By incorporating the principles of One Health,
transdisciplinary cooperation can be enhanced that leads to a more multifaceted
understanding of the spread of infectious disease that will better protect the health of
all species.

2.11 Conclusions

The threat of disease derives from multiple host species and a variety of exposure
pathways. The accelerating human impact on the natural world will likely introduce
new opportunities for disease transmission stemming from emerging and reemerging
pathogens, likely with zoonotic origins. While we must continue our efforts to
discover intervention strategies to prevent, detect, and treat human infection, it is
vital that we also devote new and innovative efforts towards the protection and
conservation of animals. Intensified farming practices, wildlife habitat encroach-
ment, and an increased desire for companion animals will forge even more intimate
human-animal bonds in the coming years. It will take collaboration and communi-
cation between researchers and health professionals from both the human and animal
fields to prepare, promote, and provide safe and healthy interactions for all.

2.12 Cross-References

▶ Important Zoonotic Diseases of Cattle and their Prevention Measures
▶ Influenza from a One Health Perspective: Infection by a Highly Versatile Virus
▶ Severe Acute Respiratory Syndrome Coronaviruses-2 (SARS-CoV-2)
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▶ Small Ruminants: Zoonotic Infections
▶Zoonoses Transmitted by Poultry
▶Zoonoses and Poverty: The Multiple Burdens of Zoonoses in Low- and Middle-
Income Countries

▶Zoonotic Diseases of Swine: Food-Borne and Occupational Aspects of Infection
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Abstract

Cattle production is a vital component of the global food chain. Through meat or
milk, animal protein is an essential dietary requirement for most people across the
world. Increased cattle production will attempt to meet the need for more protein
with both positive and negative impacts. Those impacts may include the spread of
disease from livestock to humans directly or indirectly through milk, meat, hide,
or manure. The following zoonotic diseases of cattle are included in this chapter
due to their potential severity in human or cattle populations and/or their wide
distribution or recent emergence: anthrax, bovine spongiform encephalopathy
(BSE), bovine cysticercosis, bovine tuberculosis, brucellosis, cryptosporidium,
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Escherichia coli O157:H7, leptospirosis, listeria, methicillin resistant Staphylo-
coccus aureus (MRSA), Q fever, Rift Valley Fever, and Salmonella.
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Cattle production is a vital component of the global food chain. Through meat or
milk, animal protein is an essential dietary requirement for most people across the
world. The need for animal protein is increasing. An estimated 50% increase in
demand is expected by 2030 (Delgado et al. 1999; Jones and Thornton 2009).
Increased cattle production will attempt to meet the need for more protein with
positive and negative impacts, including the spread of diseases from livestock to
people directly or indirectly through milk, meat, hide, or manure.

Threats from old and new pathogens continue to emerge, with contributions from
changes in the environment, agriculture and food production systems, food pro-
cessing, and the demography and connectivity of our world. At one extreme is
low-intensity cattle farming, the type traditionally practiced in developing countries
and rural households. The impact of disease outbreaks on the lives and livelihoods of
these poor farmers is significant (Jones and Thornton 2009). In contrast, intensive
farming systems in developed countries may contribute to the large-scale spread of
pathogens during disease outbreaks. Zoonotic diseases can have a significant impact
on national and international trade and contribute to human illness. We are faced
with a changing landscape of infectious disease that affects both humans and
animals. This change poses significant threats to the health and food security of
the global citizenry (Atkins and Robinson 2013).

The majority of human pathogens now described are linked to animals. An
average of three new infections are reported approximately every 2 years, with a
new pathogen published every week (Gideon 2013). Nevertheless, good progress
continues to be made in controlling several important livestock pathogens, and
mechanisms are now in place to bring together the critical scientific expertise and
political will to succeed.

The following zoonotic diseases of cattle are included in this chapter due to their
potential severity in humans or cattle population and/or their wide distribution or
recent emergence: anthrax, bovine spongiform encephalopathy (BSE), bovine cys-
ticercosis, bovine tuberculosis, brucellosis, cryptosporidium, Escherichia coli O157:
H7, leptospirosis, listeriosis, methicillin resistant Staphylococcus aureus (MRSA), Q
fever, Rift Valley Fever, and Salmonella.

Zoonotic pathogens present considerable challenges to the health and wellbeing
of cattle and humans. For some critically important diseases, the first line of defense
will be implementing scientific approaches to diagnosis and control. What the future
will bring with regard to zoonotic diseases is difficult to predict. A future where
human and animal health practitioners work together to discover, control, and
prevent zoonotic diseases will surely bring surprising and meaningful results.
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Identifying and ultimately addressing emerging cross-species infections will
require a “One Health” approach. Adopting and implementing appropriate interven-
tion measures at the farm level will require behavior changes from the farmer (Ellis-
Iversen et al. 2010). Some of these measures will require modification of practices
and husbandry as well as policy changes. In 1989, the World Health Organization
(WHO) promoted a Knowledge, Attitude, Beliefs, and Practices (KABP) framework
that was later modified to Knowledge, Attitude, and Practices (KAP) as a tool to
improve disease prevention strategies in different cultures around the world. In a
recent example, a socio-ecological model that included dairy workers and an exter-
nal agency in Colorado, USA, was presented by Palomares Velosa et al. (2020).

We attempted in this chapter to identify prevention measures for the underlying
diseases with the hope that further assessment of these measures using the KAP
approach under the One Health Concept can be applied.

3.1 Anthrax

Bacillus anthracis, the causative agent of anthrax, has a worldwide distribution in
animal and human populations. In developing countries, anthrax is a significant
problem in livestock and wildlife and among occupationally exposed individuals,
including veterinarians, agricultural workers, and butchers (WHO 2013a). Anthrax
is no longer a significant livestock disease in developed countries due to appropriate
control measures, including prophylactic vaccination. While anthrax does occur
sporadically in developed countries, its primary significance lies in its potential
use as a bioterrorism agent.

Bacillus anthracis is a Gram-positive bacterium that forms spores when exposed
to oxygen, which are highly resistant and long lasting in the environment. Human
anthrax cases are associated with infection in livestock or exposure to contaminated
products such as carcasses, hides, or wool. Instances of animal anthrax are associated
with spore-contaminated pastures. The incidence of anthrax varies with the soil type,
climate, animal husbandry, industrial hygiene, and disease reporting status of the
country. Globally, anthrax is underreported in both humans and animal populations
due to under-diagnosis and lack of internal and international reporting.

Infection can enter the body by ingestion, inhalation, or direct contact. It is
generally considered that animals are infected by ingestion of contaminated food
or water. In humans, infection mainly occurs by direct contact through a break in the
skin. Biting flies and other insects have the ability to transmit the disease
mechanically.

In cattle, anthrax usually manifests as peracute or acute disease. The peracute
form is most common at the beginning of an outbreak, and animals are found dead
without premonitory signs. After death, discharge of blood from the nostrils, mouth,
anus, and vulva are common. The acute form runs a course of about 48 h with severe
depression, lethargy, abortion, and fever. Necropsy findings include the absence of
rigor mortis and gross enlargement of the spleen with natural orifices exuding dark,
tarry unclotted blood. If anthrax is suspected, the carcass should not be opened, as
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exposure to oxygen will cause spores to form, which may infect individuals and
contaminate the environment.

In humans, the three main forms of disease are cutaneous, gastrointestinal, and
inhalation anthrax. Cutaneous anthrax is most common and accounts for the vast
majority of cases. The gastrointestinal form occurs from eating contaminated meat.
Inhalation anthrax occurs through inhalation of the spores and is the most severe
form (Decker 2003).

There are different assays for screening and diagnosis of anthrax in cattle. A
stained smear of peripheral blood is usually considered the primary screening test to
determine the presence of the bacilli in the blood. Confirmation is done by blood
culture to identify the bacterial colonies. Fluorescent antibody techniques may also
be used to confirm the infection. Animal passage assay may be necessary if antibiotic
therapy is used (Dragon et al. 1999).

Two types of vaccines are currently used in cattle. The most known vaccine is the
live attenuated strain of B. anthracis, resulting in long-term immunity (26 months),
but there is a risk of causing the disease. The second vaccine is the cell-free filtrate of
a culture of B. anthracis, which is incapable of causing anthrax, but it has only a
short-term immunity (3–6 months) (WHO 2013a).

Treatment in animals and humans is mainly through the application of antibiotics.
In animals, penicillin, streptomycin, and oxytetracycline are used. Anti-anthrax
serum may be used in animals during the early stages of the disease, but severely
ill animals are unlikely to recover. Human treatment is by penicillin and other
antibiotics (Dragon et al. 1999).

Control measures are wide range and include vaccination, appropriate carcass
disposal methods and decontamination, quarantine, and movement restrictions on
milk and meat.

3.2 Bovine Spongiform Encephalopathy (BSE)

Bovine spongiform encephalopathy (BSE), also known as “mad cow disease,” is a
degenerative neurological disease of cattle. BSE is caused by misfolded proteins
(prions) in the host cell that build up in the central nervous system (CNS) and
eventually kill nerve cells. The nature of the transmissible agent is not well under-
stood. The most accepted theory is that the agent is a modified form of a normal
protein known as prion protein. For not yet understood reasons, the normal prion
protein changes into a pathogenic (harmful) form that then damages the central
nervous system.

BSE is one of several rare neurological diseases called transmissible spongiform
encephalopathy (TSE). The other TSE diseases include scrapie, which affects sheep
and goats, transmissible mink encephalopathy, feline spongiform encephalopathy,
and chronic wasting disease of deer and elk. There are six TSE diseases that affect
humans: kuru, classical Creutzfeldt-Jakob disease (CJD), variant Creutzfeldt-Jakob
disease (vCJD), Gerstmann-Sträussler-Scheinker syndrome, fatal familial insomnia,
and sporadic fatal insomnia.
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Variant Creutzfeldt-Jakob disease (vCJD) is a rare human TSE that research from
the United Kingdom has associated with consuming products contaminated with
CNS tissue from BSE-infected cattle. There have been about 200 cases in the world
(most of these in the United Kingdom). Human TSEs also include sporadic
Creutzfeldt-Jakob disease (sCJD or CJD), which is not related to BSE. About 85%
of CJD cases are sporadic, with an annual incidence of about one case per 1 million
people worldwide. The new variant or variant form (vCJD) affects younger people
(average age at onset is 26 years) and has different clinical features from CJD.

There is strong epidemiologic and laboratory evidence suggesting that the same
infectious agent causes vCJD and BSE. All cases of confirmed vCJD have occurred
in people who have lived in geographic areas with BSE cases; the majority occurred
in the United Kingdom, which has had the largest number of cases of BSE in cattle.
The specific foods, if any, that may be associated with the transmission of this agent
from cattle to humans are unknown. However, milk and milk products are unlikely to
pose any risk for human exposure to the BSE agent.

Research indicates that the first probable infections of BSE in cows occurred
during the 1970s, with the first two cases of BSE being identified in 1986. BSE may
have originated from feeding cattle meat-and-bone meal (MBM) that contained
BSE-infected products from a spontaneously occurring case of BSE or scrapie-
infected sheep products. There is strong evidence and general agreement that the
outbreak was amplified and spread throughout the United Kingdom cattle industry
by feeding rendered, prion-infected, bovine meat-and-bone meal to young calves.

There is increasing evidence that there are different strains of BSE, the typical
BSE strain responsible for the outbreak in the United Kingdom and two atypical
strains (H and L strains). The typical BSE strain is responsible for most of the BSE
cases in the world. In cattle naturally infected with BSE, the BSE agent has been
found in brain tissue, in the spinal cord, and the retina of the eye. Additional
experimental studies suggest that the BSE agent may also be present in the small
intestine, tonsil, bone marrow, and dorsal root ganglia (lying along the vertebral
column).

In response to the BSE epidemic, several countries instituted a series of measures
to minimize the risk of disease transmission among both animals and humans. These
included a ban on feeding ruminant protein to ruminants and removal of some “high
risk” materials (such as brain, spinal cord, and intestines) from cattle at slaughter.
Following the institution of these measures, the number of BSE cases has been
decreased significantly (USDA-APHIS 2006, 2007).

To prevent BSE from entering the country, several countries prohibited the
importation of live ruminants from countries where BSE is known to exist in native
cattle. Some countries eliminated the importation of live ruminants and most rumi-
nant products, including meat, meat-and-bone meal, offal, glands, etc., from all of
Europe. Most of these countries also prohibited the use of mammalian protein in the
manufacture of animal feeds given to ruminants. Testing for BSE under a national
surveillance program among slaughtered cattle was implemented in several devel-
oped countries. Due to these safeguard measures, the risk of transmitting the BSE
agent to humans has become negligible (Salman et al. 2012).
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3.3 Bovine Cysticercosis –Taeniasis

Although bovine cysticercosis does not in itself represent an exceptionally serious
human health risk, it is a signal of much more serious food safety and public health
concerns. A finding of bovine cysticercosis is a signal that the animal feed system is
contaminated and that cows are consuming human feces. Aside from Taenia
saginata, other contaminants that pose threats to bovine and human health would
also be expected to be present in human feces. These contaminants include but are
not limited to drug-resistant bacteria, such as E. coli and Salmonella, Taenia solium
(the pork tapeworm), drug residues, pain killers, hormones, other prescription drugs,
illicit drugs, heavy metals, solvents, and other toxicants.

Taenia saginata (T. saginata) is a cestode tapeworm that causes bovine cysticer-
cosis in cattle and taeniasis in humans. Taenia saginata is found worldwide, and
human disease is highly endemic in Latin America, Africa, Asia, and some Medi-
terranean countries. Bovine cysticercosis occurs in areas where poor sanitation, poor
food inspection, and close contact between humans and livestock are common.

Taenia saginata infection cycles between humans (primary host) and cattle
(reservoir host). Humans infected with the tapeworm pass the eggs in their feces.
Cattle become infected by ingesting materials contaminated with tapeworm eggs.
Larvae form cysticerci in the animal’s muscle tissue, humans ingest cysticerci in raw
or undercooked beef, and the cycle continues. Tapeworms cannot be passed from
person to person or spread between cattle. Clinical signs of cysticercosis in cattle and
humans are mild to nonexistent. The most visible sign of tapeworm infection in
humans is the active passing of tapeworm segments through the anus and in the
feces.

Diagnosis of bovine cysticercosis is largely made during visual inspection of the
carcass at slaughter. Serological tests, including ELISA, have been used in epide-
miological studies for individual and herd diagnosis (WHO 2005). Taeniasis in
humans is diagnosed by finding eggs or cestode segments on the human body or
in the feces. Feces microscopy, ELISA, and molecular tests such as PCR may also be
used (WHO 2005).

Infection in humans can be prevented by proper meat inspection and handling of
meat at slaughter. When the disease is found in cattle, the meat may be condemned or
temperature treated by freezing or heating to kill the parasite. Preventing and treating
disease in people will prevent disease in cattle. Tapeworm eggs can survive in the
environment for many months, depending on humidity and temperature. Infected
people can shed hundreds of thousands of eggs each day, so people need to seek
treatment to break the cycle.

3.4 Bovine Tuberculosis

Bovine tuberculosis (BTB) is a zoonotic and economically important disease of
livestock. The disease was described over 2000 years ago and is responsible for
devastating illness and death in humans and animals. Bovine tuberculosis has been
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largely controlled in developing countries through government control programs and
milk pasteurization. In developing nations where surveillance and control measures are
inadequate, humans continue to become infected with BTB through animal contact and
ingesting unpasteurized dairy products. Few developing countries have BTB control
programs and immune system compromising disease conditions such as HIVallow for
co-infection and increased morbidity and mortality (Miller and Sweeney 2013).

Most warm-blooded vertebrates, including humans, are susceptible to the
disease-causing agents. Although the principle reservoir of Mycobacterium bovis
(M. bovis) is cattle, this organism has a wide host range capable of producing
progressive disease. Ungulates differ somewhat in resistance to M. bovis but have
similar immune responses and pathological conditions. They all exhibit the classical
lesions of tuberculosis.

The infection is caused by the bacterial genus Mycobacterium. Mycobacteria are
acid-fast, aerobic, non-spore-forming, nonmotile, gram-positive rods containing
high lipid content. Some of the lipids possess virulent and immunologic properties.
The possible pathogenic role and the effect on the immune response of components
of the complex mycobacterial cell wall are the subject of much attention and
controversy (Behr 2013).

Bovine tuberculosis occurs throughout the world. The prevalence of M. bovis in
cattle is low in developed countries due to successful eradication programs. Other
countries have experienced increases in the rate of infection due to relaxation in
surveillance activities.

Risk factors for cattle include overcrowding, the introduction of tuberculous
animals, soil type, wildlife contact in specific geographical regions (UK, Ireland:
badger, New Zealand: possum), the purpose of the cattle: dairy vs. beef, and type of
management and husbandry – specifically in the type of disposal of the manure.

The most common mode of transmission of BTB is the aerogenous route.
Infection can occur by ingestion and other less likely modes such as milk-borne,
congenital, or sexually transmitted. Bacteria are excreted in exhaled air, sputum,
feces, urine, milk, and discharges from the uterus, vagina, and draining peripheral
lymph nodes. Cattle can develop bovine tuberculosis through exposure to other
M. bovis infected species such as humans, deer, and elk (Bovine TB Advisory Group
2009).

Clinical signs of disease in cattle are variable depending on the location and
extent of the lesions. Even with advanced disease, visible signs are frequently absent.
If superficial lymph nodes are involved, they may be visibly enlarged and can
rupture and drain through the skin. Enlarged internal nodes can cause signs of
obstruction. With pulmonary involvement, a chronic cough can develop due to
bronchopneumonia. In advanced lung disease, dyspnea occurs with increased respi-
ratory rate and depth. Tuberculosis mastitis causes a marked induration and hyper-
trophy of the udder. General findings include anorexia, dyspnea, weight loss,
weakness, and low-grade fluctuating fever. Often the main sign of tuberculosis is
emaciation, despite adequate nutrition and care.

A definitive diagnosis for mycobacterial infection can be made by bacterial isolation
and identification, which can be difficult and time-consuming. For example, inM. bovis
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cultures, visible growth arises following 3–8 weeks of incubation. Conventional
mycobacteriological identification procedures on culture media rely on differences in
culture growth times, colony morphology, cellular morphology, antimicrobial sensitiv-
ity, and various biochemical test reactions. More recent radiometric procedures can
expedite mycobacterial detection times, whereas gas-liquid chromatography and DNA
probes can accelerate mycobacterial identification from cultures. Research on the use of
DNA probes, specifically polymerase chain reaction (PCR), is currently in progress for
molecular epidemiology of the disease in livestock species.

The tuberculin skin test is an in vivo diagnostic test that evaluates the cell-
mediated immune response to mycobacteria exposure. The test is unable to differ-
entiate between disease and immunity. To determine whether or not an animal is
infected withM. bovis, tuberculin made from either the human or bovine bacilli (the
mammalian tuberculins) is injected intradermally into the animal. Reactivity to
tuberculin made from either of these bacilli is similar and is usually the greatest in
animals sensitized specifically to these bacilli. The inflammatory response to the
injection peaks 24–72 h after tuberculin injection and can linger for several weeks
before diminishing. Failure of an animal with observable evidence of tuberculosis to
show a palpable skin response to tuberculin at the time of test reading has been
defined as anergy. Anergy indicates deficient T lymphocyte function.

Vaccines against M. bovis stimulate cell-mediated immunity. BCG (Bacillus of
Calmette-Guerin, the modified M. bovis vaccine strain named after its two devel-
opers) is an attenuated strain of M. bovis used in human vaccination. BCG has also
been utilized extensively to vaccinate cattle in numerous countries for many years.
Protection produced by BCG vaccination of cattle is poor and causes tuberculin
sensitivity in the animals, interfering with control and eradication programs based on
tuberculin skin testing. By 1968, none of the national control programs for bovine
tuberculosis included vaccination.

Treatment of tuberculosis in animals, in general, is discouraged due to possible
public health hazards in retaining tuberculous animals. However, numerous proce-
dures have been tried throughout the years without success to treat tuberculous cattle,
including injection of live or dead bacilli, specific diets, fresh air, change of climatic
conditions, x-ray therapy, serotherapy pneumothorax, and pneumoperitoneum. Che-
motherapeutic drugs, including isoniazid, have been used in cattle and were found to
only suppress the bacilli during the duration of drug therapy, with shedding of the
organism possible after treatment.

Control measures include test and slaughter, active detection of lesion in cattle in
slaughterhouses followed by traceback systems, and control of the disease in wildlife
populations.

3.5 Brucellosis

Brucellosis is a zoonotic disease of major social and economic importance in most
countries of the world. It is caused by several species of Brucella bacteria and affects
several livestock species –mainly cattle, sheep, and goats. The economic importance
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of the disease in cattle is due to a loss of production, primarily decreased milk
production, abortion, and infertility. Brucellosis is found worldwide; however, it is
limited to a specific Brucella species and host species in some geographical areas.
Several countries have succeeded in eradicating the disease from specific host
species; other countries are engaged in eradication programs. The growing phenom-
enon of international migration and tourism renews our concern with the prevalence
and persistence of human brucellosis.

The Brucella spp. have a wide host range; however, they are not readily trans-
mitted from preferential to dissimilar hosts. Nonpreferential hosts may harbor the
bacteria, but it is considered an incidental infection. This incidental infection is
usually localized and/or shows different clinical and pathological manifestations
from those observed in the specific host. The host preferences of this bacterial agent
are Brucella abortus in cattle, Brucella melitensis in sheep and goats, Brucella suis
in swine, and Brucella ovis in sheep (Moreno et al. 2002).

The bacteria is an intracellular organism which is an important factor in its
survival in the host and may explain both the transitory titers occurring in some
hosts following isolated episodes of bacteremia and the disappearance of titers in
hosts with latent infection. The bacteria can survive on grass for variable periods
depending on environmental conditions. In temperate climates, infectivity may
persist for 100 days in winter and 30 days in summer. The organism is susceptible
to heat, sunlight, and standard disinfectants, but freezing is conducive to almost
indefinite survival (Blasco and Molina-Flores 2011).

Risk factors associated with infection and the diseases in cattle population
include: (1) contact with infected materials – aborted fetus, placenta, semen, secre-
tion, etc.; (2) direct contact with infected animals – including wildlife species;
(3) high population density, particularly in dairy farming systems; (4) breeding
management and husbandry such as contaminated maternity pens, unregulated
breeding time; and (5) poor hygiene/husbandry – particularly during calving
seasons.

The infection in humans is nonspecific and manifests as fluctuating fever, joint
pain, sweating, and weakness. Transmission to humans occurs through contact with
contaminated materials from infected animals, particularly as an occupational haz-
ard, consumption of infected milk and dairy products, nonintentional injection of
live animal vaccine, and inhalation of large amounts of bacteria-contaminated aero-
sols. Human brucellosis is most serious when it results from exposure to
B. melitensis, which is usually linked to exposure to infected goats and sheep (Corbel
2006).

The disease in animals is transmitted through ingestion of contaminated mate-
rials, penetration of intact skin and conjunctiva, and contamination of the udder
during milking. Intra-herd spread occurs by both vertical and horizontal transmis-
sion. Congenital infection due to in utero infection does occur, but its importance has
not been defined. Horizontal transmission can occur both directly and indirectly.
Flies, dogs, rats, ticks, contaminated boots, fodder, and other inanimate objects are
possible ways for indirect transmission. Preventive measures in cattle populations
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are mainly related to early detection of infected cattle with the removal of serolog-
ically positive animals (test and culling) and vaccine application.

No reliable vaccine is available for human use. Humans are usually treated
prophylactically with antibiotics if exposure is suspected. Preventive measures for
human infection include precaution in handling contaminated materials from
infected animals and precautions during the use of the vaccine in animals and
avoiding consumption of unpasteurized milk or dairy products.

3.6 Cryptosporidium parvum

Cryptosporidium parvum is a coccidian protozoan that is an important cause of
diarrhea in cattle and humans worldwide. It has emerged since the 1970s as a major
cause of calf-hood diarrhea. It is one of the top four agents responsible for moderate
to severe gastrointestinal illness in children in developing countries and can be a fatal
complication of AIDS (Kotloff et al. 2013; Mosier and Oberst 2000). Cryptosporid-
iosis is one of the most common causes of waterborne disease among humans in the
United States (CDC 2013a).

Cryptosporidium parvum resides in the host’s small intestine, where it forms
oocysts, which are shed in great numbers in the feces. Transmission occurs through
ingestion of food and water contaminated with fecal matter from infected animals or
humans, direct contact with infected feces, or ingestion of contaminated water. Large
outbreaks have been associated with drinking water, food, swimming pools, and
lakes.

Community-wide outbreaks of cryptosporidiosis have been linked to drinking
municipal water or recreational water contaminated with Cryptosporidium. One
large-scale outbreak occurred in Wisconsin, USA, in 1993 when more than
400,000 people became ill from a malfunctioning municipal water filtration system.
The total cost of outbreak-associated illness was USD 92 million (Corso et al. 2003).
The source of the Cryptosporidium oocysts in this outbreak, whether from cattle,
slaughterhouse runoff, or human sewage, remains speculative (Mac Kenzie et al.
1994).

In healthy humans, infection is usually asymptomatic and self-limiting. The
disease can be severe in immunodeficient people with profuse watery diarrhea and
substantial fluid loss. Most animals can become infected with Cryptosporidium spp.,
but clinical signs of diarrhea, tenesmus, anorexia, and weight loss are most com-
monly observed in calves less than one-month-old.

Cryptosporidiosis is diagnosed by examining fecal samples using acid-fast
staining, direct fluorescent antibody, and/or enzyme immunoassays (CDC 2013a).
The oocysts are not shed continuously, and repeated sampling may be necessary.
Cryptosporidiosis can also be diagnosed in stained biopsy/necropsy specimens or
fresh intestinal scrapings. Molecular methods, which can detect Cryptosporidium
species, are increasingly being used in diagnostic laboratories.
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There is no specific treatment available for cryptosporidiosis. Supportive therapy
is usually effective. Prevention efforts focus on handwashing, especially after
handling or being around animals and before eating or handling food.

3.7 E. coli O157:H7

Escherichia coli is in the family Enterobacteriaceae and is a normal component of
the flora in the large intestine of humans and warm-blooded animals. E. coli O157:
H7 is a specific pathogenic subset of E. coli found worldwide that produces watery
diarrhea, hemorrhagic colitis, and rarely, hemolytic-uremia syndrome (HUS) in
children.

Cattle are reservoir hosts, harbor the bacteria asymptomatically, and are an
important source of infection for humans. Prevalence estimates vary, and it appears
that while a large percentage of cattle herds may have infected animals, the actual
number of individual infected animals at any one time is relatively low (USDA
2003). The costs associated with attempts to control prevalence in cattle, contami-
nated food recall, and human healthcare costs make the economic and social burden
of E. coli O157:H7 high (Callaway 2010).

Transmission of E. coli O157:H7 occurs through consumption of contaminated
food or water, direct contact with infected animals, their feces, or contaminated soil.
Primary sources of E. coli O157:H7 outbreaks are raw or undercooked ground meat
products, raw milk, and fecal contamination of vegetables. Person-to-person spread
can occur during outbreaks (Spickler 2009). Visiting farms and other venues where
the general public might directly contact farm animals, particularly calves, has been
identified as an important risk factor for E. coli O157:H7 infection (WHO 2011a). A
low dose of bacteria is sufficient for infection.

E. coli O157:H7 occurs asymptomatically in cattle and is shed intermittently.
In humans, illness can range from mild diarrhea to severe hemorrhagic colitis. In
most cases, the illness is self-limiting. Hemolytic uremic syndrome, a particularly
severe complication, can occur in a small percentage of cases leading to renal
failure and death in children and the elderly. Selective and differential culture
media have been developed to diagnose E. coli O157:H7 in human and bovine
fecal samples.

Measures to prevent and control E. coli O157:H7 in cattle include management
changes (biosecurity, housing, transport, and stress reduction), water and feed
management, including additives and probiotics, bacteriophages, and vaccines
(Callaway 2010). Preharvest strategies are important but do not eliminate the need
for good sanitation in processing plants and households. Good hygienic slaughtering
practices reduce contamination of carcasses. Education on hygienic handling of
foods is essential for farm workers, abattoir, and food production workers to reduce
contamination. Household preventive measures are similar to those recommended
for other foodborne diseases (WHO 2011a).

3 Important Zoonotic Diseases of Cattle and Their Prevention Measures 101



3.8 Leptospirosis

Leptospirosis is a zoonotic disease of worldwide importance. Also a neglected
tropical disease, leptospirosis largely affects vulnerable rural and semi-urban
populations. The global annual incidence of endemic human leptospirosis is grossly
underestimated due to lack of awareness, underdiagnosis, misdiagnosis, and diffi-
culty with diagnostic testing. Efforts to determine the burden of disease are ongoing
(WHO 2011b). Leptospirosis is endemic in countries with humid subtropical and
tropical climates, and epidemics often occur due to flooding. Individuals at greatest
risk include farmers, ranchers, slaughterhouse workers, trappers, loggers, veterinar-
ians, sewer workers, rice field workers, and military personnel.

Leptospirosis is caused by a variety of species of Leptospira, a spirochete with
more than 250 pathogenic serovars that are adapted to different wild or domestic
reservoir hosts. The classification system for Leptospira changed in 1989, leading to
some confusion, as pathogenic and nonpathogenic serovars are now included in the
same species. Serovars vary by geographic region (Spickler 2005a). Host adaptation
is not a static situation as serovars adapt to new hosts, vaccine pressures alter
serovars in different species, and climate change may alter hosts and serovars.
These facts lead to difficulties in the prediction, prevention, and use of vaccines.
Reservoir hosts include wild mammals (rats and rodents are the most common) as
well as domestic cattle, pigs, pigs, and sheep and dogs. Reservoir hosts experience
asymptomatic, mild, or chronic disease and can shed for months to years.

Leptospires reside in the kidneys of infected reservoir hosts and are shed in urine
into the environment where they can live for long periods of time, depending on
environmental conditions. Freshwater ponds, streams, runoff, and groundwater are
common water sources of leptospires. Leptospira spp. can also be excreted in
vaginal secretions and with aborted fetuses after calving (Spickler 2005a).
Leptospira spp. can be spread directly between individuals, through skin contact
with contaminated water or urine, ingested in contaminated food or water, or spread
via aerosol.

At least 13 serovars of Leptospira spp. have been isolated from cattle. Clinical
signs vary with the serovar and in acutely affected calves include fever, anorexia,
conjunctivitis, and diarrhea. In adult cattle, clinical signs may be mild and go
undetected. More severe infection may result in abortions, decreased fertility, or
decreased milk yields (Spickler 2005a). Clinical signs are associated with kidney
disease, liver disease, or reproductive dysfunction; younger animals suffer more
severe disease. Differential diagnosis includes brucellosis, neosporosis, bovine viral
diarrhea (BVD), and infectious bovine rhinotracheitis (IBR).

In humans, disease ranges from mild to severe depending on the serovar and
immune status of the patient. Clinical signs mimic other infectious diseases, includ-
ing influenza, hepatitis, dengue, hantavirus, yellow fever, malaria, brucellosis,
borreliosis, typhoid fever, other enteric diseases, and pneumonia (Spickler 2005a).

Rapid screening tests are available for presumptive diagnosis in humans, but
require confirmatory diagnosis by culture, PCR, or microagglutination test (MAT).
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The most commonly used test for diagnosis in animals is the MAT test. ELISA tests
are also used.

Human vaccines against leptospirosis are available in some countries. Animal
vaccines are in use and must contain serovars present in the local environment; most
of them require a yearly booster shot. In developed countries, cattle, pigs, and dogs
are routinely immunized. In developing countries, vaccines with locally relevant
serovars are not as available (Hartskeerl et al. 2011). Prevention programs must be
tailor-made and based on predominant serovar and local reservoir hosts. Public
health prevention measures include reservoir control through rodent control and
vaccination of livestock and dogs, improved sanitation, improvement of water
sources that may be contaminated, and outreach and education for high-risk indi-
viduals and high-risk areas.

3.9 Listeriosis

Listeriosis, also called Circling disease or Silage sickness, is a disease with world-
wide distribution that can affect all ruminants. The etiological agent is usually
Listeria monocytogenes; however, sheep can also get listeriosis from Listeria
ivanovii infection (Todar 2003).

The etiological agent Listeria monocytogenes is a ubiquitous bacteria character-
ized as a small, gram-positive, non-spore-forming, catalase-positive, facultative
anaerobic, motile rod sometimes arranged in short chains with the ability to produce
flagella at room temperatures, but not at 37 �C (Todar 2003). Infection occurs mainly
through ingestion of L. monocytogenes contaminated soil, vegetation, and silage.

Age and sex are not considered risk factors; however, cattle under 3 years of age
are more prone to developing clinical signs of disease. The disease clinically
manifests in cattle in one of four forms and is more common during cold weather.
These forms are encephalitic, visceral/septicemic, abortion, and ophthalmitic. The
encephalitic form is most common in adult cattle, while neonates often suffer from
the septicemic or visceral forms. Abortion occurs due to placentitis resulting in fetal
death if there is intrauterine infection. The ophthalmitic form is associated with
bacterial contamination of the cornea from a feed source. Lactating cows may also
contract clinical mastitis associated with listeriosis.

Most animals infected with L. monocytogenes show no clinical signs, but can still
spread bacteria in the environment and to other animals. Listeriosis is diagnosed by
the history of previous cases in the area, accompanied by some clinical signs. A
confirmed diagnosis can be made by postmortem examination with histopathology
of the pontomedullary region of the brainstem or bacterial culture. Usually, there are
no gross lesions seen in the brain at necropsy. Microscopic lesions can include
multifocal asymmetrical micro-abscesses and mononuclear cell meningoencephalitis
in the brainstem, anterior spinal cord, and, occasionally, cerebellum (George 2002).
Treatment of confirmed cases is with either oxytetracycline or penicillin
G. Antibiotic therapy works best in animals treated in the early stages of the disease.
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Animal to human transmission of L. monocytogenes occurs either directly
through contact with infected animals or indirectly through ingestion of milk,
cheese, meat, eggs, or vegetables. The bacterium is inactivated by pasteurization;
however, contamination of pasteurized products with the raw product has been
reported as a source of infection. Listeriosis in humans occurs primarily in pregnant
women, newborns, the elderly, and immunosuppressed (e.g., transplant recipients or
AIDS patients). It has been reported that as many as 5–10% of humans may be
asymptomatic carriers of Listeria spp. in their feces or vagina. Disease in adult
humans is commonly the encephalitic or septicemic/visceral form (Rebhun 1995).

Preventive measures can reduce the spread of infection. In dairy cattle, feeding
spoiled silage and other rotting vegetation should be avoided. All cattle showing any
signs of disease should be isolated from healthy animals. Good hygiene and sanita-
tion on the farm are essential. Other preventive measures include thoroughly wash-
ing raw vegetables, cooking raw meats, proper hygiene during food preparation, and
consuming only pasteurized dairy products. Humans should avoid contact with
animals that have suffered from abortions as well as with the aborted materials
(placenta and fetuses). Livestock and crop producers can help control the spread of
L. monocytogenes by avoiding the use of untreated manure on vegetable crops. It is
almost impossible to produce listeria-free products because infected animals do not
always show signs of disease. As a result, people at high risk should avoid exposure
to food items commonly associated with listeriosis.

3.10 Methicillin-Resistant Staphylococcus aureus

Methicillin-resistant Staphylococcus aureus (MRSA) are Gram-positive bacteria that
are resistant to methicillin and other beta-lactams in this large group of antibiotics
that are widely used in veterinary and human medicine. MRSA is found worldwide
in humans and animals.

MRSA was first isolated from cattle with mastitis in 1972, which was the first
recognition of this emerging disease in animals (Devriese et al. 1972). Since that
time, MRSA has been found in many species of animals, including pigs, horses,
dogs, cats, pet birds, zoo animals, and marine mammals (Spickler 2011). Most of the
strains isolated from animals have been of human origin; this changed, however, in
2003–2005 with the emergence of a new type of MRSA, CC398, isolated from
humans and pigs in the Netherlands. This livestock-associated strain appears to be
less host-specific than other MRSA strains and has spread to other livestock,
including cattle (Vanderhaeghen et al. 2010). The livestock-associated MRSA can
cause disease in animals as well as in humans in close contact with them
(Vanderhaeghen et al. 2010), and there is evidence of limited human-to-human
spread of this strain as well (Voss et al. 2005). The data on this new type of
livestock-associated MRSA is limited, and the burden of CC398 in cattle is unclear
(Vanderhaeghen et al. 2010).

MRSA is transmitted most commonly through direct contact with colonized or
infected individuals (animals or humans) (Spickler 2011). Contaminated
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environments, including air in confinement operations, are other potential routes
(Gibbs et al. 2006). Human and livestock-associated strains of MRSA can be found
in contaminated food (Jones et al. 2002), meat (van Loo et al. 2007; de Boer et al.
2009), and raw milk products (Normanno et al. 2007).

Cattle colonized or infected with MRSA most commonly present with clinical or
subclinical mastitis. MRSA colonization has been associated with veal calves
(Graveland et al. 2010) and beef calves (Mooij et al. 2007). MRSA can cause a
wide variety of infections in humans, including skin and soft tissue infections as well
as more invasive infections including pneumonia, endocarditis, septic arthritis, and
septicemia; MRSA is one of the most prevalent causes of nosocomial infections
worldwide (Spickler 2011).

Diagnosis of infection or colonization with S. aureus can be accomplished
through culture of the organism. Methicillin-resistant strains can be identified
through antibiotic susceptibility or genetic testing. Genetic testing can identify the
various human and animal-associated strains.

In general, prevention and control of MRSA include good biosecurity and
infection control practices, including hand washing, barrier precautions, and envi-
ronmental disinfection (Spickler 2011). MRSA is not particularly hardy and can be
inactivated by sodium hypochlorite, alcohols, and quaternary ammonium com-
pounds (Spickler 2011). The emerging livestock-associated MRSA urgently requires
more research to determine the risk factors and transmission routes (Vanderhaeghen
et al. 2010).

3.11 Q Fever

Q fever is a highly contagious zoonotic disease caused by Coxiella burnetii, an
obligate intracellular bacterium. Livestock are the major source of infection in
humans worldwide. Q fever can infect a wide range of hosts, including pets, wildlife,
birds, reptiles, and ticks. Because illness can be mild and go undetected, Q fever is
under-diagnosed and under-reported globally, and the true burden of disease is
unknown. However, a large outbreak with approximately 4000 human cases
occurred in the Netherlands during 2007–2010. Dairy goat farms near densely
populated areas were the source of the outbreak, which was spread via a windborne
route (Schimmer et al. 2009).

Animals that carry this organism usually do not show any signs of disease, but
abortions and stillbirths can occur with great quantities of bacteria shed. Both
symptomatic and asymptomatic animals shed C. burnetii in large quantities at
parturition. The bacteria can also be shed in feces, urine, and milk. The organisms
persist in the environment for long periods, are highly resistant to disinfectants, and
can be spread long distances by the wind (Spickler 2007).

Human infection usually occurs from the inhalation of bacteria from air that is
contaminated by the feces of infected animals. Q fever is also rarely transmitted to
humans by tick bites and ingestion of unpasteurized milk or milk products (CDC
2013b). Most often, sporadic cases occur in occupationally exposed people, such as
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biomedical research facility workers, farmers, ranch-hands, veterinarians, and
slaughterhouse workers (CDC 2013b). These cases tend to result from exposure to
parturient ruminants; however, cats, dogs, rabbits, and other species have also been
implicated. Although Q fever is usually asymptomatic or mild, a small percentage of
people develop serious disease. Pneumonia or hepatitis may occur in acute cases,
and chronic infections can result in endocarditis or a wide variety of other diseases
(Spickler 2007).

In humans, Q fever is usually diagnosed by serology or PCR. Diagnosis of Q
fever in aborting animals involves testing of the fetuses and placentas. Veterinary
diagnosticians typically identify the organism using special stains applied to micro-
scopic sections of these tissues and/or PCR.

Q fever can be prevented in humans by limiting exposure to livestock during
birthing, personal hygiene measures and wearing personal protective equipment, and
only eating and drinking pasteurized milk and milk products. In animals, prevention
of Q fever is based on herd management and prevention of contact with wildlife and
tick vectors. Isolating infected pregnant animals and disposing of reproductive
tissues can decrease transmission (Spickler 2007). Prevention in humans and ani-
mals can be difficult because Q fever can be transmitted on fomites or in aerosols
over great distances. Effective vaccines are available in some countries for both
humans and animals.

3.12 Rift Valley Fever

Rift valley fever (RVF) is a zoonotic disease that primarily affects ruminants (cattle,
sheep, goats, and camels) and can also infect humans. The disease can be severe in
both humans and animals and may cause severe economic losses because of
livestock death and abortion. Infection with RVF is caused by a virus in the family
Bunyaviridae and is primarily transmitted by mosquitoes. RVF has recently received
more attention as a potential agricultural and zoonotic disease threat in Europe and
North America due to the increasing numbers of competent vector species in those
regions (Salman 2013).

RVF is endemic in much of Africa, with occasional spread to countries in the
Arabian Peninsula. Epidemics occur sporadically when climate conditions support
breeding of mosquitoes. Rift Valley Fever virus (RVFV) was first isolated from
lambs in the Rift Valley of Kenya in the 1930s. Major outbreaks have been recorded
in many parts of Africa since that time, and the virus was first detected outside of the
African continent in Saudi Arabia and Yemen in 2000. The first report of RVF
outside of Africa was attributed to the importation of cattle and small ruminants from
the Horn of Africa (Pepin et al. 2010).

Transmission of infection in cattle is mainly via the bites of infected mosquitoes.
As an epidemic progress, direct contact transmission by infectious animals or
contaminated tissues, including aborted fetuses may occur. Transmission via
infected mosquitoes is important for disseminating RVFV between herds over
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short distances and over long distances through the movement of infected animals or
translocation of infected mosquitoes (Abdo-Salem et al. 2011).

Disease, especially in young animals, may be severe and includes fever, depres-
sion, and anorexia. The classic clinical sign of RVF in a herd of cattle is a large number
of nearly simultaneous abortions among pregnant animals, regardless of the stage of
pregnancy. This abortion storm differentiates RVF from other common infectious
causes of abortion in cattle, such as Q fever, chlamydiosis, brucellosis, salmonellosis,
listeriosis, or toxoplasmosis. RVF may also cause sudden death in cattle. Aborted fetal
materials and placental membranes contain large numbers of virus particles, which can
either contaminate the local environment directly or infect animals or humans in close
contact. The RVFV may persist for relatively long periods in the environment.

Direct contact and aerosol exposure to infected tissues or bodily fluids constitute
the main routes of infection for humans. Certain groups are at increased risk due to
occupation, such as herders, farmers, slaughterhouse workers, and veterinarians.
There is evidence for virus shedding into milk, so that consumption of unpasteurized
milk has major consequences for disease transmission and public health. Most
human infections are inapparent or demonstrate mild flu-like symptoms (fever,
headache, and myalgia). The infection progresses with severe complications in
some cases, including hemorrhagic fever, encephalitis, and acute hepatitis.

RVFV can be diagnosed using several methods, including virus isolation from
blood and other tissues and by using serological tests such as ELISA.

There is presently no vaccine licensed for human use, although inactivated
vaccines have been in development. Both live attenuated virus vaccines and
inactivated virus vaccines are available for use in livestock. The live vaccine pro-
duces better immunity and requires only one dose but may induce abortions and
congenital defects in pregnant animals. Inactivated vaccines require multiple doses
to provide protection making their use problematic in endemic areas.

In endemic areas, sustained animal vaccination programs can help to prevent
outbreaks.

To slow the expansion of RVF, livestock movement restrictions may prevent the
disease from entering new areas. Outbreaks of RVF in animals precede outbreaks in
humans, so sustained surveillance and monitoring systems in animals can act as an
early warning system to public health authorities. Raising human awareness of
protective measures for mosquito bites and safe handling practices during slaughter,
appropriate barrier precautions, and proper pasteurization of milk to prevent spread
from animals may prevent human infection. Vector control, RVF forecasting, and
climatic models to predict when climate conditions are favorable for RVF outbreaks
can also help guide prevention efforts.

3.13 Salmonella

Salmonella is a major cause of foodborne disease globally. The global burden of
zoonotic disease from Salmonella is high. An estimated 93.8 million illnesses and
155,000 deaths result each year from nontyphoidal Salmonella, the vast majority of
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which are foodborne (Majowicz et al. 2010). Over 100,000 human cases are reported
each year in the EU alone, with an estimated overall economic burden as high as
EUR 3 billion a year (EFSA 2013). Salmonella strains resistant to a range of
antimicrobials have emerged since the 1990s and are now a serious public health
concern (WHO 2013b). Salmonellosis has a worldwide distribution, but serovars
vary geographically. Salmonella is most prevalent where livestock are farmed
intensively (Spickler 2005a).

Salmonella bacteria are classified into over 2500 different serovars based on
surface proteins. Salmonella is shed in the feces of various infected animals,
including cattle, which are infected by ingestion of contaminated feed, water, or
grass. The bacteria are hardy and can survive for months to years in the environment
(Spickler 2005a).

Transmission is generally through the fecal-oral route and humans most com-
monly contract salmonellosis through consumption of contaminated food, including
meat, eggs, poultry, and unpasteurized milk products. Less often, Salmonella is
transmitted through green vegetables contaminated by manure. Person-to-person
transmission through the fecal-oral route can also occur. Human cases may also
occur through contact with infected livestock, which often do not show signs of
disease. Most cases of salmonellosis in humans are mild but can result in severe
disease and death depending on host facts and the strain of Salmonella. Humans may
develop diarrhea, abdominal cramping, and fever, which can be very severe.

Salmonella is often carried asymptomatically in cattle, but young, stressed, or
pregnant animals are the most susceptible to infection, which may result in enteritis
and septicemia (Spickler 2005a). Salmonella infection is diagnosed by isolating the
organism from feces. In cases of disseminated disease, bacteria can be isolated from
the blood.

To reduce the risk of foodborne transmission, basic food hygiene practices and
adequate cooking should be used. To prevent transmission from animals to humans,
hand hygiene after touching or working with animals is critical. To reduce the risk of
Salmonella in cattle, herd management strategies and proactive biosecurity, rodent
control, and Salmonella-free feed and water sources should be utilized. Fecal
contamination of water supplies and feed should be prevented. Vaccines are avail-
able in some countries for some serovars and can reduce colonization, shedding, and
clinical disease (Spickler 2005a).

3.14 Summary

Zoonotic diseases originating from cattle can cause mild or asymptomatic human
infection or severe disease and death. A number of zoonotic diseases were not
covered in this chapter but might be considered to depending on geographic location
and local circumstances, for example, rabies, ringworm, and Human African Try-
panosomiasis. While some diseases are rare, the potential for serious outcomes
makes it critical for veterinarians and public health practitioners to provide outreach
to those individuals at greatest risk, including farmers – small scale and large.
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Abstract

Swine and their products have become a central part of food systems around the
world. Global pork production has rapidly increased over the past 30 years,
leading to the intensification of the swine industry: though there are fewer
farms now, those farms that do persist raise ever-larger numbers of animals.
This increases the transmission of pathogens both among animal herds, and
between animals and their human caretakers. Furthermore, increased stress to
animals and the potential for amplification of pathogens in the farming environ-
ment can lead to a higher burden of disease-causing organisms in and on meat
products, which then make their way to consumers worldwide. As such, swine
and their meat products have the potential to introduce new zoonotic diseases into
populations via multiple routes of transmission. Here we discuss several exam-
ples of zoonotic diseases of swine origin, reviewing diseases with bacterial, viral,
or parasitic causes.

Keywords

Swine · Zoonoses · Bacteria · Viruses · Parasites · Epidemiology · Microbiology ·
Food-borne pathogens

4.1 Background and Introduction

Pork is rapidly becoming the world’s source of protein, accounting for approxi-
mately 35% of all meat production (FAO 2017). Global pork production increased
more than 80% between 1985 and 2010 (Fournie et al. 2012), and this trend has led
to the intensification of swine husbandry, with fewer and fewer facilities present, but
each raising larger numbers of individual animals. China has been a driver of this
market, accounting for approximately 50% of total global pig production (Fournie
et al. 2012). As swine production has intensified, so has concern over how these
modifications in husbandry may affect the transmission of disease among pigs as
well as to human caretakers. It has been estimated that more than 60 % of emerging
diseases are zoonotic (Jones et al. 2008). A review (Fournie et al. 2012) identified
77 pathogens that had not been described in swine prior to 1985, including 39 viruses
and 32 bacterial species. Not surprisingly, the top 20% of pork-producing countries
accounted for 82% of these emerging pathogens. Of these 77 novel species found to
infect swine, 30 (39%) are zoonotic, and 26% of these were identified in the context
of an outbreak investigation (Fournie et al. 2012). Densely populated South East
Asia is the epicenter of emergence of novel zoonotic diseases due to inter-species
transmission. However, outbreaks of host specific lethal zoonoses have occurred in
industrialized nations as well (Davies 2012). It is plausible that a dramatic change in
swine industry demographics in recent decades without adequate biosecurity may
have served as a tonic for the emergence of swine zoonosis (Davies 2012). Zoonotic
diseases impose significant economic burden with increased morbidity and mortality
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globally. A change in ecological niche, climatic change, rapid growth in human
population, and socio-economic factors are among the major contributing factors for
the emergence of zoonoses (Jones et al. 2008).

Outbreaks of human disease related to swine-origin pathogens, including Strep-
tococcus suis in China (Lun et al. 2007), Nipah virus in Malaysia (Chua 2012), and
the novel H1N1 variant influenza virus have gained significant media attention in the
past decades; along with Hepatitis E virus, these also have shown an increased
interest in the scientific literature (VanderWaal and Deen 2018). Here we discuss
several examples of zoonotic diseases of swine origin, reviewing diseases with
bacterial, viral, or parasitic causes.

4.1.1 Yersinia enterocolitica

Yersinia enterocolitica is a Gram negative bacterium in the family Enterobac-
teriaceae. Y. enterocolitica is widely distributed throughout nature, having many
animal and aquatic reservoirs; however, swine are considered the main reservoir for
strains that are pathogenic to humans. It is the main causative agent of yersiniosis, a
disease that affects animals and humans worldwide (Holt et al. 2000).

Yersinia enterocolitica can be classified into distinct subgroups based on bio-
chemical characteristics (biotypes) and O-antigen specificity (serotypes). There are
six biotypes (1A, 1B, 2, 3, 4, and 5) and 60 serotypes, 11 of which are associated
with human illness (Nesbakken et al. 2006; Bottone 1997). Biotype 1B is considered
the only highly pathogenic strain, while the others are considered moderately
pathogenic, except for biotype 1A, which is considered nonpathogenic although
this has recently become a contentious topic due to recent reports of 1A infections
(Stephan et al. 2013). Biotype 1B is mainly found in North America and Japan and is
different from other biotypes in that it can be found in water and other environmental
sources, and can also be carried by swine and rodents. Biotypes 2 and 4 are
associated with human infections in Europe; their main reservoirs are pigs and cattle.
Biotypes 3 and 5 are uncommon, but are also associated with animal reservoirs
(EFSA 2009; Fredriksson-Ahomaa et al. 2006a).

Yersiniosis is a gastrointestinal disease, causing fever and watery, occasionally
bloody, diarrhea. Rarely, Y. enterocolitica can cause septicemia, and in some cases,
long-term sequelae can occur. Symptoms generally occur 4–7 days after exposure
and may last for up to a month (Bottone 1997; Huovinen et al. 2010), but can be
non-specific likely leading to under- or misdiagnosis (Chlebicz and Slizewska 2018).
Approximately 16.5 cases per 1000,000 persons occur each year in Europe (EFSA
2009), while in the United States, approximately 3.5 cases per 1000,000 are seen
each year (Long et al. 2010). In many developing countries, no sufficient diagnostics
are available so less is known about the number of cases in many areas (Carniel and
Hinnebusch 2012). Children are infected more frequently than adults, and infections
occur most commonly in temperate locations during colder months (Bottone 1997).

Pigs are commonly asymptomatic carriers of pathogenic strains of Y. enterocolitica.
The bacteria typically reside in the gastrointestinal tract, especially the tonsils, lymph
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nodes, intestines, and feces (Fredriksson-Ahomaa et al. 2007; Bhaduri et al. 2005).
Cattle and goats have also been found to be carriers (Lanada et al. 2005a, b), and milk
products from these animals have been the source of numerous outbreaks in human
populations (Black et al. 1978; Shayegani et al. 1983; Morse et al. 1984; Tacket et al.
1984; Ackers et al. 2000). Deer, rabbits, rodents (Quan et al. 1974), dogs (Byun et al.
2011), and cats (Fredriksson-Ahomaa et al. 2001) have also been found to carry as
well as to be infected with Y. enterocolitica. In addition to livestock, water sources
including wells, rivers, and lakes can serve as reservoirs for the bacteria as a result of
contamination by feces of carriers or leakage from latrines.

The major risk factors for developing yersiniosis include eating raw or
undercooked pork (Boqvist et al. 2009; Fredriksson-Ahomaa et al. 2006b), drinking
contaminated milk (Black et al. 1978; Tacket et al. 1984; Ackers et al. 2000), and
consuming contaminated drinking water (Thompson and Gravel 1986; Christensen
1979). Porcine sources are frequently associated with the pathogenic serotypes O:3,
O:9, and O:5, 27 and sometimes with the highly virulent serotype O:8. Outbreaks in
2006 in Norway were identified as biotype 2 and 4 and indicated a processed pork
product to be the likely source (Grahek-Ogden et al. 2007; Stenstad et al. 2007). In the
United States, raw pork intestines were found to be the source of an outbreak among
infants (Lee et al. 1990; Jones 2003). The occurrence of pathogenic Y. enterocolitica in
pigs and pork has been established by PCR in several studies (Korte et al. 2003;
Fredriksson-Ahomaa et al. 2003). The ail gene located within the genome of patho-
genic Y. enterocolitica strains is the most frequently used target of amplification for
positive identification. In Switzerland, the prevalence of ail-positive Y. enterocolitica
in tonsils of slaughter pigs was shown to be 88% by PCR and 34% by culture methods
(Fredriksson-Ahomaa et al. 2007). In the USA, ail-positive Y. enterocolitica were
detected in 12% of pig feces sampled by PCR, and in 4% of them using culture
methods. Similarly, 40% of the pig lymph nodes were positive by PCR, but none by
culturing (Boyapalle et al. 2001). These results indicate that PCR based assays are the
most sensitive and accurate means to detect Y. enterocolitica colonization.

Clinical presentations of yersiniosis are typical of enteric illness. Infants and
children often present with fever, vomiting, and bloody diarrhea that can last from
3–28 days (Metchock et al. 1991; Lee et al. 1991). Adults generally have 1 to
2 weeks of fever, diarrhea, and abdominal pain that can mimic appendicitis. In more
severe cases of gastroenteritis, necrotizing enterocolitis, and ulceration may occur.
Y. enterocolitica can also cause septicemia, leading to abscesses in the liver and
spleen, pneumonia, septic arthritis, meningitis, cellulitis, empyema, osteomyelitis,
and may evolve into endocarditis. Post-infection sequelae may also occur, particu-
larly after infections with biotype 4, serotype O:3 (Bottone 1999). Reactive arthritis
and erythema nodosum are the most common sequelae, but glomerulonephritis and
myocarditis have also been reported (Bottone 1997).

Yersiniosis is diagnosed by positive identification of Y. enterocolitica in stool
samples, although it is not routinely tested for. It can also be recovered from the
throat, lymph nodes, joint fluid, urine, bile, or blood. Most cases resolve on their own,
although it may take up to 3 weeks to recover. In severe cases, antibiotics such as
aminoglycosides, doxycycline, trimethoprim-sulfamethoxazole, or fluoroquinolones
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may be prescribed. Prevention is key in avoiding infection. Raw or undercooked pork
and unpasteurized milk or milk products should be avoided, as should drinking
untreated water. Good hand hygiene when preparing food and after contact with
animals should also be practiced to avoid infection.

4.1.2 Staphylococcus aureus

Staphylococcus aureus is a nonmotile, nonspore-forming, Gram positive coccus that
occurs singly, in pairs, or in clusters. S. aureus produces protein A (spa), which is
used in molecular testing for strain typing purposes, as well as several other toxins
and superantigens (De Vos et al. 2009).

S. aureus is often isolated from the nasal membranes and skin of warm-blooded
animals. Approximately 20–30% of the human population is colonized with
S. aureus in the nose, throat, or both (Smith et al. 2012; Gorwitz et al. 2008; Graham
3rd et al. 2006). The most important site for colonization are the anterior nares
(Wertheim et al. 2005). Colonization itself is not harmful; however, it is a risk factor
for developing subsequent infections (Graham 3rd et al. 2006; Fritz et al. 2009).
Both asymptomatic carriers and infected individuals may transmit the bacterium to
others through close contact. S. aureusmay also be acquired via contact with fomites
contaminated with the organism, as well as with animals that are colonized or
infected with S. aureus.

Skin infections including furuncles, carbuncles, impetigo, and scalded skin syn-
drome, as well as more severe infections like pneumonia, osteomyelitis, endocardi-
tis, myocarditis, pericarditis, enterocolitis, mastitis, cystitis, prostatitis, cervicitis,
cerebritis, meningitis, bacteremia, toxic shock syndrome, and abscesses of muscles,
skin, and organs can occur as a result of S. aureus infection. Other mammals and
birds are also susceptible to infections, including mastitis, synovitis, arthritis, endo-
metritis, furuncles, suppurative dermatitis, pyemia, and septicemia (De Vos et al.
2009). Pigs are common carriers of S. aureus; one study in the USA found overall
MRSA prevalence was 70% (147/209) from 7 farms in the Midwest (Smith et al.
2009). In the Netherlands, surveillance for MRSA on hog farms has shown that
isolates obtained from swine and their human caretakers are frequently indistin-
guishable, suggesting that the organism is transmitted between the two species
(Smith et al. 2009; Huijsdens et al. 2006; Khanna et al. 2007).

S. aureus infections are often resistant to many antibiotics. Approximately 1.5%
of the US population carries methicillin-resistant S. aureus (MRSA) (Gorwitz et al.
2008). Resistance to methicillin developed within 6 months of the first clinical use
and has become a major cause of morbidity and mortality around the world. In the
USA in 2011, there were 80,461 invasive MRSA infections, an incidence rate of
25.82 cases per 100,000 persons. In 2017, looking at Staphyloccocus aureus more
broadly, it was estimated that this organism caused almost 120,000 bloodstream
infections and close to 20,000 deaths (Kourtis et al. 2019). Further, many animals,
including cows, goats, sheep, rabbits, and poultry, can be infected by S. aureus, and
these infections can have large economic costs (Fitzgerald 2012).
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The epidemiology of MRSA has changed rapidly in the past few decades. After
developing resistance in the 1960s following methicillin introduction, MRSA
became a superbug that primarily affected hospitalized patients. Due to association
with the healthcare environment, these infections were called healthcare-associated
MRSA (HA-MRSA). More recently, cases of MRSA infection have been detected in
people without prior hospitalization and with no underlying illnesses or healthcare
related risk factors; these are referred to as community-associated MRSA
(CA-MRSA) infections. Cases of HA-MRSA are usually resistant to several classes
of antibiotics and tend to carry the methicillin-resistance gene, mecA, on the Staph-
ylococcal Chromosome Cassette (SCC) of type II (SCCmec type II). They are often
associated with spa type t002 and multi-locus sequence type (MLST) ST5. Con-
trastingly, CA-MRSA infections tend to be resistant to fewer classes of antibiotics,
carry the Panton-Valentine leukocidin (PVL) encoding gene, and carry SCCmec type
IV, spa type t008, and MLST ST8. A third group of infections, livestock-associated
MRSA (LA-MRSA), has recently been identified (Wulf and Voss 2008) and has
typically been associated with swine or cattle. LA-MRSA include strains such as
ST398 and ST9, often carry SCCmec type V, are typically PVL negative, and (like
HA-MRSA) tend to be resistant to multiple classes of antibiotics. However, both
CA-MRSA and LA-MRSA have caused nosocomial infections in hospitals (Jenkins
et al. 2009; Fanoy et al. 2009; van Rijen et al. 2008, 2009; Wulf et al. 2008;
Kourbatova et al. 2005; Seybold et al. 2006; Tattevin et al. 2009).

Livestock-associated MRSA first came to attention in 2005 after its identification
in pigs in France (Armand-Lefevre et al. 2005) and in swine farmers in the Nether-
lands (Wulf and Voss 2008). Dutch researchers found that swine farmers were
colonized with MRSA at a rate of 760 times higher than that of the general
population (Voss et al. 2005). Since then, LA-MRSA has been found in a number
of countries in Europe, Asia, and the Americas (Smith and Pearson 2011; Graveland
et al. 2011; Fluit 2012).

Recent reports from Germany and the Netherlands have found a high proportion
of ST398 carriage in areas that have a high density of livestock (Kock et al. 2009;
Kock et al. 2011; Wulf et al. 2012). While originally thought not to cause severe
infections, there have been increasing reports of invasive disease caused by ST398
(Hartmeyer et al. 2010; Mammina et al. 2010; Potel et al. 2010; Aspiroz et al. 2010).
Methicillin-sensitive S. aureus (MSSA) ST398 isolates have also caused invasive
disease in the eastern USA (Mediavilla et al. 2012), Europe (Witte et al. 2007;
Declercq et al. 2008; van Belkum et al. 2008), South America (Jimenez et al. 2011),
and Canada (Golding et al. 2010), and at least one death in France (Laurent 2009)
(reviewed in (Smith and Wardyn 2015).

While the majority of individuals colonized or infected with LA-MRSA have had
contact with swine, colonization with ST398 has also occurred in individuals lacking
any identified contact with a livestock reservoir (Bhat et al. 2009; Aires-de-Sousa
et al. 2006). Genomic analyses of ST398 (Price et al. 2012) and ST9 (Yu et al. 2021)
suggest a similar pattern of evolution, from a human origin isolate to animal-adapted
strains that have become increasingly antibiotic-resistant.
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It has been suggested that one mode of transmission into the community is via
contaminated food. Numerous studies in the USA have found MRSA in 5% of
120 meat samples (Pu et al. 2008), MSSA in 16.4% and MRSA in 1.2% of 125 meat
samples (Hanson et al. 2011), MSSA in 64.8% and MRSA in 6.6% of 256 pork
samples (O’Brien et al. 2012), and multi-drug resistant S. aureus in 52% of 136 meat
and poultry samples (Waters et al. 2011). Additionally, two studies in the Nether-
lands found rates of 2.5% of 79 pork and beef samples (van Loo et al. 2007) and
11.9% of 2217 meat and poultry samples, respectively (de Boer et al. 2009).
However, to date there have not been any confirmed infections with ST398 caused
by contaminated food.

Most MRSA skin infections appear as pustules or boils which often are red,
swollen, painful, and have pus or other drainage. They often are mistaken for spider
or insect bites. These skin infections commonly occur at sites of visible skin trauma,
such as cuts and abrasions, and areas of the body covered by hair. Health pro-
fessionals may provide antibiotics and drainage if necessary to treat such infections.
More severe infections may require hospitalization and intravenous antibiotic ther-
apy. Good hygiene is the key to prevention of MRSA infections.

4.1.3 Salmonella

Salmonella is a genus of Gram-negative, rod shaped, non-spore forming
enterobacteria with peritrichous flagella. Originally, classified utilizing serotyping
of the somatic lipopolysaccharide (O) and flagellar protein (H) antigens, each
serological variant (serovar), was considered its own species under the Salmonella
genus (White 1926; Kauffmann 1978) as reviewed in (Beltran et al. 1988). This
methodology led to misclassifications due to horizontal transfer of cell surface
antigens, leading to classification of genetically distinct strains within the same
serovar (Beltran et al. 1988; Selander et al. 1990).

In 2005, the Judicial Commission of the International Committee for Systematics
and Prokaryotes (JICSP) decided to change the type species of the Salmonella genus to
enterica with subspecies and serovars. (Prokaryotes JCotICoSo 2005). The JICSP
indicated Salmonella enterica had seven subspecies, enterica (type I), salamae (type
II), arizonae (type IIIa), diarizonae (type IVb), bongori (type V), houtenae (type IV),
and indica (type VI). Subspecies bongori was shortly after promoted to species status
(Grimont and Weill 2007). S. bongori and all subspecies of S. enterica besides
S. enterica subsp. enterica are associated mainly with cold-blooded animals (Aleksic
et al. 1996; Woodward et al. 1997), but can rarely cause human infection (CDC 2008,
2012a). The primary cause of human infection is S. enterica subsp. enterica (CDC
2008), as referenced in (Desai et al. 2013).

The CDC defines salmonellosis as an infection with a Salmonella spp. bacterium.
These infections can often manifest with diarrhea (potentially bloody), fever, and
abdominal cramps between 12 and 72 h post infection (CDC 2009). The illness often
lasts between 4 and 7 days and is usually self-limiting. Salmonella infection can
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necessitate hospitalization in a small number of individuals (Mead et al. 1999) and is
estimated to cause 150,000 deaths per year globally, most commonly in children
infected with serotypes Enteritidis or Typhimurium (Whiley and Ross 2015). Each
year, Salmonella spp. cause roughly 1.3 billion cases of nontyphoidal salmonellosis
worldwide (Chimalizeni et al. 2010). Within the United States, there are estimated to
be over one million cases per year, with 95% of these estimated to be caused by
foodborne exposure to Salmonella (Mead et al. 1999; Jiang et al. 2015; Anderson
et al. 2016). The burden on the United States economy from these cases was
estimated to be between $0.5 billion and $2.3 billion (Frenzen et al. 2002). These
estimates are likely underestimates due to the omission of secondary complications
due to Salmonella infections. The estimates fail to include complications such as
reactive arthritis or costs such as pain and suffering, or travel to obtain medical care.

The most important zoonotic reservoir for Salmonella are food animals, with the
most important food product being eggs (Ebel and Schlosser 2000). Egg consump-
tion has been shown to be the largest risk factor associated with Salmonella enterica
infection (Hope et al. 2002). Pork contamination is also a possible source of human
infection. In swine, Salmonella infection is mainly subclinical, with rare cases
manifesting as enterocolitis or septicemia (Barker and Van Dreumel 1985), as
referenced in (Fosse et al. 2009). In the United States, the percentage of farms
positive for Salmonella are estimated to range between 38.2% and 83% with the
number of positive pigs in the USA from 6% to 24.6% (Oosterom and Notermans
1983; Davies et al. 1997). Transmission from pig to pig is often due to fecal shedding
of the bacteria. Within swine herds, sows were observed to have an increase in
Salmonella shedding at weaning (Nollet et al. 2005) as well as in their weaned
piglets (Kranker et al. 2003). While Salmonella is considered primarily fecal borne,
swine feed has also been shown to be a potential source of Salmonella infection for
swine (Harris et al. 1997) with experimental data showing animals may become
infected through the consumption of contaminated feed (Smith 1960). Additional
risk factors for transmission between herds of swine are: contact with humans,
contaminated equipment, or contaminated slurry (Langvad et al. 2006).

Individual outbreaks of Salmonella spp. have also been attributed to pork prod-
ucts. In 1989, a small northern England town experienced an outbreak where
206 individuals were infected with serovar Typhimurium (Maguire et al. 1993).
Serotyping and antibiotic resistance profiles matched the infective strain to that
found in cold cuts of pork purchased from a local butcher shop. In a study by Davies
et al., several of the most prevalent serotypes found in swine were also among the
most common causes of human infection (Davies et al. 1997).

Attempts to control Salmonella spp. prevalence on farms have had mixed out-
comes. The use of all-in/all-out systems with multiple sites handling different stages
of the rearing process have been shown to have no benefit in reducing Salmonella
prevalence when compared to farrow-to-finish systems (Davies et al. 1997). These
all-in/all-out systems may actually have a greater prevalence of Salmonella in
finishing pigs than farrow-to-finish systems and fecal shedding of Salmonella was
higher than observed in farrow-to-finish (Davies et al. 1997). Number of pigs per pen
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was also observed to be a risk factor for fecal shedding of Salmonella (Linton et al.
1970). Acidification or fermentation of feed is postulated to be protective against
Salmonella contamination as dry feed and trough feeding have been shown to have
an increased contamination risk (Lo Fo Wong et al. 2004; van der Wolf et al. 1999,
2001), but this has not been studied extensively using experimental designs.

In North America, Salmonella control programs have been implemented at
slaughter to decrease human exposure to Salmonella (Funk and Gebreyes 2004).
This Pathogen Reduction: Hazard Analysis and Critical Control Point (HACCP)
system established slaughter point performance standards for processing plants and
has been shown to decrease contamination of pork products with Salmonella
(Agriculture FSaISUDo 2004). In European Union countries, a farm-to-slaughter
program has been implemented to reduce Salmonella (Lo Fo Wong et al. 2002). This
plan calls for control measures at all production levels and focuses specifically on
transportation and handling of the swine to limit the transmission between herds. In
addition to prevention methods within the production system, consumer prevention
is recommended by the CDC (2010). In addition to recommendations dealing with
protecting infants from Salmonella exposure, the CDC suggests cooking meat and
poultry thoroughly, washing hands, utensils, and kitchen surfaces following contact
with raw meat or poultry.

4.1.4 Campylobacter

Campylobacter is a genus of Gram-negative, spiral-spiral shaped bacteria that causes
disease in both humans and animals (CDC 2010). Campylobacter is the most
common cause of gastroenteritis in many developed (Nichols et al. 2012) and
developing countries, causing more diarrhea than Salmonella globally (WHO
2011) and thought to be the most common food-borne bacterial zoonosis globally,
causing up to 500 million yearly infections (Kashoma et al. 2015). In developing
countries, infections of those under the age of two are most frequent (WHO 2011).
While there are 17 species in the Campylobacter genus, C. jejuni and C. coli are the
most frequent causes of infection (WHO 2011). Most cases are sporadic events and
not part of outbreaks (CDC 2010). The main route of transmission from animals to
humans is through undercooked meat and meat products, contaminated milk, or
contaminated water (WHO 2011).

Disease in humans usually occurs 2 to 5 days after infection (WHO 2011) and
presents with diarrhea, cramping, abdominal pain, and fever. Most infected individ-
uals recover within 5 to 10 days. In some severe cases, a small amount of people may
develop Guillian-Barré syndrome. Campylobacter is thought to be responsible for
between 20% (Tam et al. 2007) to 40% of cases of Guillian-Barré syndrome (CDC
2010). Campylobacter infections tend to be higher in males across all age groups,
which suggests a higher susceptibility in males and not participation in at-risk
behaviors (Nichols et al. 2012; Louis et al. 2005). In recent years, infections in
those over 50 years of age have become more common, especially in men, as has
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infection in those between 20 and 32 years (Nichols et al. 2012). The increase in
infections in those over 50 may be due to use of proton pump inhibitors (PPI’s)
(Nichols et al. 2012; Leonard et al. 2007). Seasonality of the infection has been
noted, with the greatest impact of seasonality being in young children (Nichols et al.
2012). Campylobacter infection rates begin to rise in May and peak between
mid-June and mid-July (Nichols et al. 2012; Louis et al. 2005). This seasonality
has been observed in many temperate countries (Nylen et al. 2002). Infection rates
also tend to be higher in rural compared to urban regions (Strachan et al. 2009;
Sibbald and Sharp 1985). This could be reflective of proximity to livestock or
differences in access to healthcare (Nichols et al. 2012). Since 1989, there has
been a steady increase in the presence of antimicrobial resistant Campylobacter
isolates. Full and intermediate resistance to ampicillin, ciprofloxacin, nalidixic acid,
tetracycline, and erythromycin has been shown (Nichols et al. 2012).

Campylobacter species can be isolated from poultry, cattle, sheep, and goats as well
as pigs (Chlebicz and Slizewska 2018); bacteria may be spread to humans via meat
products or dairy, especially raw milk products. When swine are infected with
Campylobacter, it is frequently C. coli; however, C. jejuni has been seen recently as
well (Jensen et al. 2006). Campylobacter infections can cause diarrhea in pigs, and
often colonizes the intestinal tract. Both C. jejuni and C. coli have been found in the
intestinal tract of pigs and are known to be excreted in their feces (Jensen et al. 2006);
studies have suggested that approximately 38–63% of pigs may carry Campylobacter
in their alimentary tract (Chlebicz and Slizewska 2018). Campylobacter has also been
identified in the stomach, tonsils, liver, and carcass surfaces of swine. High coloniza-
tion rates may represent an occupational health hazard, since a low dose of bacteria can
cause infection (Nesbakken et al. 2003). Antimicrobial susceptibility to ciprofloxacin
and nalidxic acid has been reported in swine strains. It has also been shown thatC. coli
has higher levels of quinolone resistance than C. jejuni in swine (von Altrock et al.
2013). However, it is unlikely that swine are a major source of foodborne
Campylobacteriosis, as Campylobacter is rarely detected in retail pork, but may be
a source of occupational exposure (Nesbakken et al. 2003). It has also been shown that
while there is contamination of pigs in slaughter houses, Campylobacter spp. do not
spread throughout the operation (von Altrock et al. 2013).

Campylobacter infections do not generally require treatment and are self-limiting
(CDC 2010). When disease is severe, electrolyte and fluid replacement may be
necessary. Antimicrobials (erythromycin, tetracycline, and quinolones) can be used
to treat severe disease or to eliminate carriage (WHO 2011). Several steps can be
taken to prevent Campylobacter infection. Proper food handling and hand hygiene
can help prevent infection. All meats should be thoroughly cooked and measures
should be taken to prevent cross contamination. Hands should be washed thoroughly
before handling food and persons with diarrhea should wash their hands frequently
to reduce the spread of infection (CDC 2010). Improved biosecurity measures and
hygienic slaughtering practices will reduce the fecal contamination of carcasses
(WHO 2011). Cooling meat with CO2 has also been shown to kill the bacteria
(Nesbakken et al. 2003). Adequate disposal of feces and decontamination of fecal
contaminated articles will also help reduce transmission (WHO 2011).
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4.1.5 Streptococcus suis

Streptococcus suis (S. suis) is a Gram-positive facultative anaerobe bacterium reported
to colonize and cause infections primarily in the swine population worldwide (Fulde
and Valentin-Weigand 2013;Wertheim et al. 2009). In conjunction with Actinobacillus
suis and Haemophilus parasuis, S. suis completes the triad of the “Suis-ide” disease
agents given its association with a wide range of severe clinical conditions in the swine
population (MacInnes and Desrosiers 1999). S. suis causes severe infections in pigs
resulting in major economic losses to the porcine industry worldwide (Fittipaldi et al.
2012). Zoonotic infections due to S. suis have been reported in countries with a high
density of pigs and intensive swine production (Lun et al. 2007; Wertheim et al. 2009).
The increasing prevalence of infections due to S. suis both in swine and humans over
the last few years have urged investigators to better understand the epidemiology and
zoonotic potential of this primarily “pig pathogen.”

S. suis isolates are verified by serotyping using slide agglutination test, capsular
reaction, capillary precipitation or a co-agglutination test (Staats et al. 1997).
Serotyping is based on polysaccharide capsular antigen detection . Thirty-five
serotypes (1–34 and 1/2) have been identified using these tests (Lun et al. 2007;
Higgins and Gottschalk 1990; Gottschalk et al. 1989, 1991a, b, 1999; Higgins et al.
1995). Serotypes 32 and 34 are observed to be closely related to S. orisratti (Hill
et al. 2005). Serotype 2 is the most frequently reported serotype worldwide and is
considered the most pathogenic both in pigs and humans. Other serotypes implicated
in diseases are types 1–9 and 14 (Gottschalk et al. 2007). However the presence of
“S. suis-like strains” which are biochemically similar but genetically distinct have
been identified (reviewed in (Hlebowicz et al. 2019)). Therefore, molecular methods
including multilocus sequence typing have been increasingly used for typing, with at
least 16 sequence types identified to date (Goyette-Desjardins et al. 2014).

Pigs colonized with S. suis typically harbor the organism in their tonsils and may
never exhibit clinical signs or symptoms (carriers). Some carrier piglets eventually
develop bacteremia, septicemia or meningitis due to dissemination of S. suis from
tonsils and other mucosal surfaces (Fittipaldi et al. 2012; Staats et al. 1997). Disease
syndromes in swine also include arthritis, pneumonia, endocarditis, encephalitis,
polyserositis, abscesses, and abortion (Wertheim et al. 2009). Death occurs within
hours of the onset of clinical signs in pigs with peracute, i.e., very violent or acute
forms of infection. Acute disease typically characterized by fever (up to 42 �C),
depression, anorexia and lassitude may result in deaths, chronicity, or healthy
carriers. In its chronic form, lameness and/or residual central nervous system signs
may be apparent (Fulde and Valentin-Weigand 2013). Clinical manifestations of
S. suis are observed to vary by geographical location (Wangkaew et al. 2006; Yu
et al. 2006; Tang et al. 2006). There have been varying reports on the incubation
period of S. suis ranging from 3 h to 14 days (Yu et al. 2006), and 60 h to 1 week
(Mai et al. 2008). Short incubation periods are found to be consistent with direct
entry of S. suis into the blood stream through skin wounds. There have been no
consistent findings in seasonal variation of S. suis infection (Wangkaew et al. 2006;
Mai et al. 2008; Huang et al. 2005).
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S. suis infection is reported in domesticated pigs (Staats et al. 1997). In addition, the
organism has been isolated from the intestinal flora of wild boars, dogs, cats, horses,
deer and ruminants (Staats et al. 1997; Devriese et al. 1992; Baums et al. 2007;
Devriese and Haesebrouck 1992). The rate of asymptomatic carriage in pigs is
estimated to be around 80%, representing a potential source of infection to other
animals and humans (Lun et al. 2007; Staats et al. 1997; Arends et al. 1984; Ngo et al.
2011). Pigs acquire S. suis via vertical and horizontal transmission as the sow is
capable of harboring S. suis in the genital tract (Fulde and Valentin-Weigand 2013;
Fittipaldi et al. 2012; Gottschalk 2011). Carrier rates are highest in pigs between 4 and
10 weeks of age, but infection can occur at any age (Staats et al. 1997; Clifton-Hadley
et al. 1984). Environmental contaminants such as feces, dust, water, and feed are
considered to be secondary sources of infection (Staats et al. 1997). Vectors such as
houseflies (Fulde and Valentin-Weigand 2013; Staats et al. 1997; Enright et al. 1987)
and mice (Fulde and Valentin-Weigand 2013; Staats et al. 1997; Williams et al. 1988)
are also considered to play a role in disease transmission to pigs. Factors such as stress,
crowding, poor ventilation, and concurrent disease could potentially predispose herds
to an outbreak of S. suis infection (Fulde and Valentin-Weigand 2013; Staats et al.
1997). Morbidity rate in pigs ranges from <1% to >50%, rarely exceeding 5%
(Wertheim et al. 2009). Nevertheless, research has demonstrated that morbidity due
to S. suis is severely enhanced in the presence of other bacterial and viral infectious
agents suggesting the importance of surveillance for S. suis (Staats et al. 1997).

Human S. suis infection is considered an emerging zoonosis (Lun et al. 2007;
Wertheim et al. 2009). Studies observed that longer duration of exposure to pigs and
pork affects S. suis carriage in the population (Elbers et al. 1999; Smith et al. 2008;
Strangmann et al. 2002). Infection rate in individuals with high-risk exposures is
estimated to be 1500 times higher than that of the general population (Lun et al.
2007; Arends and Zanen 1988). Pig farmers (Smith et al. 2008; Bartelink and van
Kregten 1995; Breton et al. 1986; Sriskandan and Slater 2006; Fowler et al. 2013),
abattoir-workers (Arends and Zanen 1988; Bartelink and van Kregten 1995; Breton
et al. 1986), veterinarians (Elbers et al. 1999), hunters (Baums et al. 2007; Halaby
et al. 2000), and meat-processing workers (Tramontana et al. 2008; Yu et al. 2005)
are observed to have a higher risk of S. suis infection . Consumption of uncooked or
partially cooked pork products is also considered a potential risk factor for S. suis
infection (Wertheim et al. 2009; Wangsomboonsiri et al. 2008). A mortality rate of
17% was observed in the population and about 2/3 of deaths occurred in the first 24 h
after admission (Wangsomboonsiri et al. 2008). Human infections are typically
reported as sporadic cases with an exception of two large outbreaks resulting in
25 and 204 cases, and 14 and 38 deaths, respectively (Yu et al. 2006; Tang et al.
2006). Person-to-person transmission is unlikely to occur without very close contact
such as with infected blood. Nevertheless, there is strong evidence of S. suis
transmission from pigs to humans and a great potential for reverse zoonoses, i.e.,
transmission from humans to animals.

S. suis is sensitive to antibiotics such as penicillin, ampicillin, amoxicillin, ceftri-
axone, and cephalosporin (Lun et al. 2007). Clinical disease is known to be suppressed
by fortifying feed with antibiotics at therapeutic levels (Staats et al. 1997). However, it
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does not eliminate carriers thus negatively impacting transmission of S. suis. One of
the major drawbacks is the development of antimicrobial resistant S. suis isolated from
both pigs and humans (Mai et al. 2008; Gottschalk et al. 1991c; Prieto et al. 1994;
Aarestrup et al. 1998; Marie et al. 2002; Shneerson et al. 1980; Wisselink et al. 2006;
Vela et al. 2005). Vaccines currently in use prevent outbreak in pig herds, but are
observed to have varying efficacy (Lun et al. 2007; Haesebrouck et al. 2004). A human
vaccine for S. suis is not available (Lun et al. 2007; Wertheim et al. 2009).

Prevention of S. suis transmission in both humans and pigs depends on control of
contact with sick animals. Improving pig-raising and breeding conditions and
vaccination of pigs could ensure reduction in S. suis infection outbreaks and prevent
transmission to humans (Lun et al. 2007). In addition, the potential risk of transmis-
sion via contact or consumption of contaminated pork products can be diminished by
education and increasing awareness on preventative measures to eliminate this mode
of transmission (Lun et al. 2007). World Health Organization (WHO) recommends
cooking pork to an internal temperature of 70 �C or until juices appear clear rather
than pink (Lun et al. 2007). Use of clean gloves and hand hygiene should also be
encouraged when handling raw or undercooked pork products. Review of the current
literature exposed a knowledge gap on differences in the virulence capacity and
geographical variation of S. suis strains. Addition of this information to other
available epidemiological data on S. suis is warranted to prevent further propagation
and losses worldwide due to this pathogen.

4.1.6 Shiga-Toxin Producing Escherchia coli (STEC)

Escherchia coli, a short, rod shaped, Gram-negative, non-sporing, facultative anaerobic
bacterium belongs to the family Enterobacteriacae (Sussman 1985; Mainil 2013). The
gastro-intestinal tract of humans and other warm blooded animals are the primary hosts
of this organism (Cheleste et al. 2002; Bell 2002). Although most E. coli strains are
non-pathogenic, and part of normal microflora, some strains have evolved as pathogenic
(Mainil 2013; Bell 2002; CDC 2012b). Pathogenic strains of E. coli acquire mobile
virulence gene located on pathogenicity islands, integrated bacteriophages, or on plas-
mids (Bell 2002; FAO/WHO 2011), and are able to cause wide spectrum of diseases in
many species including pigs, cattle, rabbits and humans (Mainil 2013; Jay et al. 2007).
On the basis of their virulence traits, pathogenic strains of E.coli are categorized into at
least six groups: entero-pathogenic E.coli (EPEC), entero-toxigenic E. coli (ETEC),
enteroinvasive E. coli (EIEC), entero-haemorrhagic E. coli (EHEC), entero-aggregative
E. coli (EaggEC), and diffusely adherent E. coli (DAEC) (Bell 2002; CDC 2012b;
Catalina Lopez-Saucedo et al. 2003).

Shiga toxin-producing E. coli (STEC), also known as verotoxin-producing E. coli
(VTEC), are a diverse group of pathogens that has become of significant health
concern. These strains of E. coli are able to cause disease in both humans and
animals. Although EHEC 0157:H7 is recognized as the most prominent STEC, over
200 non-O157:H7 STEC serotypes have been identified, and over 100 strains can
cause disease in humans (Bell 2002; Rangel et al. 2005; Fratamico et al. 2004;
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Patricia and Griffin 1991). In the United States, most EHEC strains are serotype
O157:H7 that accounts for 30–50% of EHEC strains (Johnson and Sears 2006).
Infection with non-O157:H7 serotype is more common in other nations including
Australia, Argentina, and many European countries, and may account for the
majority of haemolytic uremic syndrome (HUS) infections in these countries
(Fratamico et al. 2004). Serotypes 026, 045, 0103, 0111, 0121, and 0145 have
been associated with human disease and may account for approximately 70% of
Non-O157:H7 STEC human infections in the United States (Wells et al. 2012).
E. coli O157:H7 was first identified as pathogenic strain following two outbreaks of
hemorrhagic colitis by consuming undercooked ground beef in 1982 in the United
States (Rangel et al. 2005; Patricia and Griffin 1991; Pennington 2010; Beilei Ge
et al. 2002; Phillip Tarr and Chandler 2005). Since the discovery of E. coli O157:H7,
large foodborne outbreaks and sporadic incidence have been documented in the
United States and many parts of the world (FAO/WHO 2011; Phillip Tarr and
Chandler 2005; Tiiomas et al. 1995). Annually, EHEC O157:H7 and other serotypes
of STEC accounts approximately 110,000 cases of illness in the United States
(Cornick and Helgerson 2004).

STEC is a worldwide public health threat. Over 100 different serotypes can cause
human illness (Acheson 1999). The exact global prevalence of STEC infection is
unknown since there is no uniform surveillance and reporting system. Annually, an
estimated 73,000 cases are caused by E. coli O157:H7 in the United States leading to
estimated 2,168 hospitalizations and 61 deaths (Rangel et al. 2005; Beilei Ge et al.
2002). Non-O157:H7 accounts for 37,740 cases and 30 deaths annually in the
United States (Beilei Ge et al. 2002). Studies have indicated that STEC infection
is more prevalent in the northern regions of the United States, and is more common
in summer season (Phillip Tarr and Chandler 2005; Tiiomas et al. 1995). E. coli
O157:H7 can infect people of any age. However, children and elderly are more prone
to develop severe illness and HUS compared to any other age groups (Phillip Tarr
and Chandler 2005; FAO/WHO 2011). Various studies have suggested that animals
including cattle, sheep, goats, and pigs are reservoirs for different STEC strains
(Cheleste et al. 2002; Bell 2002; Fratamico et al. 2004). Although cattle are
considered to be the primary reservoir of E. coli O157:H7, it is implicated in fecal
shedding of other domestic livestock and wildlife (Jay et al. 2007). Evidence from
epidemiological studies suggests that domestic pigs are potential reservoirs and
biologically competent hosts of E.coli O157:H7 (Jay et al. 2007; Fratamico et al.
2004; Cornick and Helgerson 2004). In 2006, a spinach associated outbreak of
E. coli in the United States caused 205 cases of illness and six deaths. A successful
isolation of the outbreak strain from feral swine living close to spinach field provides
insight on swine-to-swine transmission and transmission between cattle and swine.
A study conducted by Jay et al. was able to recover related E. coli O157: H7
subtypes from feral swine, cattle, surface water, soil, and sediment that were
contaminated with spinach causing the outbreak (Jay et al. 2007). E. coli O157:
H7-infected swine can shed the bacteria in feces for about 2 months thus serving as a
reservoir host (Cornick and Helgerson 2004). Rios et al. isolated enterohemorrhagic
STEC subgroup 026 and 0111 from the intestinal content of pigs. These strains had
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virulence genes (stx1, stx2) suggesting they were potential human pathogens
(Fratamico et al. 2004; Maritza Rios et al. 1999). Fratamico et al. isolated STEC
serogroup O2, O5, O7, O8, O9, O15, O65, O91, O101, O120, O121, O163, and
several others from fecal samples of pigs (Fratamico et al. 2004). Other studies have
indicated that STEC strains can be isolated from both healthy pigs and pigs with
diarrhea and edema disease (Fratamico et al. 2004; Cornick and Helgerson 2004).

Various O, H, and K antigens of E.coli are identified (Kauffmann 1947). Virulent
strains have gens for fimbriae, adhesions, and wide varieties of exotoxins that help
pathogenic E. coli to colonize human tissues (Mainil 2013). E. coli O157:H7 pro-
duces a type III secretion system that injects two types of proteins, which disrupt the
cells metabolism and provide surface for attachment (Mainil 2013; Pennington
2010). Shiga toxin is the key virulence factor of STEC (Patricia and Griffin 1991;
Werner Brunder and Karch 1997), and it causes necrosis of host cells and tissues
(Pennington 2010). Although several virulence factors encoded by a 60-MDa
plasmid such as a bifuctional catalase-peroxidase, secreted serine protease (EspP),
α-hemolysin (EHEC-Hly), and chromosomally encoded enterotoxin EAST1 have
been found, their role in pathogenicity still remains unclear (Cheleste et al. 2002;
Werner Brunder and Karch 1997; Paul and Mead 1998). All E. coli belonging to
STEC strains can produce Shiga toxin1 (Stx1) and/or Shiga toxin 2 (Stx2) or variants
of Stx1 or Stx2. Stx2e variant strain of STEC cause edema disease in swine
(Fratamico et al. 2004; Patricia and Griffin 1991).

The incubation period of STEC infection is 2–4 days, but may vary from 1–5 days
(Acheson 1999). Many people infected with STEC remain asymptomatic (Pennington
2010); others suffer from mild to severe gastro-intestinal symptoms. STEC infection
ranges from mild to life threatening. Symptoms include watery diarrhea which can be
bloody as the disease progresses), severe abdominal pain, low to mild-grade fever and
nausea and vomiting. Fecal and peripheral leukocytosis is often present. Most people
recover within 5–7 days of the onset of infection (Cheleste et al. 2002; Bell 2002;
Patricia and Griffin 1991; Acheson 1999). Hemolytic uremic syndrome (HUS) is
developed in 5–10% of STEC cases (Acheson 1999). HUS is a serious complication
characterized by hemolytic anemia, thrombocytopenia, fever, and kidney damage
(Cheleste et al. 2002; Rangel et al. 2005; Acheson 1999; Frederick Koster et al.
1978). HUS often develops in children below age 5 as a complication of E. coli
infection. HUS accounts 15% of EHEC infection in children below 10 years old. HUS
is seen as a complication in 6–9% of overall infections (Bell 2002; Phillip Tarr and
Chandler 2005; Tiiomas et al. 1995). 5–10% of HUS patient may die or develop
further complications (stroke) (Cheleste et al. 2002). An estimated 50% of HUS
patients may have permanent kidney damage. Since patients with HUS are in risk of
renal failure, they should be hospitalized (Cheleste et al. 2002; Acheson 1999). The
mortality of HUS is approximately 5% (Acheson 1999), and the case fatality rate of
HUS is approximately 10% (Bell 2002).

The use of antibiotics could aid in Shiga toxin production thus exacerbating the
disease; as such, this treatment is not recommended in the United States. Symptom-
atic treatment along with maintaining hydration is very important to prevent further
complications. Prevention is the most important aspect of STEC infection (Acheson
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1999; Paul and Mead 1998). Frequent hand-washing is the most effective tools to
avoid person-to-person transmission. Proper handling of foods, preventing temper-
ature abuse and cross-contamination of foods, as well as maintaining a proper
storage temperature is essential. Boiling water before drinking can help to stop
waterborne transmission in developing countries where drinking water system is
poor. The practice of using animal fecal as manure for crops used for human
consumption should be stopped. Foods should be cooked to the optimum tempera-
ture. Undercooked meat and unpasteurized milk should not be consumed (Bell 2002;
CDC 2012b; Acheson 1999).

4.2 Colistin-Resistant Organisms

While not a single species, the emergence of transmissible colistin resistance
(a polymixin antibiotic) in important food-borne organisms has been a key concern
in recent years. A novel plasmid-mediated colistin resistance gene, mcr-1, was
reported in animals and humans in China (Liu et al. 2016), potentially emergent due
to use of polymixins in livestock farming in the country. The initial report examined
E. coli previously collected from pigs at slaughter and retail meat products, and E. coli
and Klebsiella pneumoniae obtained from human patients; isolates were collected
between 2011 and 2014.mcr-1was detected in a portion of all samples tested, ranging
from 0.7% (human samples of K. pneumoniae, 2014) to 28.0% (E. coli in retail
chicken meat samples, 2014). Pigs at slaughter and pork product positivity ranged
from 6.3% positive (2011, retail pork) to 25.4% (pigs at slaughter, 2013). Since this
time,mcr-1 has been found in samples dating back to at least 2002 and on 5 continents
(Wang et al. 2018); while most were in E. coli, other food-borne pathogens including
Salmonella enterica were also positive. Related colistin genes mcr-2, mcr-3, mcr-4,
and mcr-5 have also been identified (Rebelo et al. 2018).

Colistin is an antibiotic of last resort for multi-drug resistant infections by Gram-
negative bacteria; as such, transmissible resistance to this drug is concerning.
Colistin was used in animal production for both treatment and growth promotion
purposes in some countries in Europe and Asia (Rhouma et al. 2016). However, this
does not appear to be the only potential reason for emergence, as mcr-1-positive
organisms have been identified in countries even where colistin has not been used in
animal populations (such as the United States).

4.3 Hepatitis E Virus (HEV)

Hepatitis E virus (HEV) belongs to the Hepeviridae family, and is the most common
cause of acute viral hepatitis globally. A single-stranded positive-sense RNAvirus, it
was first visualized in 1983 (Balayan et al. 1983).

There are four genotypes of HEV that appear to infect humans: HEV1, HEV2,
HEV3, and HEV4. While HEV1 and HEV2 do not appear to be spread between
humans and animals, zoonotic transmission is common with HEV3 and HEV4. Pigs
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are the main reservoir, but infection has also been documented in wild boars
(De Sabato et al. 2020) and a variety of other wild and domestic species, including
cats, dogs, horses, deer, sheep, cattle, and rabbits (Izopet et al. 2012; Schlosser et al.
2014; Doceul et al. 2016; Yan et al. 2016).

While large epidemics of HEV1 and HEV2 can occur among human populations
due to fecal contamination of water supplies (especially during flooding and heavy
rainfall), transmission of HEV3/HEV4 from animals to humans seem to occur more
commonly due to close contact with infected animals or animal products. This can
include contact with animal feces or other secretions (including milk of infected
animals), or handling/consumption of under-cooked meat products. As such,
farmers, veterinarians, and slaughterhouse workers are more prone to zoonotic
HEV infections than the general population (Aslan and Balaban 2020).

Symptoms of HEV infection are generally mild; infections may be asymptomatic.
Symptoms may include nausea, vomiting, malaise, and fever, which in some patients
continue to jaundice and other hepatic symptoms (Lhomme et al. 2020), which tend to
be more severe in those infected with HEV1/HEV2 than the zoonotic HEV strains
(Pischke and Wedemeyer 2013). Infection is generally cleared without treatment, but
in severe cases, therapy with the antiviral ribavirin may be helpful (Peron et al. 2011).
There is currently no vaccine to prevent infection, although vaccines are in develop-
ment (Zhu et al. 2010); as such, safety during animal contact and consumption of
animal products are the primary ways to prevent zoonotic HEV infections at this time.

4.4 Japanese Encephalitis Virus (JEV)

Japanese encephalitis virus (JEV) belongs to the genus Flavivirus, family Flaviviridae
(Weaver and Barrett 2004; van den Hurk et al. 2009; Solomon 2004). This virus was
first isolated from a fatal human encephalitis case in Japan in 1935 (Weaver and Barrett
2004) and from Culex tritaeniorhynchus mosquitoes in 1938 (van den Hurk et al.
2009). This arbovirus (arthropod-transmitted) (Weaver and Barrett 2004; Igarashi
2002) is the leading cause of worldwide epidemics of viral encephalitis (Weaver and
Barrett 2004; Tom Solomon et al. 2000). This single stranded positive sense RNA
virus with a genome length of 11 kilobases (Weaver and Barrett 2004; Solomon 2004)
consists of a spherical virion with a 30 nm core that is surrounded by a lipid envelop.
The RNA genome of JEV encodes a single polypeptide that is cleaved into
non-structural proteins such as NSI, 2A, 2B, 3, 4A, 4B, and 5, and structural capsid,
member (M) and envelope (E) proteins (Tiroumourougane et al. 2002; Spickler 2007).
The E protein plays vital antigenic role as it is important for viral attachment and entry
into host cells (Solomon 2004; Mouhamadou Diagana and Dumas 2007). This virus
has only one serotype and two subtypes, and is closely related to St. Louis encephalitis
virus, Murray Valley encephalitis virus, West Nile virus, and dengue fever virus
(Solomon 2004; Tiroumourougane et al. 2002; Spickler 2007). On the basis of
nucleotide sequencing of the viral pre-membrane (prM), JEV can be categorized
into four different genotypes. Moreover, the phylogenic analysis of the viral envelop
‘E’ gene has classified JEV strains into five genotypes (Health WOfA 2009). A wide
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range of host species might be infected by JEV including cattle, snakes, birds, pigs,
horses, and other farm animals (Weaver and Barrett 2004; van den Hurk et al. 2009;
Spickler 2007). High heat (56 �C for 30 min), acidic environment (pH 1–3), and
various chemicals and disinfectants such as iodine, phenol, and formaldehyde also
inactivate the virus. JEV is quite sensitive to ultraviolet light and gamma irradiation
(Health WOfA 2009).

JEV is transmitted between wild and domestic birds and pigs by Culex species
mosquitoes (Tom Solomon et al. 2000; van-den-Hurk et al. 2008). Culex tri-
taeniorhynchus plays a major role, because many animals such as horses, swine,
humans, and birds are susceptible hosts. It is also the most important vector for
human infections (Weaver and Barrett 2004; Tom Solomon et al. 2000). These
mosquitoes particularly breed in pools of stagnant water, especially in flooded rice
fields (Tom Solomon et al. 2000; Erlanger et al. 2009). JEV has also been isolated
from other species of mosquitoes (Tiroumourougane et al. 2002). Ardeid or wading
birds (herons and egrets) are considered as the primary maintenance hosts (Igarashi
2002; van-den-Hurk et al. 2008; Erlanger et al. 2009) and pigs are the main
amplifying hosts (Weaver and Barrett 2004; van-den-Hurk et al. 2008, 2009; Tom
Solomon et al. 2000; Spickler 2007; Erlanger et al. 2009), which are necessary for
pre-epizootic amplification of the virus. Pigs can act as maintenance hosts in
endemic regions (van den Hurk et al. 2009). Pigs in close proximity to humans are
the most important natural hosts for transmission of JEV to humans (Weaver and
Barrett 2004; Solomon 2004; Tom Solomon et al. 2000; Tiroumourougane et al.
2002). Pigs have a prolonged and high viraemia and a high natural infection rate of
98–100% (van den Hurk et al. 2009). Domestic pig rearing aids in the transmission
to humans (Erlanger et al. 2009). Humans and horses are dead-end or incidental
hosts (van den Hurk et al. 2009; Tiroumourougane et al. 2002). Human-to-human
transmission of JEV has not been reported yet (Tiroumourougane et al. 2002).

JEV remains the major cause of viral encephalitis in Southeast Asia (van-den-
Hurk et al. 2008), but it is widely spread in eastern and south-eastern Asian
countries, the Pacific Rim, and in Northern Australia. However, related neurotropic
flaviviruses are found worldwide (Tom Solomon et al. 2000; Erlanger et al. 2009).
Japanese encephalitis claims about 50,000 human cases and 15,000 deaths annually
(Weaver and Barrett 2004; Tom Solomon et al. 2000). Due to lack of surveillance
and inadequate data collection, the actual incidence rate might be a lot higher. It is
estimated that 175,000 cases of Japanese encephalitis occurs annually worldwide.
11,000 cases and more than 2000 deaths resulted from JEVoutbreaks in Nepal and
Northern India between 2005 and 2007 (van den Hurk et al. 2009). Children under
15 years of age are mainly affected by JEV in endemic areas (Tiroumourougane et al.
2002). Pediatric encephalitis is caused by this virus in many Asian countries
including India, Korea, and China. More than one third of world populations are
at risk of infection of JEV. The epidemiological patterns of JEV involve endemic and
epidemic activities in tropical regions and temperate and subtropical areas, respec-
tively. There is no seasonal pattern in endemic areas, but epidemic activity is
observed in summer and autumn months in temperate and subtropical areas. Migra-
tory birds help the virus to travel large distances (Weaver and Barrett 2004).
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Japanese encephalitis is mainly a disease of rural areas. It is endemic in tropical
regions and often associated with irrigated rice agriculture (van den Hurk et al.
2009). The annual incidence of Japanese encephalitis is between 10 and 100 per
100,000 population in endemic areas (Tiroumourougane et al. 2002).

The incubation period of Japanese encephalitis in man is not exactly known. It
varies from 1–6 days, and can be as long as 14 days (Tiroumourougane et al. 2002).
Incubation period in horses is 8–10 days (Spickler 2007). Most infections of
Japanese encephalitis are asymptomatic. Clinical features are developed only in
1 in 50 to 1 in 1000 infections. The clinical manifestations range from mild
flu-like illness to severe and lethal meningoencephalomyelitis (van den Hurk et al.
2009; Tom Solomon et al. 2000). High grade of fever with or without rigors,
headache, general malaise, and vomiting are present in the prodromal stage. It is
followed by the encephalitis stage which is characterized by abnormal movements,
muscular rigidity, neck stiffness, convulsions, altered neurological functions, and
other CNS signs (Tiroumourougane et al. 2002). Convulsion often occurs and it is
reported in about 85% of children and 10% of adults (Tom Solomon et al. 2000). The
recovery stage may be accompanied by signs of CNS injury. Thick, slow speech,
aphasia, and paresis are seen as residual neurological impairments. Complications
include secondary bacterial infection, urinary tract infection, and stasis ulcers
(Tiroumourougane et al. 2002). Abnormal mental behaviours may exist in some
patients leading to misdiagnosis of mental illness (Tom Solomon et al. 2000).
Poliomyelitis-like acute flaccid paralysis and “fever associated seizure disorder”
has also been identified in some cases (Tiroumourougane et al. 2002). Almost one
third of patients admitted to hospital with Japanese encephalitis die (Tom Solomon
et al. 2000), and 45% to 70% of survivors suffer from neurological sequelae that last
for months. The case fatality rate of Japanese encephalitis can be as high as 67%.
Higher fatality rates are seen in children and the elderly population (van den Hurk
et al. 2009). The mortality rate varies in a range of 8.5–72% (Tiroumourougane et al.
2002). Pigs with Japanese encephalitis exhibit reproductive disease with stillbirth as
the most common symptom (van den Hurk et al. 2009).

JEV can be detected using reverse transcriptase polymerase chain reaction in
human CSF samples. But the reliability of this test still remains unconfirmed.
Serological tests such as IgM and IgG ELISA are widely used for the detection of
antibodies to JEV in human and swine (CDC 2021). However, this type of testing
requires complex equipment and it is not feasible in the rural areas of developing
countries. A recent modification of this test to a simple nitrocellulose membrane
based format is more useful in rural areas, since it does not require any sophisticated
equipment and can be interpreted by eye vision (Tom Solomon et al. 2000). Virus
neutralization and epitope blocking ELISAs can help to differentiate if cross-
reactions have been occurred in serological tests due to the presence of other viruses
of the JEV serogroup (Kitai et al. 2007; Jacobson et al. 2007). Various other
serological tests such as haemagglutination inhibition, the complement fixation
test, single radial hemolysis, and neutralisation are still in practice in some labora-
tories. Other antigen detection techniques in CSF include reverse passive
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hemagglutination, immunofluorescence, and staphylococcal coagglutination tests
using polyclonal or monoclonal antibodies (Tom Solomon et al. 2000).

Treatment of Japanese encephalitis involves supportive and symptomatic care.
Although isoquinolone compounds and monoclonal antibodies are effective in vitro
and animal models, respectively, there is no specific treatment available for this
disease. Controlling convulsion and raised intracranial pressure are crucial. Physical
therapy and excellent nursing care are important to prevent further complications
(Solomon 2004; Tom Solomon et al. 2000; Spickler 2007).

Prevention strategies should be focused on control of mosquito vectors, improve-
ment in animal husbandry practices, changing agricultural practices, preventing
amplification of the virus in pigs and birds, measures against reservoirs, and immu-
nizing of species at risk (van-den-Hurk et al. 2008, 2009; Tom Solomon et al. 2000;
Tiroumourougane et al. 2002; Spickler 2007; Erlanger et al. 2009). Prevention of
mosquitoes from biting human is essential (Tiroumourougane et al. 2002). Use of bed
nets, wearing long sleeved shirts and long trousers, and application of insect repellent
on exposed body surfaces, avoidance of outdoor sleeping, and decreasing outdoor
activity during twilight and dawn would be beneficial (Spickler 2007; Mackenzie and
Smith 2006). Relocation of piggeries away from residential areas and making them
mosquito proof could decrease the risk of JEV. Vaccine is recommended to people,
especially for high-risk group such as laboratory workers with potential risk of
exposure to JEV, travelers who spend more than a month in endemic areas, and
residents of endemic areas. Travelers who spend less than 30 days during epidemics
and carry out extensive outdoor activity should also get vaccinated. Vaccinations of
pigs also yield positive results (Tiroumourougane et al. 2002). Vero cell-derived JEV
vaccine is currently used in the United States (Fischer et al. 2010).

4.5 Nipah virus

The first cases of Nipah virus (NiV) infection were identified during an outbreak in
Malaysia in September 1998 and involved pig farmers who had contact with pigs on
a regular basis (Luby and Gurley 2012). JEV was initially suspected due to the
similar clinical presentation in humans and because it is endemic in the outbreak area
in Malaysia (Chua 2012). Although known measures to control JEV were taken,
such as vaccination, the number of cases did not decrease (Chua 2012). The cause of
the outbreak was eventually discovered to be a novel paramyxovirus (Chua et al.
1999, 2000). Humans with direct contact with pigs were at an increased risk of
contracting the virus (Chua 2003). During March 1999 in Singapore, there was an
outbreak of NiV-associated encephalitis and/or pneumonia in abattoir workers
(Paton et al. 1999) who were more likely to have exposures to the urine or feces
of imported Malaysian pigs during the corresponding outbreak (Luby and Gurley
2012). An isolate obtained from a deceased abattoir worker in Singapore was
identified as having the identical nucleotide sequence as the isolates collected from
human and pig cases in Malaysia (Paton et al. 1999). This provides evidence that the
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same strain infected human and pig cases in Malaysia and that the outbreak had
spread to a different country.

Isolates collected from the lungs and respiratory secretions from infected pigs
revealed the presence of NiV and this taken in conjunction with the observation that
many of the NiV human cases were in contact with pigs has led to the suspicion that
NiV may be transmitted from pigs to humans through infected saliva and potentially
infected urine (Uppal 2000).

When officials could no longer ignore the potential of a novel agent as the culprit,
they began further diagnostic tests that identified a novel paramyxovirus (Chua et al.
1999, 2000, 2007) that was closely related to Hendra virus (Ksiazek et al. 2011).
This novel virus was named Nipah virus after Kampung Sungei Nipah, the residen-
tial village of the patient from whom the first virus was isolated (Ksiazek et al. 2011).
Since this initial outbreak in 1998–1999, the exact geographical distribution of NiV
remains unknown, but it appears to occur in Asia Pacific and South East Asia (Young
et al. 1996) with Singapore, Bangladesh, and India as countries specifically encoun-
tering NiV outbreaks (Luby and Gurley 2012). Nipah virus outbreaks have been
reported nearly every year beginning in 2001 in the western and northwestern
regions of Bangladesh and in West Bengal, India (Luby and Gurley 2012).

Through surveillance efforts, fruit bats, from the genus Pteropus, have been
found to be the reservoir of NiV (Arif et al. 2012). This virus can then be spread
to humans through pigs acting as an intermediate host (Arif et al. 2012). The
distribution of this genus of fruit bats encompasses areas from the eastern coast of
Africa to the South East of Asia, to the Philippines and Pacific Islands, and as far
south as Australia (Young et al. 1996). The distribution of this genus of bats suggests
that it may be possible for NiV to be spread across the regions inhabited by these
fruit bats; public health officials need to be aware of the potential for NiV to spread to
these susceptible areas that may not have seen this disease before. A study performed
in Goalondo of Rajbari district in central Bangladesh during a 2004 outbreak found
that NiV was found in 14% of blood samples contained antibodies from clinically
healthy bats (Arif et al. 2012).

It is suspected that pigs may contract the virus from ingesting fruits that have been
nibbled on by NiV infected fruit bats living near pig farms (Arif et al. 2012).
Moreover, the virus has been isolated from fruits that have been half eaten by bats
in Malaysia (Chua et al. 2000). The majority of NiV-infected pigs develop mild
illness (Parashar et al. 2000), while some pigs never develop clinical signs of
disease. In infected adult pigs, the case fatality rate is less than 1–5% (Mohd Nor
et al. 2000). Some mathematical models suggest that in order for NiV to be sustained
at epidemic levels in pigs, multiple spillover events are necessary for the develop-
ment of a dynamic population with numbers of susceptible pigs above the needed
threshold level to maintain transmission within pigs for months (Pulliam et al. 2012).

There is evidence that various husbandry practices may play a role in determining
how long an epidemic will last and in influencing the characteristics of an outbreak
(Luby and Gurley 2012). In large factory farms, thousands of pigs are raised together
in more compact conditions and have an increased risk of interacting with pigs from
other farms, so longer transmission chains in pigs will be more likely to occur (Luby
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and Gurley 2012). However, in rural areas with fewer pigs kept on individual farms
that may have limited contact with pigs from other farms, a shorter transmission
chain may be seen, because the number of susceptible pigs will decrease more
slowly overtime since fewer will be in contact with each other. This second type
of husbandry practice has not been linked to an outbreak to date; however, human
cases have been linked to animal infections with this form of husbandry (Luby and
Gurley 2012).

The majority of infected pigs present with a mild illness, if an apparent illness is
detected at all. Those which develop clinical symptoms present most often with fever,
agitation, trembling, and twitching (Mohd Nor et al. 2000). These symptoms appear
along with labored and rapid respirations, increased drooling, and a loud, nonproduc-
tive barking cough (Mohd Nor et al. 2000). Almost all of the pigs with symptoms are
often diagnosed with acute respiratory syndrome (Kay-Sin Tan and Goh 1999; Chua
2003). Necropsies revealed that pigs with severe disease have had extensive lung
damage with giant cell pneumonia; NiVantigen can be detected in lung tissue as well
as in the epithelial cells lining the upper airways, respiratory secretions, and in renal
tubular epithelial cells (Chua et al. 2000; Middleton et al. 2002).

Symptoms in humans may vary from severe to mild to asymptomatic (O’Sullivan
et al. 1997), may lead to debilitating chronic neurologic conditions, and can be fatal
(Arif et al. 2012). The incubation period has been reported to be between 4 and
18 days, but occasionally clinical symptoms may not develop until an average of
8 months after an exposure (Holmes 2001). Clinical symptoms in humans usually
present as severe acute encephalitis with individual symptoms that include fever,
headache, vomiting, breathing difficulty, seizures, and progression into coma (Luby
and Gurley 2012; Arif et al. 2012). Patients may also develop pneumonia from an
accumulation of respiratory secretions in the lungs, which has been noted to occur in
up to 25% of cases (Chua et al. 1999; Chadha et al. 2006).

Cases with NiV infection may also develop chronic illness leading to severe
neurologic conditions later in life, even if the case did not present with acute
symptoms shortly after exposure (Luby and Gurley 2012; Tan et al. 2002). Patients
who had developed acute encephalitis and appeared to have recovered may also
develop neurologic conditions and relapses of encephalitis months to years after
their initial infection, with NiVantigen being found in the neurons of those who died
after a case of late-onset encephalitis (Tan et al. 2002).

In many situations, patients are more likely to be in direct contact with pigs that
appeared to be sick when compared to farm controls (Parashar et al. 2000). Direct
contact with pigs involves activities such as feeding pigs, processing piglets, aiding in
breeding and birthing, injecting and medicating pigs, and handling dead pigs (Parashar
et al. 2000). The case fatality rate may be high for humans. During the 1998–1999
Malaysia outbreak, of the 283 reported cases, 39% or 109 cases died (Chua 2003).
Although contact with pigs increases the risk of contracting NiV, there have been
reported cases of disease in humans without pig contact or without direct pig contact
such as cleaning a crate that was used to house infected pigs (Parashar et al. 2000;
Kay-Sin Tan and Goh 1999). This suggests that it may be possible for pig secretions or
excretions to be infectious for hours, if not days (Kay-Sin Tan and Goh 1999).
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Human-to-human transmission has been reported, but the rates vary geographically
(Luby and Gurley 2012). Numerous outbreaks involving human-to-human transmis-
sion have been recognized in Bangladesh and India, while only very few reports on
human-to-human transmission exist from Malaysia (Luby and Gurley 2012) and the
Philippines (Ching et al. 2015), where horses rather than pigs were implicated. In a
2004 Bangladesh outbreak, a chain of NiV transmission was sustained through five
generations, which is the longest reported chain of human-to-human transmission
(Gurley et al. 2007). Through reviewing human NiV cases from 2001–2007 in
Bangladesh, Luby et al. (2009) found that 51%, or 63 out of 122 cases, contracted
NiV after being in close contact with a patient. Various investigations in Bangladesh
suggest that the primary mode of transmission between humans is through respiratory
secretions and that those who did have difficulty breathing as one of their symptoms
were more likely to spread the virus than those who did not (12% compared to 0%,
p¼ 0.03) (Luby et al. 2009). During the 2004 Bangladesh outbreak referred to earlier,
people caring for human cases who shared utensils, ate the patients’ leftover food, slept
in the same bed with a coughing patient, and fed and/or hugged dying patients were
more likely to contract NiV (Blum et al. 2009).

Since direct contact with pigs has shown to increase the risk of contracting NiV,
the use of personal protective equipment (PPE) is imperative in reducing the risk of
contracting the virus (Uppal 2000). General safety measures that should be taken
when contact with suspected NiV infected pigs occurs is changing needles between
every pig, using soap or detergent to wash the hands and body, disinfecting abattoir
and veterinary equipment, spraying disinfectant on trucks every time they leave a
farm, disinfecting dead pigs before burying them, and avoiding contact with blood,
urine, and feces (Uppal 2000). Recommendations for PPE to protect individuals are
goggles and face masks for eye protection, masks that cover the nose and mouth,
rubber gloves, a long sleeved shirt, a long apron, long pants, and rubber boots (Uppal
2000). Measures in addition to PPE use have been implemented to control the spread
of the disease. In Malaysia, when PPE was employed to those who are in direct
contact with pigs, especially sick pigs, along with the implementation of livestock
transportation restrictions, and culling of a large number of pigs (over 900 thousand),
the amount of human cases drastically declined (Uppal 2000). The importance of
control must be stressed because during an outbreak there is a large social impact due
to the potential closure of schools, loss of human life leading to fewer community
members able to work and earn money, loss of pig populations (especially when
culling is implemented) which minimizes farmer’s wages (even if marginal com-
pensation occurs for their lost revenue), and decreases a community’s moral while
increasing a sense of panic (Uppal 2000).

4.6 Swine Influenza virus

Influenza is an acute respiratory disease caused by viruses of the family Ortho-
myxoviridae (Capua and Munoz 2013; Thacker and Janke 2008). The virus was first
isolated in 1930 in the United States (Kothalawala et al. 2006). Estimated 36,000
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human deaths and 200,000 hospitalizations are due to influenza virus infections in
the United States per year (Ramirez et al. 2006). The genome of the virus is
composed of eight negative-strand RNA segments. This allows both for a high
mutation rate (as an RNAvirus) leading to antigenic drift and for mixing of genomic
segments via recombination causing antigenic shift of the virus. Two major surface
glycoprotein, hemagglutin (HA), and neuraminidase (N) are important tools for
subtype classification, and determination of antigenicity and pathogenicity (Thacker
and Janke 2008; Kothalawala et al. 2006). With the recent discovery of a new
influenza viral subtypes in bats (Tong et al. 2012, 2013; Campos et al. 2019),
influenza viruses are now grouped according to the expression of 18 HA
(H1-H18) and 10 NA (N1-N10) subtypes (Capua and Munoz 2013).

Influenza viruses may be subject to antigenic drift and antigenic shift, which
impose major challenges in vaccine development. Antigenic drift is a minor genetic
variation within subtypes due to a series of point mutations. Antigenic shift is caused
by reassortment of genes from two different viruses that result in a new combination
of H or N segments (Kothalawala et al. 2006). For example, the 2009 pandemic
H1N1 virus (H1N1pdm09) was the result of a virus reassortment event in swine
(Skowronski et al. 2013). The H1N1 virus contains segments from North American-
like triple reassortant swine H1 viruses (6 genes) and Eurasian avian-like swine
viruses (neuraminidase and matrix genes) (Pascua et al. 2012).

The ultimate host of all influenza viruses appears to be wild birds, specifically
waterfowl (Thacker and Janke 2008), where the viruses replicate in the respiratory
tract and intestine typically without any signs and symptoms of disease. Although
mammalian species are all derived from birds, studies have shown interspecies
transmission of influenza virus (e.g., H3N8 from horses to dogs) (Kothalawala et al.
2006; Pascua et al. 2012; Myers et al. 2006). Interspecies transmission of influenza
virus A is the principal mechanism of emergence of novel strains, and pigs likely play
an important role in such transmission (Myers et al. 2006; Bowman et al. 2012).

Viral attachment on host cells was thought to depend on the specificity of binding
to particular sialic acids (SAs). Prior research suggested that avian influenza viruses
bind to α2–3 SAs, while influenza viruses infecting mammals preferentially attach to
α2–6 SAs. However, recent research (reviewed in (Capua and Munoz 2013))
suggests that it is more complicated than that. Nevertheless, the cells of pigs can
bind both “avian” and “human” types of influenza viruses suggesting that they may
be important in the generation of novel variants that could go on to infect humans
and spread zoonotically (Scholtissek 1990).

Influenza viruses become a pandemic threat when they become capable of being
transmitted efficiently from human to human and if limited protective immunity
exists in the human population. There are three major interfaces for human-to-pig
contact: commercial swine production, abattoirs, and agricultural fairs (in the United
States). Agricultural fairs provide common ground for the transmission of influenza
viruses between humans and pigs. Fairs are unique because “they facilitate pro-
longed comingling of pigs from numerous sources raised under varied management
programs with millions of persons who have widely disparate histories of exposure
to various influenza viruses” (Bowman et al. 2012).
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Prior to the 2009 pandemic, a review article identified 37 civilian and 13 military
cases of swine influenza in humans in the literature from 1958–2005 (Myers et al.
2007), of which 19 cases were reported in the United States, 6 in Czechoslovakia,
4 in the Netherlands, 3 in Russia, 3 in Switzerland, 1 in Canada, and 1 in Hong Kong.
The majority of the cases had some kind of exposure to live swine. There were no
unique clinical features to distinguish swine from human influenza; healthy people
and those with underlying conditions were both at risk (Myers et al. 2007). In a 2006
study of farmers, meat processing workers, veterinarians, and individuals lacking
swine exposure, elevated titers to swine viruses were found in individuals with
occupational exposure (Myers et al. 2006). Thus, it appears that even prior to
2009, transmission of swine influenza viruses to humans was not a rare event. In
one paper examining the 2009 pandemic, evidence was found of at least 49 discrete
introductions of H1N1pdm09 influenza virus from humans into swine in 2009
(Nelson et al. 2012), suggesting bidirectional spread of these viruses from swine to
humans and backwards.

“Classic” swine influenza A (H1N1) virus (cH1N1) was the predominant subtype
of swine influenza viruses in North America for nearly 80 years. The entry of the
H3N2 virus in 1998 that was composed of avian, human, and swine influenza genes
into the US swine population resulted in the emergence of multiple reassortment
influenza viruses (Thacker and Janke 2008). The true incidence of swine-to-human
transmission of influenza virus A is unknown. During the period of December 2005
to April 2012, 36 human infections with variant influenza virus A were reported by
the Centers for Disease Control and Prevention in the United States. There might be
far more cases than what is actually reported (CDC 2013a). The US national swine
influenza virus surveillance program is passive and focuses on swine showing signs
of influenza-like illness and on reacting to reports of variant influenza A cases in
humans. Thus, subclinical infections are unlikely to be reported. Surveillance should
instead be carried out in both healthy and sick animals (Bowman et al. 2012), but this
is a costly proposal.

4.7 H1N1 2009 (Influenza A H1N1pdm09)

The earliest reports of H1N1 swine infections in the USA occurred at state fairs in
Minnesota and South Dakota. An estimated 150 million people attend at fairs in
North America (Bowman et al. 2012) which can be a conduit to introduce influenza
viruses into swine herds or vice versa (Bowman et al. 2012; Gray et al. 2012). Eleven
of fifty-seven (19%) of swine tested in Minnesota in 2009 were found to be influenza
positive by rRT-PCR; four of them harbored influenza viruses similar to
H1N1pdm09. This occurred during the second wave of the 2009 pandemic. It is
possible that these show pigs were infected by their owners or others prior to arrival
at the fair. Notably, all pigs found to be positive exhibited infections which were
subclinical in nature (Gray et al. 2012), again emphasizing the need for surveillance
even of animals which appear to be healthy.
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4.8 H3N2 variant

H3N2 variant viruses contain the matrix gene from the 2009 H1N1 pandemic virus.
These triple-reassortant swine viruses (A/Sw/OH/511445/2007, A/Ohio/01/2007,
and A/Ohio/02/2007) were found both in pigs and humans in a 2007 fair in Ohio
(Killian et al. 2013). In 2011, 12 cases of H3N2v were found in Indiana, Iowa,
Maine, Pennsylvania, and West Virginia. In 2012, 309 cases H3N2v infections were
found across 12 states. This virus had been seen in human since July 2011 and in
swine in “many states.” Fifteen of the sixteen cases had recent contact with pigs at a
fair, and person-to-person spread was seen in at least three cases. Most cases were
mild (CDC 2013b, c). Another outbreak of H3N2v occurred at a Pennsylvania fair in
August of 2011. In this outbreak, one confirmed infection in a child was identified;
serological studies determined that 82 additional suspected, 4 probable, and 3 con-
firmed cases also had attended the fair. The highest risk of transmission was in those
who touched swine during their fair visit. Some reports of symptomatic pigs were
noted, but all of these animals were sold or slaughtered before they could be tested
(Wong et al. 2012). In 2012, 11 patients of H3N2v were hospitalized in Ohio;
sporadic infections have been detected since that time (CDC 2013). Of the reported
11 cases hospitalized, 10 had direct or indirect contact with pigs. One patient, a
61-year-old woman with type 2 diabetes, died as a result of H3N2v infection
(Centers for Disease C, Prevention 2012). Additional novel H3N2 viruses were
detected in swine in Oklahoma in 2017, likely transmitted to pigs from humans
(Zeller et al. 2018). Compared to many of the common H1 lineages, swine H3
lineages tend to be more geographically restricted (Anderson et al. 2021).

A recent study using a ferret model found that the zoonotic potential of four
representative triple-reassortant swine influenza viruses caused mild disease and
were inefficiently transferred via air, but one (an H1N2 virus) replicated well the
upper and lower respiratory tract of ferrets, was efficiently transmitted via respiratory
droplets, and showed high lethality. As such, some field isolates from swine may
show zoonotic potential (Pascua et al. 2012). Although there have been multiple
outbreaks of H3N2v in recent years, a recent analysis suggests that the current
pandemic potential of H3N2v is low (Skowronski et al. 2013).

Individuals working with swine or visiting swine fairs are urged to practice good
hygiene and the use of proper personal protective equipment (PPE) while working
with pig or pig facilities. Isolation of sick or infected pigs, partial depopulation and
segregation of early weaned piglets would help to prevent the transmission of swine
influenza. Inactivated, whole virus and subunit influenza virus vaccines are available
for humans, horses, birds, and pigs (Kothalawala et al. 2006). However, due to
ongoing mutations in the HA and NA genes via antigenic drift, these vaccines need
to be revised annually. Due to its ability to elicit both humoral and cellular immune
responses, a live attenuated influenza virus vaccine is considered relatively better
compared with an inactivated vaccine; it is currently licensed in the United States
(Schnitzler and Schnitzler 2009). Researchers have been studying DNA vaccines as
a novel alternative to the conventional vaccines using chicken, mouse, ferret, and
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primate models. Nonetheless, so far it has not been successful in pigs (Thacker and
Janke 2008; Kothalawala et al. 2006).

4.9 Swine Parasitic Zoonoses: Trichinella and Taenia

Parasites with zoonotic potential such as Trichinella spp. and Taenia spp. are public
health hazards affecting both animals and humans. Global eradication of these
pathogens is a challenge due to limitations in implementation of strict regulations
and policies, methodological issues in early diagnosis and treatment, and above all
varying cultural and social practices that govern the propagation of these parasites.

Trichinella spp. are nematode worms that are one of the most widespread food-
borne zoonotic pathogens in the world (Pozio 2007). Strains of Trichinella have been
isolated from domestic and wild animals in 66 countries (Pozio 2007). This parasite
was first discovered in 1835, but was linked to food-consumption and disease only in
1860 (Dupouy-Camet 2000). The main source of human infection is pork and pork
products, game meat, and horse meat. Nevertheless, Trichinella spp. has been
reported to infect other animals such as wild boars, rats, cats, dogs, bear, walrus,
jackals, raccoon, foxes, warthogs, crocodiles, lizards, and even birds (Pozio et al.
2009). Due to its vast host range and difficulties in identification of the pathogen or
establishing an early diagnosis, Trichinella is one of the most resilient and persistent
zoonotic parasites.

Taeniasis caused by Taenia spp. (tapeworm) is a food-borne infection commonly
observed in developing or less developed countries and adds to the global public
health burden of parasitic infections. To meet the scope of this chapter, we will
discuss only Taenia solium (T. solium), since this parasite is commonly observed in
pigs. T. solium (pork tapeworm) infections are commonly referred to as the taeniasis/
cysticercosis complex (Garcia et al. 2003a). Cysticercosis is endemic in Central and
South America, sub-Saharan Africa, most of Asia, and parts of Oceania (Garcia et al.
2003b). Neurocysticercosis is the most common cause of late adult-onset seizures in
the developing world (Epilepsy CoTDotILA 1994). More than 1000 new cases of
neurocysticercosis (Hawk et al. 2005) are diagnosed in the United States each year,
and it is the most prevalent infection of the brain, worldwide (Garcia et al. 2003b;
Shandera et al. 1994).

4.9.1 Trichinella

The genus Trichinella has a broad range of host species. Nevertheless, clinical
infection is apparent only in humans (Gottstein et al. 2009). Trichinella spp. are
found in animals all over the world, except Antarctica possibly due to absence of
surveillance (Pozio 2007). Parasites in the genus Trichinella are classified by the
presence of a collagen capsule: encapsulated and nonencapsulated. Within the genus,
T. spiralis is the species most adapted to domestic and wild pigs and is also most
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commonly isolated from human infections (Pozio and Darwin Murrell 2006). Other
Trichinella spp. found in pigs are T. britovi (wild boar), T. nelsoni (bush pigs),
T. pseudospiralis (domestic and wild pigs). Horses fattened with pork scraps are
known to be infected with Trichinella.

Prevalence estimates depend on the geographical region and the detection
methods used: Trichinella antibodies were found in 0.35% of pigs in the Netherlands
(van der Giessen et al. 2007), 0.2% of wild boar muscle samples contained Tri-
chinella in Spain (Boadella et al. 2012), a 0.37% prevalence was estimated in pigs in
the northeastern United States (Gamble et al. 1999), in China prevalence data ranged
from 0.01% to 29.95% by serological testing to 0–5.75% in pigs slaughtered at
abattoirs, respectively (Cui and Wang 2011), 19.9% Vietnam pigs tested positive by
E/S ELISA (Vu Thi et al. 2010), antibody prevalence was 0.0002–0.0003% in wild
boars in France (Pozio et al. 1996), a prevalence of 1.3% was established for wild
boars in Finland (Oivanen et al. 2002), and of 11.4% wild boars in Argentina by
artificial digestion (Cohen et al. 2010). Despite a broad spectrum of hosts, Tri-
chinella spp. are most common in porcine omnivores, mainly in domestic pigs,
different races of wild pigs, wild boars, bush pigs, and warthogs (Pozio 2005).

Human trichinellosis has been documented in 55 countries and is most often
linked to established food-consumption behaviors including consumption of raw or
undercooked pork or pork products. A 2011 study observed about 261 reports of
trichinellosis outbreaks worldwide (Murrell and Pozio 2011). This study estimated
65,818 cases and 42 deaths reported from 41 countries between 1989 and 2009
(Murrell and Pozio 2011). About 87% of the cases were reported from the
WHO-European region, of these 50% were reported from Romania alone (Murrell
and Pozio 2011).

Trichinellosis is the infection caused by Trichinella spp. in humans. Severity of
trichinellosis depends on the load of ingested parasite, frequency of consumption of
infected meat, method of cooking and treating meat before consumption, species
involved in reproduction of larvae, and the amount of alcohol consumed at the time
of meat consumption, with alcohol acting as a protective factor (Murrell and Pozio
2011; Xu et al. 1995). The estimated minimum dose necessary for causing symp-
tomatic trichinellosis ranges from 70 to 150 larvae (Murrell and Bruschi 1994;
Dupouy-Camet et al. 2002). The major signs of classical trichinellosis are myalgia,
diarrhea, fever, periorbital and facial edema, and headaches as per an algorithm used
to diagnose acute trichinellosis (Murrell and Pozio 2011). Complications usually
develop within 2 weeks of infection (Ancelle et al. 2005; Lachkar et al. 2008;
Dupouy-Camet 2007; Bessoudo et al. 1981; Compton et al. 1993; Ellrodt et al.
1987; Fourestie et al. 1993). Mortality due to trichinellosis is very rare and is
estimated to be around 0.4% (Murrell and Pozio 2011; Dupouy-Camet 2007;
Kociecka 2000; Ancelle et al. 1988). Humans are observed to be asymptomatic
while being chronically infected with the larvae (Dupouy-Camet et al. 2002).
Children are found to be more resilient to Trichinella infection, while it may result
in abortion or premature delivery in pregnant women (Dupouy-Camet et al. 2002).

Globalization and migration of population with culturally unique food practices
and illegal introduction of Trichinella infected meat from endemic to non-endemic
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countries are some of the risk factors for human trichinellosis particularly in coun-
tries with low-incidence (Pozio and Marucci 2003; Gallardo et al. 2007; Nockler
et al. 2007; Stensvold et al. 2007). Impact of food-consumption practices are
reflected by the low incidence of trichinellosis in the Muslim population worldwide
(Pozio 2007; Haim et al. 1997; Marva et al. 2005). International travelers and hunters
are two high-risk groups observed to acquire Trichinella infection from endemic
countries and exposure to Trichinella infected animals, respectively (Ancelle et al.
2005; Moller et al. 2005a; Wang et al. 2006; Shiota et al. 1999; Nakamura et al.
2003; Centers for Disease Control & Prevention 2004). This population also plays a
major role in propagation of Trichinella to a naïve population.

Diagnosis of Trichinella infection in animals is conducted by direct methods such
as meat inspection using conventional trichinoscopy (Epizooties OId 2004; Kapel
2005; Nockler and CMO 2007). Other methods used in animal detection are artificial
digestion using the magnetic stirrer method (Kapel et al. 2005), multiplex PCR
(Pozio and La Rosa 2003), and serological tests for IgG antibodies (Nockler et al.
2005). Enzyme-linked immunosorbent assay (ELISA) using metabolic E/S antigens
or tyvelose ELISA are the most commonly used methods for the detection and
confirmation of Trichinella infection (Moller et al. 2005b; Gamble and Graham
1984; Gamble et al. 1983). Diagnosis in humans is based on clinical, epidemiolog-
ical and laboratory criteria, as outlined by the European Center for Disease Control
(Dupouy-Camet 2007).

Initiation of anthelminthic therapy such as albendazole and mebendazole early in
the infection is recommended and observed to be beneficial for the cure of tri-
chinellosis (Dupouy-Camet et al. 2002). Other treatment options are available
based on the severity of infection (Gottstein et al. 2009; Dupouy-Camet et al.
2002; Dupouy-Camet 2007). Prognosis is reported to be poor for severe cases
with cardiac or cerebral complications and fatality was found to be about 5% in
severe infections despite therapy (Gottstein et al. 2009).

4.10 Taenia (T. solium)

The life cycle of T. solium is divided between two hosts. Humans are the definitive
host for the adult T. solium, while both pigs and humans may harbor the larvae or
cysticerci with pigs being the typical intermediate host. Human infection due to
T. solium occurs when larvae are consumed by eating poorly cooked or raw pork
products. Larvae attach to the mucosa of the human small intestine using their scolex
(head) and grow into adult tapeworms (Flisser 1994). Eggs from these adult worms
are shed in human feces. Contamination of pig feed with such human feces results in
ingestion of eggs by the pigs. Ingested eggs develop into a larval stage, travel
through the intestinal wall, enter the bloodstream, and lodge in various pig tissues
eventually forming cysts (porcine cysticercosis) (Garcia et al. 2003a). Ingestion of
such infected pig or pork products by humans result in intestinal infection or
taeniasis. Humans can also ingest T. solium eggs through the fecal-oral route or by
auto-infection (Hawk et al. 2005). Autoinfection is the retrograde transmission of
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taenia segments from human intestine back into the stomach, followed by release of
eggs into the gut (Garcia et al. 2003b; Hawk et al. 2005; Flisser et al. 2006). Fecal-
oral contamination occurs in infected food handlers who do not practice good hand
hygiene. Even vegetarians who do not consume pork may acquire cysticercosis via
wind, water, flies, and other indirect means of transmission (Martinez et al. 2000).

Clinical manifestation of cysticercosis depends on the organ affected (Garcia
et al. 2003b). The most common clinical manifestation is neurocysticercosis that
develops once the viable cysticerci enter the central nervous system. Epileptic
seizures are the most common presentation of neurocysticercosis. Neurocysti-
cercosis and ocular cysticercosis are associated with significant morbidity (Garcia
et al. 2005). Other types of extraneural cysticercosis are subcutaneous, muscular,
cardiac, and – in rare cases – limb enlargement due to massive parasite burdens
(muscular pseudohypertrophy) (Garcia et al. 2003a).

T. solium is one of the major public health hazards and causes of economic
problems in pig husbandry (Flisser et al. 2005). Transmission of adult tapeworms
and larvae are associated with poor hygiene and sanitation, low living standards, lack
of meat inspection and control, and lack of education and awareness (Flisser et al.
2006). In addition, immigrants, overseas domestic workers, international travelers, and
transport of infected pigs have spread the disease to non-endemic areas (Hira et al.
2004; Rajshekhar et al. 2003). T. solium is widely prevalent in regions where pigs are
reared in free ranging systems and raw or undercooked pork is consumed. In most
endemic villages, more than 10% of the population is observed to be seropositive for
T. solium with an observed maximum of 25% (Garcia et al. 2003b). Studies have
found that up to 6% of the general population in endemic countries may harbor adult
tapeworms (Allan et al. 1996a). A recent meta-analysis on the prevalence of neurocys-
ticercosis in people with epilepsy including studies from Latin America, India, and
sub-Saharan Africa found that neurocysticercosis was the cause of epilepsy in 30% of
the population with epilepsy (Ndimubanzi et al. 2010). Cases of intestinal taeniasis are
consistently observed to cluster in families possibly due to food consumption habits
(Allan et al. 1996b). Rate of porcine infection varies and seropositivity has been
observed in 30–60% pigs (Garcia et al. 1999; Gonzalez et al. 1990).

Diagnosis of cysticercosis is based on a set of criteria developed using clinical,
radiologic, histologic, and epidemiologic findings (Garcia and Del Brutto 2003;
Kraft 2007). Neurocysticercosis is diagnosed using a computed tomography
(CT) scan and performing a cerebrospinal fluid (CSF) examination (Garcia et al.
2005; Garcia and Del Brutto 2003; Kraft 2007). The MRI is a better tool in detecting
certain pathological changes (Garcia et al. 2003a). Antibodies against T. solium
generally persist even after the cyst dies, hence serology should be used as a
confirmatory test secondary to clinical signs and imaging studies (Garcia et al.
2005). Frequency of stool examination for T. solium eggs vary among patients and
may be related to the severity of infection (Garcia and Del Brutto 1999; Gilman et al.
2000). In addition, ELISA and PCR tests for coproantigen detection may be useful in
screening for T. solium carriers in endemic regions (Mahanty et al. 2010).

Antiparasitic treatment such as albendazole and praziquantel in conjunction with
steroids are the treatment of choice in most types of cysticercosis (Baranwal et al.
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1998, 2001; Carpio et al. 1995; Padma et al. 1994; Padma et al. 1995; Corona et al.
1996; Pretell et al. 2001). Studies have shown 100% effectiveness using the TSOL18
vaccine developed against T. solium in pigs (Gonzalez et al. 2005; Flisser et al. 2004;
Lightowlers 2004). The vaccine requires at least two doses to be effective.

Some preventative strategies for parasitic infections such as Trichinella and
T. solium are improved living conditions by better sanitation, education and com-
mercial pig production, regular monitoring and mandatory reporting for the patho-
gen (Nockler and Kapel 2007; Community E 2005), strict regulations in pig-farms
and slaughterhouses (Gottstein et al. 2009), adequate vaccination of pigs, health
education and human mass chemotherapy (Gottstein et al. 2009), pig corralling, and
regulations for processing pork and pork products (Garcia et al. 2007; Hill et al.
2010). However, these preventative practices are not implemented in high-risk
countries such as Eastern Europe, Asia, parts of South America, and in the African
subcontinent. These regions have the potential for exponential increase in transmis-
sion of pathogens due to the dense pig population, interaction between humans and
pigs, and the vast reservoir for Trichinella in regional wildlife. Human cultural and
social practices are one of the greatest challenges in prevention of transmission of
food-borne parasites such as Trichinella and T. solium on a global basis.

4.11 Discussion

In recent decades, the global emergence of infectious diseases in human, domestic
animals, and wildlife have attracted a greater attention of researchers and agencies.
As a result, studies have now demonstrated zoonotic pathogens by quantitative
analysis as risk factors for emergence in humans (Cleaveland et al. 2001). Rapid
growth of human population and globalization of trade are considered to be main
factors responsible for emergence of zoonotic diseases. However, several other
direct and indirect factors such as ecological disruption, increasing movement of
animal species, uncultivatable organisms, and terrorism play potential role in disease
expansion (Brown 2004). A study by Jones et al. found a significant correlation
between emerging infectious disease origin and socio-economic, environmental, and
ecological factors (Jones et al. 2008).

Zoonotic diseases account for 75% of all emerging diseases affecting the human
population in the last two decades (Brown 2004). Almost two-thirds (61%) of human
infectious diseases are zoonotic in nature. A database of disease causing pathogens
of humans and domestic mammals constructed by Cleaveland et al. showed that
61.6% of 1415 pathogens able to cause human diseases have an animal origin. A
high prevalence of multi-host pathogens were observed in both human and domestic
mammal pathogens, suggesting cross-species transmission (Cleaveland et al. 2001).
The COVID-19 pandemic demonstrates once again how vulnerable we are to such
emerging zoonotic pathogens, and susceptibility of pigs to the virus seems to be low
but with mixed results to date (Pickering et al. 2021; Vergara-Alert et al. 2021).

Recent decades have witnessed the rapid growth of pork industry (Pappas 2013). In
fact, pork is the most widely eaten meat in the world, leading to the production of 1.3
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billion pigs each year globally (Health CfFSaP 2013). Global increase in pork produc-
tion and predicted increase in annual pork demand have reached 80% and 7%, respec-
tively (Pappas 2013). However, the projected human population growth still
outcompetes the meat supply. This increase in demand of pork production has led to
intensification and industrialization of production systems. Production modifications
with larger herds in a contained area have the potential to make pigs and their caretakers
increasingly vulnerable to inter-species pathogen transmission (Pappas 2013).

A recent review of emerging pig pathogens revealed at least 77 novel emerging
species, of which 35 were pig-specific zoonotic (Pappas 2013) suggesting an urgent
need of considering pigs as a potential vehicle for zoonotic disease transmission. The
pig may also serve as an amplifying host, as is the case for both Japanese encephalitis
virus and Nipah viruses discussed above (Weaver and Barrett 2004; Pappas 2013).

The economic burden imposed by zoonotic diseases is paramount. It has been
estimated that the zoonotic epidemics between the period of 1995 and 2008 caused
more than 120 billion dollars in economic loss. Major recent infectious disease
outbreaks have been zoonotic, leading to unprecedented human morbidity and
mortality causing greater human productivity loss (Cascio et al. 2011). For example,
cysticercosis alone, a parasitic infection that is caused by uncooked or undercooked
pork, imposes an estimated economic burden between US $18.6 million and
US$34.2 million in the eastern cape of South Africa (Carabin et al. 2006).

As zoonotic infections go beyond the individual and affect the household,
especially in agricultural settings, the economic impact is even more pronounced.
Animal loss due to disease or mandatory regulations adds more to the economic
burden of zoonoses. For example, the slaughter of more than one million pigs in
Malaysia in 1999 in the wake of Nipah virus outbreak caused destruction of the local
swine industry. It is predicted that the majority of future infectious disease outbreaks
will be zoonotic in origin (Cascio et al. 2011), potentially amplifying this cycle.

4.12 Conclusions/Recommendations

Zoonotic diseases directly impact human morbidity and mortality. An indirect impact
of zoonotic diseases is via disruption of the food chain, thus causing grave economic
loss. The globe is under the threat of emergence of new species of zoonotic pathogens
and their pandemic potential, such as the H1N1 pandemic of 2009 and the COVID-19
pandemic. Public health intervention programs to tackle the rapid emergence of
zoonoses are essential, but underfunded and understaffed. Public health interventions
should be designed in the light of evidence-based practices to address the zoonotic
diseases that are often neglected and associated with poverty such as zoonotic
helminthes, protozoan, viral and bacterial infections. Disease-specific research prior-
ities to support zoonotic disease control are crucial to combat the epidemics and
pandemics of zoonoses (World Health Organization 2012). What was effective in
the mitigation of zoonotic diseases epidemics or pandemics a decade ago could be
antediluvian in the current era largely due to rapid human growth, transportation,
movement, and human migration. Early detection, rapid and enhanced surveillance,
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and ongoing research for the discovery of new knowledge are warranted for the
effective mitigation of emerging zoonotic infectious diseases. A long-term socio-
political and economic commitment by government and private agencies across the
globe is essential to combat the global threat of zoonotic diseases. Policy-makers
should consider prioritizing for improved surveillance, multi-sectorial interactions
between public health, livestock, agriculture, natural resource and wildlife, and a
measure to precisely assess the burden of zoonoses (World Health Organization 2012).

Practice of good personal hygiene such as proper hand washing after working with
animal and animal products, use of proper personal protective equipment (PPE) while
working with animal or animal facilities, isolation of sick or infected animal, and good
practice of cleaning and disinfection would help to prevent the zoonotic disease
infection and transmission. High-risk-groups should get vaccinated if one is available.
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Abstract

Sheep and goat can be infected with several pathogens. While some may have a
great impact on the small ruminant industry, others are more important as
zoonotic agents. Human infections can occur from contact with both live and
dead animals, animal products, and wastes, whereas some are well known while
others have only recently been discovered. Several microorganisms may cause
severe infection if transmitted to vulnerable people, such as pregnant and
immune-comprised persons. Climate change, increased globalization, loss of
natural habitats, improved diagnostics, and an active surveillance will increase
records of zoonotic infections. The present chapter will briefly deal with a
selected number of zoonotic microorganisms where small ruminants may play
an important role as hosts for human infection.

Keywords

Sheep · Goats · Zoonosis · Review

5.1 Introduction

Sheep and goats, which were domesticated by humans as early as 9.000 years ago, are
distributed worldwide and their products, such as milk, meat, wool, and skin are used
extensively. Microorganisms have therefore been shared between humans and small
ruminants for a long period of time. In this context, small ruminants may carry zoonotic
pathogens, either transiently or permanently. The risk of transmission to humans varies
considerably due to geographical area, seasons, climatic conditions, and management
systems. The impact on human health will also depend on pathogen species/subspecies,
virulence of the pathogen, level of exposure, presence of co-infections, susceptibility of
the host, the host immune status, and the transmission route.

In general, microorganisms can be transmitted from small ruminants to humans by
direct contact, aerosols, milk, meat, or indirectly by manure, feces, urine, and wool.
For instance, the development of zoonotic infections through exposure to manure,
either directly or indirectly, constitutes a real and significant risk of human health.
Contamination of ground, irrigation or drinking water provides not only a source of
infection, but also a means to spread the pathogens (Milinovich and Klieve 2011).
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Water and foodborne zoonotic pathogens, such as Campylobacter jejuni, Crypto-
sporidium parvum, Escherichia coli (EHEC), Giardia duodenalis, and Salmonella spp.
are widespread and have a wide host range. Salmonella spp., for instance, are ubiquitous
in nature and have been isolated from a wide variety of vertebrate hosts. Salmonella is
also commonly found in farm animals, their environments, and is one of the most
important foodborne zoonotic microorganisms (Milinovich and Klieve 2011). Infections
from goat products due to consumption of raw or uncooked goat meat, milk, and cheese
have been documented. Severe gastroenteritis and even fatalities may occur (Desenclos
et al.1996; Espié and Vaillant 2005). However, human salmonellosis may not normally
arise as a result of contact with small ruminants, since this transmission pathway seems
to be less frequent than that from other animals such as cattle and poultry (Kirby 1985;
Rabinowitz and Conti 2010). Although S. enterica subsp. diarizonae is commonly
found in sheep, the impact on human health seems to be limited (Sören et al. 2015).
Similarly, all the mentioned pathogens are important zoonotic agents, but small rumi-
nants play normally a less important role as reservoir for human infection compared to
other species (Palmer et al. 1998). These microorganisms will therefore not be described
further in this condensed review.

Some links between diseases in humans and animals are still debated. For instance,
Mycobacterium avium subspecies paratuberculosis (MAP) causing Johne´s disease in
ruminants has been isolated from some humans with Crohn´s disease, a chronic
granulomatous infection of the human intestine (Sharp 2007; Smith and Sherman
2009). The association between this bacterium and the disease is still unclear (Agrawal
et al. 2020). The presence of MAP in a percentage of Crohn´s disease patients is either
associated with the pathogenesis of the disease or these patients may be more likely to
be colonized by these organisms. The unanswered question raises the issue of meat,
milk, and water contamination byMAP and human health (West et al. 2009; Singh and
Gopinath 2011). Transmissible spongiform encephalopathies such as classical scrapie
is an old, widespread, and well-known disease in small ruminants, but its zoonotic
potential has not yet been verified, although bovine spongiform encephalopathies,
another prion disease, may cause human disease (Ganter 2015). It has also been
questioned if Borna disease virus infection in sheep, one of the principle species
affected could be transmitted to humans (Chalmers et al. 2005; Dürrwald et al. 2007).
However, recent investigation indicates that sheep only represent an accidental dead-
end host, with no contribution to the spread of the virus (Rubbenstroth et al. 2019).
The issues mentioned above will not be discussed further in this chapter.

5.2 Specific Infections

Zoonotic pathogens detected in small ruminants of which several may cause severe
infection in humans, are listed in Tables 1, 2 and 3. These lists, however, are not
complete. Microorganisms may, for instance, be transmitted to humans due to the
lack of normal hygiene procedures when handling infectious material. Common
pathogens, such as Staphylococus aureus and Trueperella pyogenes, which regularly
cause infections in small ruminants, are not covered by this chapter. In this short

166 S. Stuen



Ta
b
le

1
Z
oo

no
tic

ba
ct
er
ia
,r
ic
ke
tts
ia
,a
nd

ch
la
m
yd

ia
de
te
ct
ed

in
sm

al
l
ru
m
in
an
ts

P
at
ho

ge
n

H
os
t

D
is
tr
ib
ut
io
n

T
ra
ns
m
is
si
on

C
lin

ic
al
sy
m
pt
om

s
(s
m
al
l
ru
m
in
an
ts
)

C
lin

ic
al
sy
m
pt
om

s
(h
um

an
)

R
ef
er
en
ce
s

A
na

pl
as
m
a
ca
pr
a

W
ild

de
er
,

sm
al
l

ru
m
in
an
ts

A
si
a,
E
ur
op

e
T
ic
ks

M
ild

-
su
bc
lin

ic
al

F
lu
-l
ik
e
C
N
S
-s
ym

pt
om

s
P
en
g
et
al
.

(2
02

1)

A
na

pl
am

sa
ov
is

S
m
al
l

ru
m
in
an
ts

W
or
ld
w
id
e

T
ic
ks

M
ild

-
se
ve
re
,A

ne
m
ia

F
lu
-l
ik
e
(o
nl
y
on

e
ca
se
)

C
ho

ch
la
ki
s

et
al
.(
20

10
)

S
tu
en

(2
02

0)

A
na

pl
as
m
a

ph
ag

oc
yt
op

hi
lu
m

(s
ev
er
al
va
ri
an
ts
)

S
ev
er
al

m
am

m
al
s

N
or
th
er
n

H
em

is
ph

er
e

(I
xo

de
s-
tic
k)

T
ic
ks

M
ild

-
su
bc
lin

ic
al

M
ild

-
se
ve
re
,A

ne
m
ia

F
ev
er
,a
bo

rt
io
n

(s
ec
on

da
ry

in
fe
ct
io
ns
)

V
ar
ia
bl
e,
fl
u-
lik

e
–
se
ve
re

in
fe
ct
io
n

W
ol
de
hi
w
et

(2
01

0)
S
tu
en

(2
02

0)

B
ac
ill
us

an
th
ra
ci
s

S
ev
er
al

m
am

m
al
s

W
or
ld
w
id
e

A
er
os
ol
s,

cu
ta
ne
ou

s,
or
al
(s
po

re
s)

F
ou

nd
de
ad

V
ar
ia
bl
e,
cu
ta
ne
ou

s,
pu

lm
on

ar
y,

an
d
in
te
st
in
al
fo
rm

T
ur
nb

ul
l

(1
99

8)

B
or
re
lia

bu
rg
do

rf
er
i

se
ns
u
la
to

S
ev
er
al
,

in
cl
.s
m
al
l

ro
de
nt
s,

bi
rd
s

N
or
th
er
n

H
em

is
ph

er
e

(I
xo

de
s-
tic
k)

T
ic
ks

S
ub

cl
in
ic
al
,a
rt
hr
iti
s

V
ar
ia
bl
e
A
cu
te
-
su
ba
cu
te

-c
hr
on

ic
fo
rm

S
ta
ne
k
et
al
.

(2
00

2)

B
ru
ce
lla

m
el
ite
ns
is
(B
.

ab
or
tu
s)

S
ev
er
al
,

m
ai
nl
y

sm
al
l

ru
m
in
an
ts

W
id
es
pr
ea
d,

es
pe
ci
al
ly

M
ed
ite
rr
an
ea
n,

M
id
dl
e
E
as
t

O
ra
l

(a
er
os
ol
s,

cu
ta
ne
ou

s)

A
bo

rt
io
n,

ar
th
ri
tis

V
ar
ia
bl
e,
un

du
la
tin

g
fe
ve
r

ch
ro
ni
c

S
ee

te
xt

B
ur
kh
ol
de
ri
a

ps
eu
do

m
al
le
i

S
ev
er
al

W
id
es
pr
ea
d,

m
ai
nl
y
tr
op

ic
al

ar
ea
s

O
ra
l,
in
se
ct
s,

ve
rt
ic
al

tr
an
sm

is
si
on

A
bs
ce
ss
es
,w

ei
gh

t
lo
ss
,

po
ly
ar
th
ri
tis

m
en
in
go

en
ce
ph

al
iti
s

P
ne
um

on
ia
,s
ep
tis
,g
en
ito

ur
in
ar
y

in
fe
ct
io
n,

ab
sc
es
se
s,
su
pp

ur
at
iv
e

pa
ro
tit
is
,e
nc
ep
ha
lo
m
ye
lit
is

C
he
ng

an
d

C
ur
ri
e

(2
00

5)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

(c
on

tin
ue
d)

5 Small Ruminants: Zoonotic Infections 167



Ta
b
le

1
(c
on

tin
ue

d)

P
at
ho

ge
n

H
os
t

D
is
tr
ib
ut
io
n

T
ra
ns
m
is
si
on

C
lin

ic
al
sy
m
pt
om

s
(s
m
al
l
ru
m
in
an
ts
)

C
lin

ic
al
sy
m
pt
om

s
(h
um

an
)

R
ef
er
en
ce
s

C
am

ph
yl
ob

ac
te
r
je
ju
ni

S
ev
er
al
,

es
p.

po
ul
tr
y

W
id
es
pr
ea
d

O
ra
l

A
bo

rt
io
n,

w
at
er
y

di
ar
rh
ea

F
lu
-l
ik
e,
D
ia
rr
he
a

S
ki
rr
ow

(1
99

8)

C
hl
am

yd
op

ila
ab

or
tu
s

S
ev
er
al
,

m
ai
nl
y

sm
al
l

ru
m
in
an
ts

W
id
es
pr
ea
d

A
er
os
ol
s

A
bo

rt
io
n

A
bo

rt
io
n,

st
ill
bi
rt
h,

pu
er
pe
ra
l

se
ps
is
,r
en
al
fa
ilu

re
,h

ep
at
ic

dy
sf
un

ct
io
n,

D
IC

S
ee

te
xt

C
or
yn
eb
ac
te
ri
um

ps
eu
do

tu
be
rc
ul
os
is

S
ev
er
al
,

in
cl
.

do
m
es
tic

an
im

al
s

W
id
es
pr
ea
d

C
ut
an
eo
us
,

or
al

C
as
eo
us

ly
m
ph

ad
en
iti
s

S
up

pu
ra
tiv

e
gr
an
ul
om

at
ou

s
ly
m
ph

ad
en
iti
s

T
ho

m
as

(1
99

8)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

C
ox
ie
lla

bu
rn
et
ii

S
ev
er
al
,

in
cl
.

liv
es
to
ck

W
id
es
pr
ea
d

A
er
os
ol
s,

or
al

(c
ut
an
eo
us
,

tic
ks
)

A
bo

rt
io
n,

st
ill
bi
rt
h,

w
ea
k
of
fs
pr
in
g

F
lu
-l
ik
e,
pn

eu
m
on

ia
,

en
do

ca
rd
iti
s,
he
pa
tit
is

S
ee

te
xt

D
er
m
at
op

hi
lu
s

co
ng

ol
en
si
s

S
ev
er
al

sp
ec
ie
s

W
or
ld
w
id
e

C
ut
an
eo
us

D
er
m
at
iti
s
(e
xu

da
te
)

D
er
m
at
iti
s

S
te
w
ar
t

(1
97

2a
,b

)
H
ys
lo
p

(1
98

0)

E
hr
lic
hi
a
ru
m
in
an

tiu
m

R
um

in
an
ts

A
fr
ic
a,

C
ar
ib
be
an

T
ic
ks

H
ea
rt
w
at
er

S
ev
er
e,
en
ce
ph

al
iti
s,
va
sc
ul
iti
s

A
lls
op

p
(2
01

0)

E
sc
he
ri
ch
ia

co
li

(E
H
E
C
)

S
ev
er
al

W
or
ld
w
id
e

O
ra
l

H
ea
rt
w
at
er

V
ar
ia
bl
e

D
ia
rr
he
a,
he
m
or
ra
ha
gi
c
co
lit
is

H
U
S

N
el
so
n
et
al
.

(1
99

8)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

168 S. Stuen



F
ra
nc
is
el
la

tu
la
re
ns
is

S
ev
er
al

ho
st
s,
es
p.

ro
de
nt
s

W
or
ld
w
id
e

A
er
os
ol
s,

or
al
,

cu
ta
ne
ou

s,
tic
ks

S
ep
si
s

V
ar
ia
bl
e

B
ub

on
ic
-
in
te
st
in
al
-
pn

eu
m
on

ic
fo
rm

P
ea
rs
on

(1
99

8)
G
en
ch
ie
ta
l.

(2
01

5)

L
ep
to
sp
ir
a
sp
p.
se
ro
va
r

P
om

on
a
(s
er
ov

ar
H
ar
dj
o-
bo

vi
s)

S
ev
er
al

m
am

m
al
s,

in
cl
.c
at
tle
,

pi
g

U
nk

no
w
n

O
ra
l,

cu
ta
ne
ou

s
F
ev
er
,d

ep
re
ss
io
n,

dy
sp
ne
a,
w
ea
kn

es
s,

an
em

ia
,i
ct
er
us
,

he
m
og

lo
bi
nu

ri
a

F
lu
-l
ik
e,
en
ce
ph

al
iti
s

S
ee

te
xt

L
is
te
ri
a

m
on

oc
yt
og

en
es

(L
.i
va
no

vi
i)

S
ev
er
al

W
or
ld
w
id
e

O
ra
l,

cu
ta
ne
ou

s
A
bo

rt
io
n,

en
ce
ph

al
iti
s,

se
pt
ic
em

ia
,m

as
tit
is
,

di
ar
rh
ea
,o

cu
la
r
di
se
as
e

M
en
in
gi
tis
,e
nc
ep
ha
lit
is
,

se
pt
ic
em

ia
S
ee

te
xt

M
yc
ob

ac
te
ri
um

av
iu
m

su
bs
pe
ci
es

pa
ra
tu
be
rc
ul
os
is

(J
oh

né
s
di
se
as
e)

S
ev
er
al
,

es
p.

ru
m
in
an
ts

an
d
ra
bb

its

W
id
es
pr
ea
d

O
ra
l

P
ro
gr
es
si
ve

w
ei
gh

tl
os
s,

di
ar
rh
ea
,

in
te
rm

an
di
bu

la
r
ed
em

a

C
hr
on

ic
br
on

ch
iti
s,
ce
rv
ic
al

ly
m
ph

ad
en
op

at
hy
,d

is
se
m
in
at
ed

di
se
as
e
(C
ro
hn

´s
di
se
as
e?
)

G
al
la
gh

er
an
d
Je
nk

in
s

(1
99

8)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

P
an

ol
a
M
ou

nt
ai
n

E
hr
lic
hi
a

Sa
lm
on

el
la

sp
p.

S
m
al
l

ru
ni
na
nt
s

S
ev
er
al

U
S
A
,A

fr
ic
a

W
or
ld
w
id
e

T
ic
ks

O
ra
l

U
nk

no
w
n

G
as
tr
oe
nt
er
iti
s,

se
pt
ic
em

ia
,a
bo

rt
io
n

M
ild

,s
or
e
ne
ck

E
nt
er
ic
fe
ve
r,
ga
st
ro
en
te
ri
tis
,

di
ar
rh
ea
,s
ep
to
ce
m
ia

S
tu
en

(2
02

0)
H
um

ph
re
y

et
al
.(
19

98
)

M
ea
rn
s

(2
00

7)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

Ye
rs
in
ia

en
te
ro
co
lit
ic
a

Y.
pa

ra
tu
be
rc
ul
os
is

S
ev
er
al

W
id
es
pr
ea
d

O
ra
l

E
nt
er
iti
s,
m
as
tit
is
,

ab
or
tio

n,
ill
-t
hr
if
t

E
nt
er
oc
ol
iti
s,
po

ly
ar
th
ri
tis
,

er
yt
he
m
a
no

do
su
m
,e
xu

da
tiv

e
ph

ar
yn

gi
tis
,s
ep
si
s

B
ut
le
r

(1
99

8)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

5 Small Ruminants: Zoonotic Infections 169



Ta
b
le

2
Z
oo

no
tic

vi
ru
s
de
te
ct
ed

in
sm

al
l
ru
m
in
an
ts

P
at
ho

ge
n

H
os
t

D
is
tr
ib
ut
io
n

T
ra
ns
m
is
si
on

C
lin

ic
al
sy
m
pt
om

s
(s
m
al
l
ru
m
in
an
ts
)

C
lin

ic
al
sy
m
pt
om

s
(h
um

an
)

R
ef
er
en
ce
s

C
ri
m
ea
n-
C
on

go
he
m
or
ra
gi
c
fe
ve
r

(g
en
us

N
ai
ro
vi
ru
s)

S
ev
er
al
,

in
cl
ud

in
g
w
ild

an
d
do

m
es
tic

an
im

al
s

A
si
a,
A
fr
ic
a,

so
ut
he
as
te
rn

E
ur
op

e

T
ic
ks
,e
sp
ec
ia
lly

H
ya
lo
m
m
a
sp
p.

U
nk

no
w
n

V
ar
ia
bl
e,
hi
gh

fe
ve
r,

he
m
or
rh
ag
es
,m

ul
tio

rg
an

fa
ilu

re
,

hi
gh

fa
ta
lit
y
ra
te

B
en
te
et
al
.

(2
01

4)

L
ou

pi
ng

-i
ll

(g
en
us

F
la
vi
vi
ru
s)

S
ev
er
al
,

es
pe
ci
al
ly

sh
ee
p

an
d
gr
ou

se

S
ca
nd

in
av
ia
,

U
ni
te
d

K
in
gd

om

T
ic
ks
,(
Ix
od

es
ri
ci
nu

s)
(A

er
os
ol
s,
or
al
,

cu
ta
ne
ou

s)

V
ar
ia
bl
e,
su
bc
lin

ic
al
-

in
co
or
di
na
tio

n
-

pa
ra
ly
si
s

T
ic
k-
bo

rn
e
en
ce
ph

al
iti
s

R
ei
d
an
d

C
hi
an
in
i

(2
00

7)

N
ai
ro
bi

sh
ee
p
di
se
as
e

(g
en
us

N
ai
ro
vi
ru
s)

S
m
al
l
ru
m
in
an
ts

A
fr
ic
a

T
ic
ks

(m
ai
nl
y

R
hi
pi
ce
ph

al
us

ap
pe
nd

ic
ul
at
us
)

F
ev
er
,d

ia
rr
he
a,

ga
st
ro
en
te
ri
tis
,
de
at
h

R
ar
e.
be
ni
gn

ill
ne
ss

S
w
an
ep
oe
l

(1
99

8)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

O
rf
(g
en
us

P
ar
ap

ox
vi
ru
s)

S
ev
er
al
,m

ai
nl
y

sm
al
l
ru
m
in
an
ts

W
or
ld
w
id
e

C
ut
an
eo
us

(o
ra
l)

W
ar
t-
lik

e
ou

tg
ro
w
s

S
ki
n
le
si
on

s
S
ee

te
xt

R
ab
ie
s
(g
en
us

Ly
ss
av
ir
us
)

S
ev
er
al

W
id
es
pr
ea
d

B
ite
,(
A
er
os
ol
s,

or
al
)

B
eh
av
io
r
ch
an
ge
s,

pa
ra
ly
si
s,
pa
ra
ly
tic
/

fu
ri
ou

s
co
nd

iti
on

,d
ea
th

N
on

sp
ec
ifi
c
(p
ro
dr
om

al
pe
ri
od

)
P
ar
al
ys
is
,a
gg

re
ss
io
n,

un
co
ns
ci
ou

sn
es
s,
pa
ra
ly
si
s

K
in
g

(1
99

8)

R
if
t
V
al
le
y
F
ev
er

(g
en
us

P
hl
eb
ov
ir
us
)

U
ng

ul
at
es

A
fr
ic
a,

A
ra
bi
an

P
en
in
su
la

M
os
qu

ito
es

(A
ed
es

sp
p.
)
.

O
th
er

in
se
ct
s

A
bo

rt
io
n,

fe
ve
r,

lis
tle
ss
ne
ss
,
re
cu
m
be
nc
y

F
lu
-l
ik
e

M
en
ig
oe
nc
ep
ha
lit
is
,

he
m
or
rh
ag
ic
fe
ve
r,

ph
ot
op

ho
bi
a,
re
tin

iti
s

S
ee

te
xt

170 S. Stuen



S
ev
er
e
fe
ve
r
w
ith

th
ro
m
bo

cy
to
pe
ni
a

sy
nd

ro
m
e
(S
F
T
S
)

S
ev
er
al
sp
ec
ie
s

A
si
a,

es
pe
ci
al
ly

C
hi
na

T
ic
ks
,e
sp
ec
ia
lly

H
em

op
hy
sa
lis

lo
ng

ic
or
ni
s

U
nk

no
w
n

F
ev
er
,g

as
tr
oi
nt
es
tin

al
sy
m
pt
om

s,
th
ro
m
bo

cy
to
pe
ni
a,

le
uk

oc
yt
op

en
ia
,

ly
m
ph

ad
en
op

at
hy

C
he
n
et
al
.

(2
01

9)

T
ic
k-
bo

rn
e

en
ce
ph

al
iti
s

S
ev
er
al
,m

ai
nl
y

sm
al
l
ro
de
nt
s,

tic
ks

A
si
a,
E
ur
op

e
T
ic
ks
,o

ra
l

M
ild

,s
ub

cl
in
ic
al

B
ip
ha
si
c
fe
ve
r,
tic
k-
bo

rn
e

en
ce
ph

al
iti
s

F
ev
er
,r
as
h,

ar
th
ra
lg
ia

R
uz
ek

et
al
.

(2
01

9)

W
es
se
ls
br
on

di
se
as
e

(g
en
us

F
la
vi
vi
ru
s)

S
ev
er
al
,i
nc
l.

do
m
es
tic

ru
m
in
an
ts
an
d

ro
de
nt
s

S
ou

th
A
fr
ic
a

M
os
qu

ito
s

(A
ed
es
),

(A
er
os
ol
s,
or
al
)

A
bo

rt
io
n,

su
dd

en
de
at
h

F
ev
er
,r
as
h,

ar
th
ra
lg
ia

L
ea
ke

(1
99

8)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

5 Small Ruminants: Zoonotic Infections 171



Ta
b
le

3
Z
oo

no
tic

pa
ra
si
te
s
an
d
fu
ng

i
de
te
ct
ed

in
sm

al
l
ru
m
in
an
ts

P
at
ho

ge
n

H
os
t

D
is
tr
ib
ut
io
n

T
ra
ns
m
is
si
on

C
lin

ic
al
sy
m
pt
om

s
(s
m
al
l

ru
m
in
an
ts
)

C
lin

ic
al

sy
m
pt
om

s
(h
um

an
)

R
ef
er
en
ce
s

B
ab

es
ia

ve
na

to
ru
m

W
ild

de
er
,e
sp
ec
ia
lly

ro
e
de
er

E
ur
op

e
T
ic
ks

O
ra
l

U
nk

no
w
n

A
ne
m
ia
,f
ev
er
,

da
rk

ur
in
e

A
za
gi

et
al
.

(2
02

0)
G
ra
y
et
al
.

(2
01

9)

C
ry
pt
os
po

ri
di
um

pa
rv
um

S
ev
er
al
,e
sp
.c
at
tle

W
or
ld
w
id
e

O
ra
l

S
ub

cl
in
ic
al
(a
du

lts
)

W
at
er
y
di
ar
rh
ea

(y
ou

ng
an
im

al
s)

D
ia
rr
he
a

W
ri
gh

t
an
d

C
oo

p
(2
00

7)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

D
ic
ro
co
el
iu
m

de
nd

ri
tic
um

S
ev
er
al
,e
sp
.d

om
es
tic

ru
m
in
an
ts

W
id
es
pr
ea
d

O
ra
l

S
ub

cl
in
ic
al

W
ei
gh

t
lo
ss
,A

ne
m
ia

S
ub

cl
in
ic
al

C
on

st
ip
at
io
n
/

di
ar
rh
ea
,

he
pa
to
m
eg
al
y

S
m
ith

an
d

S
he
rm

an
(2
00

9)

E
ch
in
oc
oc
cu
s

gr
an

ul
os
us

S
ev
er
al
(i
nt
er
m
ed
ia
te

ho
st
s)

C
an
id
s
(e
nd

ho
st
)

W
id
es
pr
ea
d

O
ra
l

M
ai
nl
y
su
bc
lin

ic
al

V
ar
ia
bl
e

(l
oc
al
iz
at
io
n/
si
ze
)

S
ho

ck
/p
ul
m
on

ar
y

ed
em

a

S
ee

te
xt

172 S. Stuen



E
ur
yt
re
m
a

pa
nc
re
at
ic
um

S
ev
er
al
do

m
es
tic

an
im

al
s,
es
p.

ru
m
in
an
ts

A
si
a,
S
ou

th
A
m
er
ic
a

O
ra
l

S
ub

cl
in
ic
al
,i
ll-
th
ri
ft
,
w
ei
gh

t
lo
ss

em
ac
ia
tio

n
N
on

sp
ec
ifi
c

L
lo
yd

an
d

S
ou

ls
by

(1
99

8)
T
ay
lo
r
et
al
.

(2
00

7)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

F
as
ci
ol
a
he
pa

tic
a

S
ev
er
al
ru
m
in
an
t

S
na
il:

(i
nt
er
m
ed
ia
te

ho
st
s)

W
or
ld
w
id
e

O
ra
l

A
cu
te
,s
ub

ac
ut
e,
ch
ro
ni
c

(a
ne
m
ia
,i
ct
er
us
,

su
bm

an
di
bu

la
r
ed
em

a,
de
at
h)

V
ar
ia
bl
e

A
cu
te
(h
ep
at
ic
)
-

ch
ro
ni
c
(b
ili
ar
y)

ph
as
e

M
as
-C
om

a
(2
00

5)
S
m
ith

an
d

S
he
rm

an
(2
00

9)
F
ri
ed

an
d

A
br
uz
zi

(2
01

0)

G
ia
rd
ia

du
od

en
al
is

S
ev
er
al
sp
ec
ie
s

W
or
ld
w
id
e

O
ra
l

S
ub

cl
in
ic
al
,e
nt
er
iti
s,
di
ar
rh
ea

V
ar
ia
bl
e,
di
ar
rh
ea
,

ch
ro
ni
c
sy
nd

ro
m
e

T
ho

m
ps
on

(1
99

8)
T
ay
lo
r
et
al
.

(2
00

7)

O
es
tr
us

ov
is

S
m
al
l
ru
m
in
an
ts

U
nk

no
w
n

F
lie
s

N
as
al
di
sc
ha
rg
e,
sn
ee
zi
ng

,
ru
bb

in
g
(n
os
es
)

(u
nt
hr
if
tin

es
s/
in
co
or
di
na
tio

n)
,

C
at
ar
rh
al

co
nj
un

ct
iv
iti
s,

st
om

at
iti
s

B
ee
sl
ey

(1
99

8)
T
ay
lo
r
et
al
.

(2
00

7)

(c
on

tin
ue
d)

5 Small Ruminants: Zoonotic Infections 173



Ta
b
le

3
(c
on

tin
ue

d)

P
at
ho

ge
n

H
os
t

D
is
tr
ib
ut
io
n

T
ra
ns
m
is
si
on

C
lin

ic
al
sy
m
pt
om

s
(s
m
al
l

ru
m
in
an
ts
)

C
lin

ic
al

sy
m
pt
om

s
(h
um

an
)

R
ef
er
en
ce
s

Sc
hi
st
os
om

a
sp
p.

S
ev
er
al

W
id
es
pr
ea
d,
es
p.

tr
op

ic
s,

su
bt
ro
pi
cs
)

C
ut
an
eo
us

R
hi
ni
tis
,e
nt
er
iti
s,
he
pa
tit
is
,

pn
eu
m
on

ia
M
ul
tis
ys
te
m
ic

N
on

sp
ec
ifi
c

D
er
m
at
iti
s

T
ay
lo
r

(1
99

8)
S
m
ith

an
d

S
he
rm

an
(2
00

9)

Ta
en
ia

m
ul
tic
ep
s

(C
oe
nu

ro
si
s

ce
re
br
al
is
)

S
he
ep

U
nk

no
w
n,

O
ra
l

D
ep
re
ss
io
n,

bl
in
dn

es
s,

co
nv

ul
si
on

s
V
ar
ia
bl
e,

(l
oc
al
iz
at
io
n)

L
lo
yd

(1
99

8)

To
xo
pl
am

a
go

nd
ii

M
ul
tip

le
in
te
rm

ed
ia
te

ho
st
s,
F
el
id

fa
m
ily

(e
nd

ho
st
)

W
or
ld
w
id
e

O
ra
l
(t
is
su
e

cy
st
s)

A
bo

rt
io
n,

st
ill
bo

rn
,w

ea
k

of
fs
pr
in
g

M
ild

–
tr
an
si
en
t
-

se
ri
ou

s
A
bo

rt
io
n,

co
ng

en
ita
l
le
si
on

s

S
ee

te
xt

Tr
ic
op

hy
to
n

ve
rr
uc
os
um

S
ev
er
al
,m

ai
nl
y
ca
ttl
e

W
or
ld
w
id
e

C
ut
an
eo
us

A
lo
pe
ci
a,
sc
al
in
g,

cr
us
tin

g,
fo
lli
cu
lit
is

D
er
m
at
op

hy
to
si
s

S
pa
rk
es

(1
99

8)

174 S. Stuen



review, the focus is on the distribution, hosts, disease manifestations, transmission,
diagnosis, treatment, and control measures on a selected number of zoonotic micro-
organisms where small ruminants may play an important role as reservoir hosts for
human infection. Focus will be on the following pathogens: Brucella melitensis,
Chlamydophila abortus, Coxiella burnetii, Echinococcus granulosus, Leptospira
interrogans, Listeria monocytogenes, Orf-virus, Rift Valley fever virus, tick-borne
pathogens (several), and Toxoplasma gondii.

5.3 Brucellosis

5.3.1 The Pathogen

Bacteria of the genus Brucella are Gram-negative coccobacilli. There are four
important species that may cause infection in humans, whereas B. melitensis is
considered as the most invasive producing the most severe disease in humans
(Godfroid et al. 2005; El-Koumi et al. 2013). B. melitensis is associated with small
ruminants, although B. abortusmay occasionally cause infection in sheep and goats.

5.3.2 Occurrence

Worldwide, particularly in the Mediterranean region, Middle East, parts of Asia and
Africa, and Central and South America (Corbel 1997; Castrucci 2007).

5.3.3 Hosts

B. melitensis is primarily found in sheep, goats, and camels, but cattle, dogs, and rats
can also acquire the infection (Castrucci 2007).

5.3.4 Disease in Small Ruminants

B. melitensis may cause abortion, and occasionally orchitis and arthritis. Usually,
abortion occurs from mid to late pregnancy. The infection may persist in the udder to
the following pregnancies. Excretion of bacteria may last for 2 months in vaginal
discharges and up to 180 days in milk after delivery or abortion (Castrucci 2007;
Scott 2007; Smith and Sherman 2009).

5.3.5 Disease in Humans

It has been estimated that around 500.000 cases of human brucellosis occur annually
(Franco et al. 2007). The incubation period varies from 1 week to several months.
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Human brucellosis can be both an acute and a chronic febrile illness with a variety of
clinical manifestations. The patient may show fever, chills, headache, muscle and
joint pains, malaise, nausea, night sweats, and lack of appetite for 3–6 weeks. The
condition may also show a variety of nonspecific hematological changes, such as
anemia and leucopenia (Plommet et al. 1998; El-Koumi et al. 2013).

5.3.6 Transmission (Small Ruminants-Human)

The main route of entry is via the nasopharynx, although a cutaneous route of
infection does also exist. Material from abortions represents the main source of
transmission in ruminants, with the excretion of enormous numbers of bacteria in the
placenta, fetal fluids, and fetus (Castrucci 2007). Humans, however, are mainly
infected through ingestion of fresh (unpasteurized) milk, cheese, and meat, but
also through direct contact with infected animals, semen, vaginal fluids, or infectious
aerosols (Castrucci 2007; Smith and Sherman 2009). The environmental resistance
of the pathogens varies; the organisms can, for instance, survive in dust for 3–44
days, in tap water for 30 days, on pasture between 15 and 35 days, and in liquid
manure at 15 �C or below for up to 8 months (Plommet et al. 1998; Castrucci 2007).

5.3.7 Diagnosis in Small Ruminants

If abortion occurs, B. meliensis infection can be confirmed by bacteriological
methods (aborted fetus and placenta) or serology (aborted ewe/doe). The diagnosis
in the chronic stage of the infection is difficult, since the infection may become
non-apparent. In nonpregnant ewes, the bacterium is not excreted from the vagina.
However, during pregnancy, excretion starts at the time of delivery or abortion and
could continue for several months (Castrucci 2007). There are several serological
tests available, such as the standard agglutination test (SAT), Rose Bengal test,
complement fixation test, and ELISA.

Although all organs may be infected, microscopic examination should focus on
material with suspected large amounts of bacteria, such as placenta, fetus, and
vaginal discharges in case of abortion. Stained tissue smears, bacterial culture, or
PCR can be used for identification (Plommet et al. 1998; Redkar et al. 2001).

5.3.8 Treatment and Control

Brucellosis has been controlled in many countries, however it remains an important
health issue in many developing countries. B. melitensis is considered as an impor-
tant food safety concern in human because it may be present in dairy products made
from milk of infected small ruminants. The bacteria survive for days in fresh milk,
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weeks in ice cream, and months in butter, although the bacteria are killed by
pasteurization and are sensitive to common disinfectants (Godfroid et al. 2005).

Chemotherapy is not 100 % effective, so little is accomplished with the control
and eradication of brucellosis in small ruminants. The best scheme is to identify and
cull the infected animals (Castrucci 2007). Vaccination of sheep and goats with an
attenuated strain of B. melitensis is considered to be the main control strategy.
Vaccination prevents abortion and reduces pathogen shedding from immunized
animals, although the vaccine may retain some degree of virulence, which may
result in abortion and excretion in milk. The vaccine may also interfere with
serological testing (Godfroid et al. 2005). In addition, vaccination of replacement
animals is not sufficient to control the disease, especially in countries with high
prevalence, uncontrolled animal movements, nomadic and low socioeconomic con-
ditions, and illegal import of animals (Ebrahimi et al. 2012).

Surveillance, testing, and massive immunization of animals, and national brucel-
losis control are necessary to eradicate the disease (El-Koumi et al. 2013). For
human consumption, unpasteurized milk and milk products should be avoided. No
human vaccine exists, however recent results are promising in developing a recom-
binant vaccine against B. melitensis (Gomez et al. 2013).

5.4 Chlamydophilosis (Ovine Enzootic Abortion (OEA)

5.4.1 The Pathogen

Ovine enzootic abortion (OEA) is caused by the obligate intracellular Gram-negative
bacterium Chlamydophila (former Chlamydia) abortus. The organism belongs to the
family Chlamydiaceae and genus Chlamydophila, which comprise two distinct
developmental forms, a small extracellular infectious elementary body (EB) and a
larger intracellular noninfectious, metabolically active reticulate body (Longbottom
and Coulter 2003).

5.4.2 Occurrence

C. abortus is recognized as a major cause of reproductive loss in sheep and goats
worldwide, although the disease does not appear to be a problem in either Australia
or New Zealand (Aitken and Longbottom 2007).

5.4.3 Hosts

Main hosts are small ruminants, but the organism can also infect cattle, pigs, horses,
and deer, although such infections are thought to be less common (Aitken and
Longbottom 2007).
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5.4.4 Disease in Small Ruminants

Chlamydophilosis is an important cause of abortion worldwide. In previously uninfected
farms, up to 60% abortion rate of pregnant ewes or does has been reported (Ganter
2015). Infection in animals is usually asymptomatic, except for abortion, although some
behavioral changes or a vaginal discharge may be observed. Ewes/does may deliver
stillborn or weakly offspring that fail to survive. The majority of infected placentas will
have thickened red intercotyledonary membranes, dark red cotyledons, and a creamy-
yellow colored exudate on the surface. An infectious vaginal discharge may be observed
for several days following abortion, but otherwise the ewes/does are clinically normal
and are considered immune to further disease (Longbottom and Coulter 2003; Aitken
and Longbottom 2007; Smith and Sherman 2009).

5.4.5 Disease in Humans

Human infections with C. abortus are rarely reported or remain underdiagnosed, as
the organism normally induces asymptomatic or mild flu-like illness (Ganter 2015).
The greatest threat of human infection seems to exist for pregnant women, where the
outcome of infection in the first trimester of pregnancy is likely spontaneous
abortion, while later infection causes stillbirths or preterm labor (Hyde and
Benirschke 1997). Several cases of abortion, puerperal sepsis, and shock, including
renal failure, hepatic dysfunction, and disseminated intravascular coagulation, as
well as death have been reported (Buxton 1986; Bloodworth et al. 1987).

5.4.6 Transmission (Small Ruminants-Human)

Most cases in humans infection are associated with direct exposure to infected sheep
or goats via inhalation of dust and aerosols during abortion or normal parturition.
The major sources of infection are contact with placental membranes, dead fetuses,
live lambs/kids born to infected mothers, and vaginal discharges (Aitken and
Longbottom 2007; Smith and Sherman 2009).

5.4.7 Diagnosis in Small Ruminants

A presumptive diagnosis of infection can be made based on abortion in the last 2–3
weeks of gestation and examination of the placenta. Pathological changes involve
both the intercotyledonary membranes and the cotyledons. This is usually confirmed
by the identification of large numbers of EBs in stained smears prepared from the
placental membranes and cotyledons using, for instance, a modified Ziehl-Nielsen
procedure. Other methods of antigen detection include immunohistochemical
staining of tissue sections, immunoassays, DNA amplification methods, and isola-
tion in cell-culture. Serological testing is normally performed by the complement
fixation test on paired blood samples. However, none of the current serological tests
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have been proven to be suitable for detecting infection prior to abortion and are not
able to differentiate vaccinated animals from those infected with wild-type strains
(Longbottom 2008; Sachse et al. 2009).

5.4.8 Treatment and Control

If OEA is suspected to be present in a flock or herd, the administration of long-acting
oxytetracyclines will reduce the severity of infection and losses resulting from
abortion. Although such treatment will reduce losses and limit the shedding of
infectious organisms, it does not eliminate the infection nor reverse any pathological
placental damage already done; thus abortions or the delivery of stillborn or weakly
lambs can still occur and the shed organisms are a source of infection for naïve
animals (Longbottom and Coulter 2003; Aitken and Longbottom 2007). Animals
that have aborted are considered immune to further disease. Ewes, however, may
become persistently infected carriers and continue to excrete infectious organisms at
the next oestrus (Papp et al. 1994; Papp and Shewen 1996).

In humans, early therapeutic intervention is important, whereas tetracycline,
erythromycin, and clarithromycin should be used. Severely ill patients require
supportive therapy (Sillis and Longbottom 2010).

During an OEA outbreak the primary aim is to limit the spread of infection to
other naïve animals. Affected animals should be identified and isolated as quickly as
possible. All dead fetuses, placental membranes, and bedding should be carefully
destroyed and lambing pens cleaned and disinfected. Pregnant women and immune-
compromised individuals are advised not to work with sheep, particularly during the
lambing period and should avoid all contact with possible sources of infection. Basic
hygiene procedures, including thorough washing of hands and the use of disposable
gloves are essential when handling potentially infected materials (Winter and
Charnley 1999; Longbottom and Coulter 2003).

Live-attenuated vaccines based on a temperature-sensitive mutant C. abortus strain
have been used for several years. These vaccines must be administered at least 4 weeks
prior to mating and cannot be used in combination with antibiotic treatment. Good
protection from abortion is obtained, but does not completely eradicate the shedding of
infectious organisms at parturition. Moreover, some vaccinated animals still abort as a
result of wild-type infections. Vaccine development to produce the next generation
OEA vaccine continues to progress. This is likely to be a subunit vaccine based on
protective recombinant antigens identified through comparative genomic and proteo-
mic approaches (Longbottom et al. 2013; Entrican et al. 2012).

5.5 Contagious Ecthyma (orf)

5.5.1 The Pathogen

Contagious ecthyma is caused by orf-virus, a DNA- and poxvirus belonging to the
genus Parapoxvirus.
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5.5.2 Occurrence

Orf-virus is distributed worldwide.

5.5.3 Hosts

Several ruminants may be affected by orf-virus, especially small ruminants.

5.5.4 Disease in Small Ruminants

Orf-virus affects the skin primarily around the mouth and udder. There is consider-
able heterogenicity between virus isolates, but it is still not confirmed if different
virulence exists. A correlation between genetic variability and virulence has to be
further elucidated. Genetic differences in orf virus strains seem to be due to geo-
graphic locations and animal hosts involved (Reid and Rodger 2007; Li et al. 2012).

The clinical manifestation is variable. Symptoms are seen most frequently in young
lambs, normally in two peaks, first in spring shortly after lambing and then 3–4months
later. Morbidity usually approaches 100%, while in most outbreaks the mortality is
low. However, occasionally up to 80% mortality has been recorded. Severity of
outbreaks seems to be attributed to environmental factors (Reid and Rodger 2007).

The lesions usually develop at sites where the skin or the mucous membranes are
traumatized. The first clinical signs are local erythema, followed by formation of
papules, vesicles, and pustules ending in scab formation. Without secondary infec-
tions the lesions resolve within approximately four weeks. In natural cases, prolif-
eration often gives rise to wart-like outgrows, which may develop into extensive
cauliflower-like structures that persist for a long period. Lesions are normally found
around the mouth and nostrils, but may also develop on the buccal cavity, esophagus,
ears, axilla, poll, lower limbs, and coronet. The infection can also spread to the udder
thus increasing the risk of mastitis (Reid and Rodger 2007; Smith and Sherman
2009; Li et al. 2012).

5.5.5 Disease in Humans

In humans, after an incubation period of 3–7 days, a macropustular reaction occurs,
most commonly found on one finger. As in small ruminants, the development stages
comprise erythema, papules, vesicles, pustules, and scabs. Several lesions may be
present on hand and arm, but single lesions are more common. These are usually
raised, circular, or oval and about 0.5–1.5 cm in diameter, often with central
vesiculation and pustulation. The lesions will normally heal and detach after 6–8
weeks without leaving a scar. However, secondary bacterial infection can cause
complications, especially lymphangitis and lymphadenitis of the draining lymph
nodes, which may be associated with flu-like symptoms. Infection may in some
cases develop into a generalized reaction, including widespread maculopapular
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eruption and Erythema multiforme. Extensive lesions have especially been seen in
immunosuppressed people (Martin 1991a; Reid and Rodger 2007).

5.5.6 Transmission (Small Ruminants-Human)

Humans are mainly infected by direct contact with lesions from live animals.
Infection can also be transmitted by fomites. Persons directly handling infected
animals, particularly when bottle-feeding lambs, shearing, and slaughtering sheep
are especially at risk (Reid and Rodger 2007).

5.5.7 Diagnosis in Small Ruminants

Diagnosis is mainly based on clinical signs, such as papillomatous lesions around the
lips and nostrils. However, the clinical picture may be atypical and laboratory
confirmation is necessary. Electron microscopy has earlier been used to verify the
diagnosis, but PCR-methods are now available (Reid and Rodger 2007).

5.5.8 Treatment and Control

Outbreaks spread rapidly in a flock, with most animals becoming affected within a
few weeks. Such outbreaks will last for 6–8 weeks. No specific treatment is
available. The main treatment is to avoid secondary infections. A live vaccine is
available in some countries. If vaccination during an outbreak is considered neces-
sary, an autogenous vaccine can also be prepared (Reid and Rodger 2007). Vaccine
development using a DNA-vaccine has showed promising results (Zhao et al. 2011).

Persistently infected animals with no clinical symptoms have been described. The
importance of these animals in the epidemiology of the infection is unknown. The
virus may survive in buildings and handling facilities between epidemics. Orf-virus
is known to survive in dry scabs for a long period, up to 23 years at 7 �C, but the
infectivity is lost more rapidly at higher temperature and at more moist conditions.
Disinfection of the actual pens should be performed. Infection in humans can
normally be avoided through good hygienic procedures. Protective gloves should
be used when handling infectious animals or infective material (Reid and Rodger
2007; Smith and Sherman 2009).

5.6 Echinococcosis (hydatidosis)

5.6.1 The Pathogen

E. granulosus is a tapeworm that belongs to the class Cestoda and the family Taeniidae.
Several species of genus Echinococcus exist, but it is mainly E. granulosus that involves
small ruminants as intermediate hosts. Ten genotypes (G1-G10) including five species
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have been characterized, of which three (G1 to G3) are “sheep” strains belonging to
E. granulosus sensu stricto (Moro and Schantz 2009), while G1 and G6 (E. canadensis)
affect goats (Smith and Sherman 2009; Moro and Schantz 2009; Wen et al. 2019).

5.6.2 Occurrence

E. granulosus is widespread in areas where sheep are reared (Brunetti andWhite 2012).

5.6.3 Hosts

The definite host are domestic dogs and some wild canids. There are several
intermediate hosts such as sheep, goats, cattle, swine, camelids, cervids, lagomorphs,
and humans. The sheep strain G1 is most commonly associated with human infec-
tion (Moro and Schantz 2009).

5.6.4 Disease in Small Ruminants

Cestode eggs, which contain oncospheres must be ingested in order to continue the
life cycle of the parasite. After ingestion, the larval stage will develop to cysts
(hydatid cyst) in different organs, most commonly in liver and lungs. No definite
clinical symptoms have been observed in small ruminants, even in cases with
multiple cysts in either liver or lungs (Taylor et al. 2007).

5.6.5 Disease in Humans

E. granulosus cysts in humans may take years to develop and produce clinical
symptoms. Many cysts remain asymptomatic throughout life and are only discov-
ered by accident. However, the infection can result in respiratory distress and
abdominal enlargement depending on which organ is affected. Clinical symptoms
depend on the location and size of the E. granulosus cyst, and are mainly due to the
pressure on the actual organ and on surrounding tissues. In man, the hydatid cysts
may be 5–10 cm in diameter or even larger (Martin 1991b). The most common
localization is the liver (70%), followed by the lungs. Rupture of the cyst is often
fatal, due to anaphylactic shock or pulmonary edema (Moro and Schantz 2009;
Brunetti and White 2012).

5.6.6 Transmission (Small Ruminants-Human)

The dog-sheep-dog cycle is the most important cycle in several endemic areas. Small
ruminants normally contract E. granulococus by gracing on pasture contaminated by
dog feces containing cestode eggs. The dogs are again infected by ingestion of
viscera with fertile cysts (Moro and Schantz 2009).
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Man can be infected by direct contact to dogs or indirectly through contaminated
food, water, and infected objects. Dogs may carry eggs on the body surface and a
person can become infected by touching the animal. Close contact with dogs and
lack of hygiene are important factors for transmission. Another important source of
human infection is through vegetables and water contaminated with eggs. Ingestion
of infected flies may also transmit the infection (Lawson and Gemmell 1990).
However, direct transmission from small ruminants to man has not been observed
(Moro and Schantz 2009; Smith and Sherman 2009).

5.6.7 Diagnosis in Small Ruminants

Numerous tests have been developed for the diagnosis in humans, although few
reliable serological tests are available for small ruminants. Various imaging tech-
niques can be used to identify the hydatid cysts, but postmortem examination is still
the most reliable method for diagnosis in intermediate hosts (Moro and Schantz
2009; Smith and Sherman 2009), although molecular diagnosis may also be used to
identify infected animals (Wen et al. 2019).

5.6.8 Treatment and Control

The main control measurement is to interrupt the transmission cycle from the
intermediate to the definite host. The infection cycle would be halted if dogs lack
access to the viscera of intermediate hosts. In addition, the number of dogs might be
reduced or treated with efficient anthelmintics. Treatment of infected sheep/goat in
order to stop the infectivity of the cysts is not yet possible. Recombinant vaccines
have been developed both for sheep and dogs with promising results (Lightowlers
et al. 1999; Zhang and McManus 2008).

Oncospheres have little resistance to desiccation and high temperature; however
they may survive in water/damp sand for 225 days at 6 �C (Lawson and Gemmell
1983). Hygiene is important to prevent human infection, as eggs may be swallowed
with uncooked vegetables contaminated with dog feces or from fingers contaminated
from soil or the fur of an infected dog. Close contact with possibly infected dogs
should therefore be avoided. Early diagnosis in human is important to avoid com-
plications and rupture of the cysts. Surgery was earlier the traditional approach for
treatment in humans, but anthelmintics, percutaneous procedures, and a watch-and-
wait approach are now more commonly used (Brunetti and White 2012).

5.7 Leptospirosis

5.7.1 The Pathogen

Leptospirosis is caused by helical Gram-negative organisms of the family
Leptospiracea and the genus Leptospira. More than 250 serovariants have been
detected (Cerqueira and Picardeau 2009). The main serovariants infecting small

5 Small Ruminants: Zoonotic Infections 183



ruminants seem to be L. borgpetersenii serovar Hardjobovis and L. interrogans
serovar Pomona (West et al. 2009).

5.7.2 Occurrence

Leptospira involving small ruminants have a worldwide distribution.

5.7.3 Hosts

Several hosts are involved, including cattle and swine.

5.7.4 Disease in Small Ruminants

Small ruminants have been found infected with the three species of the genus
Leptospira, namely, L interrogans, L. borgpetersenii, and L. kirschneri (Levett
2001; West et al. 2009; Smith and Sherman 2009). There are several serovariants
within each species, such as L. interrogans serovar Pomona. Virulence of these
strains varies, whereas the majority of leptospiral infections in small ruminants are
subclinical and disease seems to be uncommon. However, septicemia, depression,
anorexia, and in some cases hematuria may occur. Severe illness is characterized by
jaundice, hematuria, and hemoglobinuria, which may progress to a fatal outcome.
Abortion has also been reported (Smith and Sherman 2009; West et al. 2009).

Sheep could be infected with L. interrogans Hardjobovis, but are usually asymp-
tomatic and studies indicate that sheep are only transiently infected with this
serovariant (West et al. 2009). In addition, serovar L. grippotyphosa,
L. icterohemorrhagiae, and L. serjoe have been involved in clinical leptospirosis
in goats (Smith and Sherman 2009).

5.7.5 Disease in Humans

Human disease varies widely according to the serovar of Leptospira involved. The
incubation period varies from 2 to 30 days. In the acute febrile stage, the clinical
symptoms are related to a generalized vasculitis, such as severe headache, muscle
pain, conjunctival suffusion, rash, and photophobia. Intrauterine infection and fetal
death may occur in pregnant women. The infection may proceed to aseptic menin-
gitis and renal failure (Ellis 1998).

5.7.6 Transmission (Small Ruminants-Human)

Human infection may be acquired through occupational, recreational, or avocational
exposures. Leptospires persist in the kidney and genital tracks of carrier animals and
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are excreted in the urine and genital fluids. Survival outside the host is favored by
warm and moist conditions. Transmission is mainly due to direct or indirect contact
with persistently infected animals and occurs through contact with infected urine,
products of abortion, handling of infected kidneys, and ingestion of infected milk.
However, a recent study excludes raw milk as a source of human infection (Fratini
et al. 2016). Leptospires gain access to the host mainly through mucous membranes
and abraded and water-softened skin (Ellis 1998).

5.7.7 Diagnosis in Small Ruminants

The diagnosis is based on laboratory confirmation, such as PCR analyses of blood,
CSF or tissue biopsy, and serology (such as Microscopic agglutination test (MAT)
and ELISA). Leptospires in the urine is, however, not a common feature of serovar
Pomona infection in sheep (West et al. 2009). No reliable method exists for detection
of carrier animals.

5.7.8 Treatment and Control

Leptospira are important pathogens in developing countries, where poor work and
living conditions increase the opportunity for transmission from animals to man. The
infection often occurs after heavy rainfall when surface water accumulates in the
paddocks. Clinical cases should be treated with antibiotics (West et al. 2009).
Vaccines based on killed whole leptospiral cells have been available for several
years. Recent vaccine developments based on recombinant proteins showed prom-
ising results (Yan et al. 2010; Félix et al. 2011).

To avoid spread of the infection, infected animals should be identified and contact
with carrier animals should be minimized. A potential for venereal transmission of
Leptospira strains in small ruminants have been reported (Lilenbaum et al. 2008;
Arent et al. 2013). Prevention should be based on environmental control, such as
rodent control, elimination of standing water, and avoidance of damp beddings. In
addition, contact with infected herds and import of infected animals should be
avoided. In order to prevent the human infections, common water sources or
potentially contaminated water supplies should be restricted. Farmers, milkers,
slaughterhouse, and meat-processing workers as well as veterinarians have an
increased risk for exposure (Dorjee et al. 2008; Smith and Sherman 2009).

5.8 Listeriosis

5.8.1 The Pathogen

Listeria monocytogenes is a Gram-positive coccobacillus within the genus Listeria.
At least 16 serotypes with numerous subtypes of L. monocytogenes exist. L. ivanovii
may occasionally cause abortion in small ruminants, but this bacterium rarely infects
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humans causing bacteremia, fetal loss, or gastroenteritis (Smith and Sherman 2009;
Guillet et al. 2010).

5.8.2 Occurrence

L. monocytogenes is ubiquitious in the environment.

5.8.3 Hosts

Several animals including small ruminants can be infected with L. monocytogenes.
The natural reservoir appears to be the mammalian gastrointestinal tract. Grazing
animals may ingest the bacteria and further contaminate vegetation and soil (Scott
2007).

5.8.4 Disease in Small Ruminants

There are mainly six manifestations of the disease: abortion, septicemia, encephali-
tis, diarrhea, mastitis, and ocular infections. Clinical manifestations vary according
to the route of infection. L. monocytogenes often affects the pregnant uterus and the
central nervous system. During pregnancy, infection spreads to the fetus, which will
either be born severely ill or die in utero (Scott 2007).

Listeriosis is one of the most common neurological diseases in adult sheep. Sheep
aged 18–24 months are often affected due to molar teeth eruption, which may
facilitate infection. Lesions are normally localized in the brainstem and clinical
signs indicate unilateral dysfunction of the third to seventh cranial nerves. Facial
nerve paralysis with dropping ear, muzzle pulled to one side, and lowered upper
eyelids are typical symptoms. Profuse salivation and retained food material in the
cheek is also typical. Keratoconjunctivitis and iritis may occur, in addition to partial
paralysis of the pharynx. The clinical course in sheep and goats is often rapid, and
death may occur 4–48 h after onset of clinical symptoms (Scott 2007; Smith and
Sherman 2009).

5.8.5 Disease in Humans

Systemic L. monocytogenes infection is a serious, but usually sporadic, invasive
disease that primarily affects pregnant women, neonates, and immune-compromised
persons (Cork and Checkley 2011). Infections can be treated successfully with
antibiotics, but 20–40% of human cases are fatal (McLauchlin and Van der
Mee-Marquit 1998).

The infective dose of L. monocytogenes is not known. The incubation period
from foodborne infection varies widely from 3 up to 70 days, with a medium
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incubation period estimated to be around 3 weeks. There may be strain variation in
pathogenicity, but this has to be unraveled more closely. Outbreaks of listeriosis are
usually spread via the fecal-oral route, resulting in a self-limiting gastroenteritis in
healthy persons. However, cutaneous infection has also been observed in people
during deliveries of listeria-infected animals. During pregnancy, infection spreads to
the fetus. In nonpregnant humans, listeriosis usually presents as meningitis, enceph-
alitis, or septicemia in the immune-compromised and elderly (McLauchlin and Van
der Mee-Marquit 1998; Swaminathan and Gerner-Smidt 2007; Cork 2011).

5.8.6 Transmission (Small Ruminants-Human)

Foodborne transmission of L. monocytogenes is the main route of infection, whereas
unpasteurized dairy products are the main source of human infection. Other sources
include uncooked food of animal origin and contaminated raw vegetables.
L. monocytogenes may also be transmitted by direct contact with infected animals
or animal products. In such cases, the disease occurs principally as papular or
cutaneous lesions, usually on the arms or the wrist 1–4 days after attending a
listeria-abortion. This manifestation, however, has mainly been seen after contact
with cattle (McLauchlin and Van der Mee-Marquit 1998; Smith and Sherman 2009).

5.8.7 Diagnosis in Small Ruminants

Unilateral cranial nerve paralysis affecting the eye, eyelid, ear, and lips with ataxia
are typical for listeriosis. Samples from cerebrospinal fluid can support the diag-
nosis. At postmortem examination, histological lesions such as microabscesses and
perivascular cuffing in the brainstem and medulla are pathognomonic of listeriosis.
Aborted fetuses due to L. monocytogenes are usually autolytic with miliary
necrotic foci scattered throughout the liver and spleen, while listeria-septicemia
is often accomplished by focal hepatic necrosis. Listeriosis, however, can only be
confirmed by isolation or identification of L. monocytogenes (Low and Donachie
1991; Scott 2007).

5.8.8 Treatment and Control

Infection can be treated with antibiotics. The drug of choice is high-dosed penicillin.
Supportive therapy including fluids and electrolytes are required for animals having
difficulty eating and drinking (Scott 2007).

In an outbreak, affected animals should be segregated. In silage-fed ruminants,
listeriosis is mainly a winter-spring disease and is normally seen in animals fed
with poorly conserved silage. Outbreaks may occur within 10 days of feeding poor
silage. Use of the particular roughage should be discontinued. However, due to an
incubation period of 1–3 weeks, most of the Listeria-infected silage may not be
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longer available. Animal to animal transmission may occur via the fecal-oral route.
A live attenuated vaccine for use in sheep has been developed, but the results from
field trial vaccinations are equivocal (Scott 2007). However, new vaccine technol-
ogies seem promising in developing a protective immune response against
L. monocytogenes (Carrasco-Marin et al. 2012; Kim et al. 2012; Luo and Cai
2012; Mohamed et al. 2012).

To avoid infection in humans, hygiene during food preparation and storage as
well as avoidance of unpasteurized dairy products are preventive measures. How-
ever, L. monocytogenes can survive in soil or silage for more than 2 years. It is also
found in excreta from apparently healthy animals, although carriage in the gut is
likely to be transitory. Control measures should be focused on avoiding Listeria-
contaminated food, especially since the bacteria maintain to grow during refrigera-
tion. Pregnant women and immune-compromised individuals are at increased risk
for developing listeriosis (McLauchlin and Van der Mee-Marquet 1998).

5.9 Q-Fever (Coxiella burnetii)

5.9.1 The Pathogen

Q-fever is caused by the intracellular organism Coxiella burnetii within the genus
Coxiella and the order Legionellales (Seshadri et al. 2003). The organism exists in
two different antigenic phases. In nature, C. burnetii exists in phase 1 form, which is
virulent. However, when cultivated in cell cultures or hen eggs the organism mutates
irreversibly to the phase II form, which is less virulent (Quevedo Diaz and Lukacova
1998). C. burnetii has mainly two different morphologic forms, a large and a small
form. In addition, an endospore-like structure is observed in the large form, which is
highly resistant to environmental degradation, such as high temperatures, ultraviolet
light, and osmotic shock (Mearns 2007).

5.9.2 Occurrence

Q fever is a worldwide zoonosis that occurs in all geographic and climate zones, with
the exception of Antarctica and possibly New Zealand (Hilbink et al. 1993; West
et al. 2009). However, Q fever is not a reportable disease in many countries, so it is
difficult to know exactly where it occurs.

5.9.3 Hosts

C. burnetii is able to infect many animal species including mammals, birds and
several arthropods. However, cattle, sheep, and goat seem to be the primary animal
reservoirs for human infection (Maurin and Raoult 1999).
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5.9.4 Disease in Small Ruminants

In animals, C. burnetii infections are generally asymptomatic, except for abortion,
stillbirth, and the delivery of weak offspring. However, C. burnetii may induce
pneumonia, conjunctivitis, and hepatitis (Arricau-Bouvery and Rodolakis 2005).
High abortion rates are rarely observed, although abortion storms in some caprine
herds have been described (Sanford et al. 1994). In the outbreak of Q-fever in the
Netherlands (2007–2009), abortion rate up to 60%, mainly in the final month of
pregnancy, was reported in goats (Roest et al. 2011). Aborted fetuses appear normal,
but infected placentas exhibit intercotyledonary fibrous thickening and discolored
exudates that may be mineralized (Moore et al. 1991).

5.9.5 Disease in Humans

In humans, acute Q fever is rarely diagnosed, because of nonspecific initial clinical
signs, such as fever, pneumonia, headache, and weakness. However, 1–2% of
infected individuals can develop chronic infection that may result in severe granu-
lomatous hepatitis, osteomyelitis and valvular endocarditis. Chronic infection can
manifest itself within a few months or even years after the acute infection (Fournier
et al. 1998; Ganter 2015).

5.9.6 Transmission (Small Ruminants-Human)

Contaminated aerosols generated from desiccation of infected placentas, body fluids,
or dust from contaminated manure are the main sources of both animal and human
infection, and the control of fecal excretion and placental bacterial discharge is
essential (Arricau-Bouvery and Rodolakis 2005). Grazing contaminated pasture
and tick bites are other modes of transmission. Single animals may shed large
amount of C. burnetii, the so-called super-spreaders, within infected flocks (Bauer
et al. 2020). The organism is also highly infectious, with an infective dose of 1–10
bacteria (Tigertt et al. 1961). Because C. burnetii is extremely resistant to desiccation
and to physical and chemical agents, it survives in the environment for long periods.
The endospore-like form survives in dust for 120 days, in tick feces for 568 days and
in wool for 12–16 months at 4–6 �C (Mearns 2007).

5.9.7 Diagnosis in Small Ruminants

Current alternatives to diagnose C. burnetii infection in ruminants include sero-
logical analysis, isolation by cell culture, live animal inoculation, immunohisto-
chemical, and PCR-based detection. In the acute phase of the infection, C. burnetii
can be detected in lungs, spleen, liver, and blood (Fournier et al. 1998; Maurin and
Raoult 1999).
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Placental smear or impression of placentas can be stained, for instance, by using a
modified Ziehl-Nielsen procedure (Mearns 2007). Several serologic tests are avail-
able, such as complement fixation test, ELISA, and a fluorescent antibody test.
However, carrier animals may also have an antibody titer increase in late pregnancy
(Kovacova et al. 1998; Smith and Sherman 2009). For Q fever diagnosis, it has been
recommended to use PCR and immunofluorescence tests of Coxiella on parturition
products and vaginal secretions at abortion (Arricau Bouvery et al. 2003).

5.9.8 Treatment and Control

If Q fever is suspected, aborting animals and animals in late pregnancy should be
treated with tetracycline, although this treatment does not totally suppress the
abortions and shedding of C. burnetii at lambing (Berri et al. 2005). Placentas and
aborted fetuses should be destroyed properly and aborted animals should be
isolated. In addition, materials such as bedding and straw contaminated with
birth fluids and other secretions from affected animals should be destroyed
(Smith and Sherman 2009).

The spread of C. burnetii infection in domestic animals depends on many factors,
such as population density of animals, the system of rearing and management at
parturition. Because the environment can remain infected for a long time and many
species can be carriers, test and cull strategies are not appropriate for infected herds
(Smith and Sherman 2009). However, during the recent outbreak of Q fever in
humans in the Netherlands, the Dutch Government decided to cull more than 50.000
pregnant ewes and goats in order to halter the worst outbreak of Q fever ever known
where more than 4000 human cases have been recorded from 2007–2010. The
reason for this strategy was that dairy goats were believed to be the main source of
human infection (van der Hoek et al. 2012).

In animals, the uterus and mammary gland of females are sites for persistent
C. burnetii infection. Reactivation of the bacterium during pregnancy results in
shedding of a great amount of infectious agent into the environment during abortion
or via birth fluids, placenta, and fetal membranes (Sawyer et al. 1987). Over 109

bacteria per gram of placenta may be released at the time of delivery (Babudieri
1959). Studies indicate that ewes shed the bacterium mostly in feces and vaginal
mucus, while in goats shedding in milk seems to be the most frequent route
(Rodolakis et al. 2007; Rodolakis 2009).

In animals, the most effective vaccines are those composed of inactivated whole
phase I bacteria. Bacterial shedding in placentas and milk was strongly reduced in
experimental infection or in natural Q fever infection in ewes vaccinated with phase I
vaccines (Sampere et al. 2003). Since phase I vaccine are dangerous to produce, a
subunit vaccine has been investigated (Arricau-Bouvery and Rodolakis 2005).

To prevent human infection, drinking raw milk or consumption of raw milk
products should be restricted. For inactivation, pasteurization of milk at 62.8 �C for
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30 min or at 71.7 �C for 15 s is required (Kazar 1999). Q fever often occurs as an
occupational disease. Persons at particular risk are livestock handlers, processors
of animal products, abattoir workers, those in contact with dairy products, veter-
inarians, and laboratory personnel working with C. burnetii-infected animals
(Maurin and Raoult 1999). In addition, it is necessary to inform vulnerable persons
such as immunosuppressed patients or those suffering from cardiac valvopathy and
pregnant women that they must avoid contact with animals during lambing and
kidding (Arricau-Bouvery and Rodolakis 2005).

5.10 Rift Valley Fever (RVF)

5.10.1 The Pathogen

RVFV (Rift Valley fever virus) is a single-stranded RNA-virus in the genus
Phlebovirus of the family Bunyaviridae.

5.10.2 Distribution

RVFV is mainly distributed in sub-Saharan Africa, but has also been identified in
Northern Africa and on the Arabian Peninsula (Bath 2007).

5.10.3 Hosts

RVFV may cause infection in several ungulate species, although their importance as
reservoir host has to be unraveled. Mosquito vectors, such as in the genus Aedes,
may maintain the virus in endemic areas by transovarial transmission. Other insects,
such as Culex species, may also be involved in epidemics (Bath 2007). Vertical
transmission occurs in all livestock species, even in pregnant ewes with no detect-
able viremia (Antonis et al. 2013).

5.10.4 Disease in Small Ruminants

RVFV can infect a wide variety of tissues, such as liver, lymphoid, and nervous
tissue. The incubation period is short, as little as 12 h in young lambs and up to 72 h
in adult sheep. High fever, anorexia, listlessness, and recumbency are common in
young lambs. However, clinical signs are not always observed, since young animals
may die rapidly. Mortality rate may exceed 90% in lambs under 2 weeks old.
Abortion is a common sign in adult animals, and this may occur at any time during
pregnancy and reach up to 100%. Infection in older animals is often subclinical
(Bath 2007).
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5.10.5 Disease in Humans

Human infection can result in a variety of clinical outcome, while most cases induce
a self-limited febrile illness (Wright et al. 2019). Fatality rate is normally less than
1%, but the death toll can mount to several hundreds in severe outbreaks (Swanepoel
1998; Bath 2007). The largest recorded outbreak in humans was in 1997–1998 in
East Africa where approximately 89.000 human cases and 478 fatalities were
recorded (CDCP 1998). Typical symptoms in humans are flu-like illness after a
short incubation period of 2–6 days. Other symptoms are photophobia, retinitis,
meningoencephalitis, and hemorrhagic fever. The symptoms may be severe in
patients with a preexisting liver disease. Sequelae may include widespread hemor-
rhages, jaundice, shock, liver, and kidney failure and death.

5.10.6 Transmission (Small Ruminants-Human)

The route of transmission in animals is via different mosquitoes. The virus has been
isolated from more than 30 mosquito species. In addition, RVFV has also been
isolated from flies and midges (Culicoides). Both biological and mechanical vector
transmission may occur. In Sub-Saharan areas the main vector seems to be mosqui-
toes within the genus Aedes (Bath 2007; Smith and Sherman 2009). Heavy rainfall
often precedes a RVF outbreak, where an increase in vector population may increase
transmission potential (Wright et al. 2019).

The main transmission route in humans is via direct or indirect exposure to
infected blood, tissues, or body fluids of infected animals, for instance, in connection
with slaughtering, butchering, obstetrical procedures, or treatment of infected ani-
mals. Infection may also occur via vectors, aerosols, and consumption of
unpasteurized milk. Direct person-to-person transmission has not been reported.
Persons at risk are veterinarians, farmers, shepherds and abattoir workers
(Swanepoel 1998; Smith and Sherman 2009).

5.10.7 Diagnosis in Small Ruminants

The diagnosis is based on clinical symptoms and postmortem examination. In young
lambs, widespread hemorrhages and liver necrosis are often recorded. Disseminated
intravascular coagulopathy may occur in several internal organs. Samples from
spleen, liver, and brain should be used for histological examination. The diagnosis,
however, has to be verified by PCR, virus isolation, and serological investigations
(such as ELISA and hemagglutination-inhibition test) (Bath 2007).

5.10.8 Treatment and Control

Outbreak of RVF occurs at irregular intervals. The virus may persist in a vector/
natural host cycle and low level of virus activity is found between outbreaks.
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Infected eggs from Aedes species may survive in the soil for years. The single most
important responsible factor for an outbreak of RVF is heavy rainfall and widespread
flooding, which favors multiplication of the vectors. Movement of infected animals
or winds that transport infected mosquitoes over long distances may spread the
disease to non-endemic areas (Sellers 1980). The development of early warning
systems and surveillance in and around endemic areas in order to recognize animal
and human cases as early as possible are crucial in order to control the infection.

There is no treatment available for infected animals, since the disease is usually
very acute and the lesions too severe. Control measures rely on the use of efficient
vaccines. A live attenuated vaccine is available for nonpregnant animals, while an
inactivated whole virus vaccine can be used for pregnant animals. The last vaccine
requires a booster and annual revaccination. A recombinant vaccine has recently
been developed, but it must be tested in appropriate animal models before being used
as a livestock and human vaccine (Indran and Ikegami 2012; Morrill et al. 2013).
When handling suspicious animals, wearing of eye protection, protective clothing,
gloves, and masks should be mandatory (Swanepoel 1998). Only general supportive
treatment is available for human cases of RVF and no licensed vaccine is yet
available (Wright et al. 2019).

5.11 Tick-Borne Pathogens

5.11.1 The Pathogens

Around 900 species of ticks have been described (Guglielmone et al. 2014), of which
several are associated to small ruminants especially in the genera Amblyomma,
Haemophysalis, Hyalomma, and Rhipicephalus, although Dermacentor and Ixodes
ticks may also infest sheep and goats (Stuen 2020). Tick-borne infections detected in
small ruminants may again affect humans, such as Anaplasma phagocytophilum,
A. ovis, A. capra, Borrelia burgdorferi sensu lato, Crimean-Congo hemorrhagic
fever (CCHF)-virus, Ehrlichia ruminantium, Panola Mountain Ehrlichia (PME),
tick-borne encephalitis (TBE)-virus, Louping ill (LI)-virus, and Babesia venatorium
(Bente et al. 2014; Böhm et al. 2017; Gray et al. 2019; Stuen 2020).

In addition, a recently described serious virus infection in humans caused by
severe fever with thrombocytopenia syndrome virus (SFTSV) has been detected in
China, were Haemaphysalis longicornis seems to be the main vector species. A lot
of animal species may be involved as potential hosts, including small ruminants.
However, whether SFTSV causes clinical symptoms in sheep and goats or
undergoes animal to human transmission requires further studies (Chen et al. 2019).

Only a few human cases have been reported from A. ovis, E. ruminantium, and
PME, and B. venatorum infection in sheep has so far only been reported once
(Allsopp 2010; Chochlakis et al. 2010; Böhm et al. 2017; Stuen 2020). Coxiella
burnetii, and Francisella tularensis may also be transmitted by ticks, although other
transmission routes are normally more important (Arricau-Bouvery and Rodolakis
2005; Mailles and Vaillant 2014; Borde et al. 2017). In addition, B. burgdorferi
s.l. infection in sheep seems to be rare (Stanek et al. 2002).
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Although small ruminants can be infected with different zoonotic pathogens,
small ruminants are seldom important hosts for these infections, although they could
be important accidental hosts. The most important zoonotic tick-borne pathogens in
this context seem to be A. capra, A. phagocytophilum, CCHF-, TBE-, and LI-virus
(Stuen 2020).

5.11.2 Occurrence

Tick-borne pathogens related to small ruminants may occur on all continents.
A. phagoctophilum, known as a sheep infection for more than two centuries, is
reported worldwide, especially in Europe (Stuen 2020). Only scattered information
from Asia and Europe is available concerning the distribution of A. capra, since it
was first described in 2015 (Peng et al. 2021). Human CCHF is widespread in Asia,
Africa, and south-eastern Europe (Bente et al. 2014), while TBE-virus is spread in
Europe and Asia with mainly three genetically distinguishable subtypes within
partly overlapping geographical areas: Western European TBEV (mainly transmitted
by I. ricinus), and Siberian and Far Eastern TBEV (predominantly transmitted by
I. persulcatus) (Ruzek et al. 2019). In contrast, LI virus is localized only in north-
western Europe, especially in the UK (Jeffries et al. 2014).

However, distribution of these infections changes continuously due to migra-
tion and transportation of vectors and animals, and an increased globalization of
animals and their products, driven directly or indirectly by climate changes. These
changes will have a huge effect on the distribution and establishment of both hosts,
pathogens and vectors (Shope 1991).

5.11.3 Hosts

Small ruminants are important hosts for A. phagocytophilum, and LI-virus, while
only accidental hosts for CCHM- and TBE-virus. Several enzootic cycles of
A. phagocytophilum occur in nature, whereas variants with a more important zoo-
notic potential seem mainly to involve small rodents, hedgehogs (Erinaceus
europaeus), and wild boar (Sus scrofa) (Stuen 2020). A. carpa seems to be related
to domestic and wild ruminants, but the importance of small ruminants as hosts has
still to be unraveled (Peng et al. 2021). CCHM-virus is maintained in several genera
of ixodid ticks, especiallyHyalomma ticks, and through transient viremia in a variety
of wild and domestic mammals (Bente et al. 2014). Small rodents and Ixodes spp.
ticks are important reservoir hosts for TBE-virus, while red grouse (Lagopus
lagopus scotica), mountain hare (Lepus timidus), and sheep are the main reservoirs
for LI virus (Reid and Chianini 2007; Salat and Ruzek 2020).
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5.11.4 Disease in Small Ruminants

The tick-borne pathogens mentioned above may cause a variable degree of clinical
signs in small ruminants, although only A. phagocytophilum and LI-virus seem to
introduce severe clinical illness. A. phagocytophilum causes tick-borne fever (TBF)
in ruminants, a febrile disease. TBF by itself is seldom fatal, but the infection induces
immunosuppression that makes affected animals vulnerable to secondary infections,
such as pyemia and septicemia. TBF may therefore cause severe economic and
welfare challenges in the sheep industry (Stuen and Longbottom 2011). LI virus may
also cause severe fever illness in sheep, with CNS-symptoms that may progress into
fatal encephalitis. High death rate occurs by simultaneous infection with
A. phagocytophilum (Jeffries et al. 2014).

In contrast, A. capra, CCHF- and TBE-virus may cause mild or subclinical
symptoms in small ruminants (Bente et al. 2014; Salat and Ruzek 2020; Stuen
2020), although there has been a report on clinical symptoms in sheep after natural
infection with TBE-virus (Böhm et al. 2017).

5.11.5 Disease in Humans

Several tick-borne infections cause severe disease in human, such as anaplasmosis,
CCHF, and TBE. A. phagocytophilum causes flu-like symptoms, but severe com-
plications have been reported involving septic shock like syndrome and acute
respiratory distress symptoms. The mortality rate is around 1% (Bakken and
Dumler 2015). More than 15.000 human cases have so far been reported, mainly
in the USA (Stuen 2020). However, phylogentic studies show that strains/variants
of A. phagocytophilum isolated from sheep differ from isolates normally affecting
humans, indicating that sheep are an uncommon reservoir host for clinical cases in
humans (Scharf et al. 2011; Jahfari et al. 2014).

A. capra may cause flu-like symptoms, but also rash, eschar, and gastrointestinal
symptoms that may progress to central nervous involvement. Several hundred cases
have so far been reported, mainly from China (Peng et al. 2021).

CCHF show a variety of symptoms, from a mild, unspecific febrile syndrome to a
multiorgan failure, shock, and hemorrhages with up to 20–30% or even higher
fatality rates. Several thousand cases have so far been reported, with an increasing
number in several countries (Bente et al. 2014).

Signs of TBE are typically divided into two phases, first a viremic phase with
flu-like symptoms that may progress into a neurological (second) phase, with
meningitis, meningoencephalitis, and meningoencephalomyelitis (Ruzek et al.
2019). The western and Sibirian subtypes usually result in a rather mild form of
TBE with a morality rate less than 2%, while the Far-Eastern subtype is associated
with higher fatality rates, although viral subtypes are not the sole determinant of TBE
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severity (Ruzek et al. 2019). Between 10.000 and 15.000 cases of TBF are reported
in Europe and Asia each year (Salat and Ruzek 2020).

LI-virus may cause the same symptoms, although milder, as TBE-virus. Several
LI-cases were diagnosed earlier, but no human patients suffering from LI-virus
encephalitis have been definitively diagnosed over the past 20 years (Jeffries et al.
2014).

5.11.6 Transmission (Small Ruminants-Human)

A. phagocytophilum and LI-virus are mainly transmitted to humans by tick bites,
although other routes of transmission have been reported, such as through contact
with infected animals (Jeffries et al. 2014; Stuen 2020).

CCHF infections occur via tick bites or exposure to blood or body fluids of an
infected animal through occupational exposure to infected livestock, such as
farmers, abattoir workers, butchers, veterinarians, and laboratory scientists. How-
ever, infected animals seem only to develop a transient viremia (Bente et al. 2014).

TBE-virus is mainly transmitted from small ruminants to humans by consumption
of unpasteurized milk or milk products from infected animals (Salat and Ruzek
2020). It has been estimated that around 1% of all TBE cases are caused by
foodborne infections (Ruzek et al. 2019).

5.11.7 Diagnosis (Small Ruminants)

Diagnosis of tick-borne infections may be based on clinics, stained blood smear
(especially A. phagocytophilum), serology, or molecular methods. Postmortem anal-
ysis may support the diagnosis. However, clinical symptoms or pathological changes
may not be observed or may even be absent. Serological tests are available for most
of the pathogens mentioned above. Although in order to verify the diagnosis,
PCR-methods are often necessary, the infection can be difficult to detect in persis-
tently infected animals (Reid and Chianini 2007; Stuen and Longbottom 2011; Bente
et al. 2014; Ruzek et al. 2019).

5.11.8 Treatment and Control

Tick control measures are necessary in order to reduce tick exposure and to limit
tick distribution and expansion. Different methods are available, such as
draining, fencing, mechanical clearing of bushes, control burning, removal of
leaf litter, partial removal of forest canopy, reduction of hosts, and use of
herbicides and acaricides. Current control strategies are mainly based on the
reduction of tick infestation by application of chemical acaricides, mostly done
by dipping or pour on-application of pyrethroids. However, several of these
treatments are not environmentally friendly and may cause chemical residues in
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animal products (Samish et al. 2004; Stuen and Longbottom 2011). Anti-tick
vaccine development is a solution, but still not available, except for vaccine
against Rhipicephalus microplus (Stuen and Longbottom 2011).

Infection may occur through occupational exposure to infected livestock.
Infected animals should therefore be handled with care. The drug of choice in
treatment against A. phagocytophilum infection is tetracycline. Fluoroquinolone
antibiotics and rifampin may be alternative drugs, especially in humans, in patients
with intolerance to tetracycline. No vaccine is yet available against
A. phagocytophilum, mainly due to the challenge in choosing conserved antigens,
especially since antigenic variation of surface proteins occurs during the infection
(Stuen and Longbottom 2011).

A formalin-inactivated CCHF vaccine is available for humans, although lack of
proper animal models has hampered the effort to develop a more efficient vaccine.
Several TBE-vaccines are also available for humans, which are widely used in TBE
endemic areas. However, there is no specific treatment against these virus infections;
supportive and symptomatic therapies are therefore the mainstay of TBE and CCHF
management (Bente et al. 2014; Ruzek et al. 2019).

There is no specific treatment for LI in animals, although an inactivated virus
vaccine is currently available for animals. There is no commercial LI vaccine
licensed for human use, although neutralization antibodies from commercial
TBE vaccines may provide some cross-protection against LI-virus infection
(Jeffries et al. 2014).

5.12 Toxoplasmosis

5.12.1 The Pathogen

Toxoplasma gondii is a protozooan parasite within the family Sarcocystiidae and
genus Toxoplasma. The life cycle can be divided into two parts, a sexual cycle,
restricted to enteroepithelial cells in cats and the production of oocysts, and an
asexual cycle (forming tissue cysts), which occurs in a wide range of warm-blooded
intermediate hosts. Six major clades of T. gondii have been characterized (Buxton
and Rodger 2007; Su et al. 2012).

5.12.2 Occurrence

T. gondii has a worldwide distribution.

5.12.3 Hosts

Multiple intermediate hosts seem to exist, but the most important domestic hosts are
pigs, sheep, and goats. The final host is in the felid family.
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5.12.4 Disease in Small Ruminants

Clinical toxoplasmosis causes abortion and neonatal mortality in small ruminants,
especially in sheep. Mummified fetuses, stillborn or weak offspring are common
features. However, infection in early pregnancy (< 55 days) may result in death or
expulsion of a small fetus. Clinical signs in aborting animals are usually not
observed. Abortion is associated with primary infection during pregnancy in non-
immune animals and is most commonly seen in young animals. A long-lasting
immunity develops following primary exposure and animals are unlikely to abort
again due to toxoplasmosis (Buxton and Rodger 2007; Smith and Sherman 2009).

5.12.5 Disease in Humans

In most cases, toxoplasmosis in human is a disease with relatively mild and transient
symptoms. However, primary infection during pregnancy may lead to intrauterine
infection, and result in abortion or congenital lesions in the fetus. In addition, in
patients with impaired immunity, T. gondii may lead to serious and even fatal
infection (Dubey and Beattie 1988).

5.12.6 Transmission (Small Ruminants-Human)

The proportion of the human population infected with T. gondii depends on the age,
area, and environment. Most human infection appears to result either from exposure
to oocysts from a contaminated environment or from ingestion of raw or lightly
cooked meat containing tissue cysts. The most common way for infection from small
ruminants to humans is by ingestion of tissue cysts. In addition, human infection
through drinking of unpasteurized goat milk has been reported. A low risk may also
apply when assisting infected animals at lambing or kidding. However, both these
last modes of transmission are probably of low significance (Dubey and Beattie
1988; Smith 1991).

5.12.7 Diagnosis in Small Ruminants

Abortion due to T. gondii occurs mainly in young animals. Typical clinical signs of
abortion result following infection in mid-gestation, with ewes and does producing
stillborn and/or weekly offspring often accompanied by a mummified fetus. Coty-
ledons will also show characteristic lesions, such as white foci of necrosis 2–3mm in
diameter, which may become mineralized. Diagnosis may include serology (such as
Sabin dye test, IFAT, MAT, and ELISA), histology, immune-histochemistry, and
PCR methods (Buxton and Rodger 2007; Taylor et al. 2007; Smith and Sherman
2009).
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5.12.8 Treatment and Control

Susceptible animal gets infected by ingestion feed or water contaminated with oocysts.
The oocysts are highly resistant and survive for a long period (> 500 days) at room
temperature in moist conditions. The main source of Toxoplasma infection in small
ruminants are oocysts excreted from cats. Susceptible cats become infected with
T. gondii after ingestion of tissue cysts from, for instance, small rodents and may
excrete a large numbers of oocysts, which then sporulate and become infective within
a few days and remain so for several months. Infected feces will then contaminate
beddings, stores of hay, concentrates, water supplies, and pasture. It has been estimated
that although < 1% of the cat population may excrete oocysts at any time, contam-
ination of the environment is readily maintained (Dubey and Beattie 1988; Buxton and
Rodger 2007).

During an outbreak of toxoplasma-caused abortion little can be done. Infected
placentas and dead lambs or kids should be buried or disposed to prevent their
ingestion by other animals. Animal to animal transmission during lambing or
kidding does not appear to occur to any significant extent. More direct preventive
measures include chemoprophylaxis, chemotherapy, and vaccination. A live vaccine
based on an attenuated strain of T. gondii has been developed for sheep (Buxton and
Rodger 2007; Smith and Sherman 2009).

In humans, as already mentioned, the most common way for infection from small
ruminants is by ingestion of raw or lightly cooked meat. Tissue cysts may be viable
for the lifetime of infected sheep (Dubey and Beattie 1988). Treatment of meat by
curing, smoking, freezing at -20 �C is usually sufficient to kill the encysted T. gondii.
However, cysts can survive insufficient microwave cooking (Lundén and Uggla
1992). Treatment of tissue cysts in infected sheep to prevent human exposure to
meat-borne toxoplasmosis has shown promising results (Kul et al. 2013). Shepherds,
veterinary surgeons, slaughterhouse staff, and butchers are especially at risk for
contracting infection from small ruminants.

5.13 Concluding Remarks

Only a limited number of topics are covered by this brief review and important issues
such as differential diagnoses are not included or discussed. A correct and swift
diagnosis is a prerequisite for proper treatment and control. This may not always be
available due to long incubation periods, unspecific clinical symptoms, and impre-
cise diagnostic tests. Some pathogens may survive unnoticed in animals or animal
products for a long period of time. Anthrax in humans, for instance, has occurred
when handling imported goat skins for drum making, skins contaminated with
spores of B. anthracis (Anaraki et al. 2008).

Microbial transmission will always occur between species, but the risk of trans-
mission can be reduced with proper hygiene, management, husbandry, and prophy-
lactic treatment. Climate change, increased population, and globalization will have a
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huge impact on the occurrence and distribution of these infections. In this context,
recent vaccine developments against several zoonotic pathogens through genomic,
transcriptomic, and proteomic approaches are promising.
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Abstract

Many factors and problems influence poultry production worldwide. These
include strong global competition, continuous changes of consumer perceptions
regarding food safety, animal welfare, and environmental protection. Poultry
share a number of infectious diseases with humans, and most of the zoonotic
diseases in poultry have additional reservoirs in other mammals than humans,
which complicates their control. Roughly, there are three groups of zoonoses that
humans can acquire from poultry:

The first group includes food-borne diseases, mainly caused by Salmonella
serovars and Campylobacter spp., which are the most common causes of human
food-borne bacterial diseases linked to poultry. There are indications that
Escherichia coli from poultry can cause disease in humans, in which case
E. coli would have to be considered a potential food-borne pathogen. In addition,
the development of antibiotic-resistant bacteria will also continue to be a hazard
to public health.
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The second group comprises diseases that are transmitted by direct contact
between birds and humans. These include avian influenza, Newcastle disease, and
chlamydiosis. Erysipelas has an exceptional position as it mainly infects people
working in processing plants via skin injuries.

The third group comprises diseases transmitted by insects, especially ticks
from mammals and birds, including poultry, to humans. These include West Nile
Virus and Eastern and Western Equine Encephalitis.

Keywords

Chicken · Turkeys · Poultry · Birds · Salmonella · Campylobacter · Escherichia
coli · Antimicrobial resistances · Avian influenza · Newcastle disease ·
Chlamydiosis · Chlamydia psittaci · Ornithosis · Erysipelas · Erysipeloid ·
Erysipelothrix rhusiopathiae

6.1 Introduction

In developed countries, most poultry is kept in large flocks on specialized farms.
These husbandry conditions offer a high level of biosecurity, and only few
humans or other animals have direct contact with the birds. Thus, the main
transmission route from poultry to humans is via contaminated food, namely
meat and eggs. Salmonella and Campylobacter are the two most important
zoonotic agents in poultry causing food-borne infections. Despite significant
improvements in technology and hygienic practice at all stages of the poultry
production, these pathogens remain a persistent threat to human health. There
have also been indications that Avian Pathogenic Escherichia coli (APEC) might
have zoonotic properties, but more substantial evidence is needed. Furthermore,
bacterial isolates from chicken can be resistant against antimicrobials and cause
infections in humans that are difficult to treat or pass the resistance genes on to
other bacteria.

In developing countries, where smaller backyard flocks are more common and
where many of the birds raised for meat production are traded live to the consumer,
direct contact between poultry and humans is more frequent. Thus, diseases are
transmitted more often directly from poultry to humans. Avian influenza is the most
important example and has received major attention in the media despite a relatively
low number of infected humans. Other pathogens transmitted from poultry to
humans by direct contact include Newcastle disease and chlamydiosis.

Erysipelas has an exceptional position since it mainly infects humans through
skin injuries. Thus, besides persons handling infected birds, personnel at processing
plants have an elevated risk of infection.

Further zoonotic diseases, which have lesser importance either, because they
occur only infrequently or because they have a low virulence for humans, are listed
in Table 1.
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6.2 Salmonella

6.2.1 Epidemiology of Salmonella Infections in Poultry

Salmonellosis and Salmonella infections in poultry occur worldwide. The more than
2500 serovars of Salmonella enterica can roughly be classified into three categories
or groups: Group 1: highly host adapted and invasive serovars. This group
includes species restricted and invasive salmonella such as S. Pullorum and
S. Gallinarum in poultry and S. Typhi in humans. Group 2: nonhost-adapted
and invasive serovars. This group consists of approximately 10 to 20 serovars
that can cause an invasive infection in poultry and may be capable of infecting
humans. Currently, the most important serovars are S. Typhimurium, S. Enteritidis,
S. Heidelberg, and S. Kentucky. Some serovars may be predominant for a few years
in a region or country before they disappear and are replaced by another serovar. In
the past, the dominant type worldwide of salmonella food poisoning was
S. Typhimurium, but since the early 1980s, S. Enteritidis has become more impor-
tant. S. Heidelberg and S. Kentucky are two serovars associated with poultry that are
currently causing problems. Group 3: nonhost-adapted and noninvasive
serovars. This group is the by far the largest but poses no or only a very low risk
for human health. However, Salmonella of this group are detected when flocks are
monitored. Laws and regulations may or may not apply to them.

The prevalence of Salmonella-infected flocks and the serovars involved varies
widely between different countries. Current data obtained by monitoring programs
in the European Union are published in regular intervals. Within an infected flock,
the prevalence of infected birds can be well below 10%.

Transmission and spread of Salmonella in poultry occur by horizontal and/or
vertical routes. Horizontal spread of infection takes place through contaminated
feed, water, equipment, and the rearing environment. Significant reservoirs for these
microorganisms are asymptomatically infected chickens, other avian species including
pigeons and wild birds, and other farm animals and pets. Rodents are potential
reservoirs transmitting infection between houses and contaminating stored feeding
stuffs. In addition, insects are a potential source of Salmonella infection in chicken.
Some invasive Salmonella can be transmitted vertically within the eggs, i.e., true
vertical transmission. True vertical transmission occurs primarily by infection of the
ovaries and the follicles, which become the yolks, by contact of the follicles with
infected peritoneum or air sacs or alternatively in the oviduct where the egg white is
produced. Pseudovertical transmission happens by contamination of the eggshell as a
result of fecal contamination from cloaca and/or contaminated nests, floor, or incuba-
tors. Subsequently, Salmonella can penetrate the eggshell into the eggs.

6.2.2 Epidemiology of Salmonella Infections in Humans

Despite significant improvement in technology and hygienic practices at all stages of
food production accompanied with advanced improvement in public sanitation,
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Salmonellosis and Salmonella infections remain a persistent threat to human and
animal health.

During the slaughter process, carcasses can become contaminated with Salmonella,
if the equipment is contaminated from the same or a previous flock. Feather pickers
and chilling of carcasses are among the processing steps with the highest risk of cross-
contamination. Air-chilling or antimicrobial compounds like trichloroacetic acid in
water chillers can decrease the risk. Eggs can be contaminated with Salmonella as
described above. Egg-washing is a controversial preventative measure. While it
removes fecal contaminations from the eggshell, it also removes the cuticle, a protec-
tive layer that reduces penetration of the eggshell by bacteria. Humans can contract the
disease if they consume meat or eggs that are not thoroughly cooked. In addition to
food-borne transmission, direct transmission from birds in pet- and backyard flocks to
humans has been well documented and can be a major risk for children.

Humans will shed the bacteria in the feces and can infect other humans under
unhygienic conditions.

6.2.3 Evidence of Zoonotic Transmission

Samples for the detection of Salmonella spp. in poultry flocks are crop, ceca, yolk
sac, liver, or spleen from diseased birds. Samples for monitoring healthy flocks
include composite samples of feces, boot swabs, or dust. In many countries, the
sampling protocols for Salmonella monitoring are regulated by legislation. The
laboratory procedure to detect Salmonella enterica serovars is described in
ISO 6579.

There is ample evidence of zoonotic transmission from poultry to humans.
Historically, the identity of strains was determined by restriction enzyme digestion
of the genome and visualization after pulsed field gel electrophoresis (PFGE). Today,
the whole genome is sequenced on a routine base to trace back outbreaks.

6.2.4 Disease Symptoms in Poultry

The course of the infection of salmonellosis in poultry depends on a number of
factors such as the involved Salmonella serovar, age of birds, infectious dose, and
route of infection. More often than not, infections of chickens with Salmonella are
subclinical. In cases with disease, the incubation periods range between 2 and 5 days.
Mortality in young birds varies from negligible to 10% to 20% and in severe
outbreaks may reach 80% or higher.

Symptoms include an increased number of un-pipped and pipped hatching eggs
with dead embryos, if infection was egg transmitted or occurred in the hatchers.
Signs usually seen in young birds are somnolence, weakness, drooping wings,
ruffled feathers, and huddling together near heat sources. Many birds that survive
for several days will become emaciated, and the feathers around the vent will be
soiled with fecal material (“pasty vent”). Furthermore, respiratory distress as well as
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lameness as a result of arthritis may be present. Adult birds serve mostly as intestinal
or internal organ carriers over longer periods with little or no clinical signs, but a
drop in egg production can occur.

Birds that die in the acute phase of the disease show a persistent or inflamed yolk
sac, catarrhal and hemorrhagic enteritis, necrotic foci in liver, spleen heart muscle, or
granuloma in the lungs. Furthermore, congestion of the liver, kidney, gall bladder,
and heart muscle is the most constant postmortem finding. Ceca may contain a
caseous core and sometimes are filled with blood. In adult birds, lesions most
frequently found in chronic carrier hens are misshapen, pedunculated, discolored
cystic ova. The involved ova usually contain oily and caseous material enclosed in a
thickened capsule. Ovarian and oviduct dysfunction may lead to abdominal ovula-
tion or impassable oviduct, which in turn bring about extensive peritonitis and
adhesions of the abdominal viscera. In male birds, the testes may be atrophied
with thickening of tunica albuginea and multiple abscesses.

After recovery, salmonellae can persist in the intestines, especially in the ceca and
the cecal tonsils, and birds continue to excrete Salmonella intermittently in their feces.

6.2.5 Disease Symptoms in Humans

Infections with S. Enterica serovars may cause intestinal inflammation with
mucopurulent or bloody diarrhea accompanied by fever, vomiting, and abdominal
cramps for several days. Incubation time is between less than 1 day and 3 days. If
high amounts of water and electrolytes are lost, a hypovolemic shock can result. In
severe cases, especially in infants and immunocompromised persons, sepsis and
spread to other organs may occur, leading to a septic shock.

6.2.6 Unresolved Issues

Salmonellosis and Salmonella infections remain a persistent threat to human and
animal health. According to the European Food Safety Agency, the proportion of
human salmonellosis cases due to S. Enteritidis acquired in the EU remained at a
similar level in recent years.

The EU prevalence of Salmonella target serovar-positive poultry flocks has been
stable since 2015. The EU has set targets to reduce the prevalence of Salmonella in
commercial poultry flocks; however, of the 26 member states reporting their data,
only 18 met the reduction targets, whereas 8 failed to meet at least one.

In general, the major strategy to control salmonella should include cleaning the
production chain from the top in aim to prevent the vertical transmission, hygienic
measures throughout the production chain, vaccination, therapy, and eradication/
reduction by legislations. In all cases, agent surveillance and monitoring programs
must be adapted and followed strictly in aim to allow early intervention. In addition,
since the success of any disease control program depends on farm and personal
sanitation, it is essential to educate people involved in poultry production about
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microorganisms, to educate people about modes of transmission, and to raise general
awareness for the reasons behind such control programs. Finally, legislations, on its
own, can never be sufficient to ensure the production of safe food. Rather, the industry
itself, from producer to retailer, has a responsibility to ensure the safety of its products.

6.3 Campylobacteriosis

6.3.1 Epidemiology of Campylobacter Infections in Poultry

Campylobacter are curved, rod-shaped bacteria. Thermophilic Campylobacter has
been found worldwide in poultry flocks. In most countries, prevalence in broiler,
layer, and turkey flocks is higher than 50%. Of the 17 species and 6 subspecies,
thermophilic species are the ones infecting avians and mammals. C. jejuni is
predominant in poultry, while C. coli is less common, and C. lari is rare. Flocks
younger than 3 weeks are rarely affected. Additionally, there is a seasonal variation
with higher infection rates in spring and fall than in winter and summer.

In poultry, the highest prevalence of thermophilic Campylobacter has been
detected in gallinaceous birds, but wild and commercial aquatic birds are also
frequently affected. In addition, various mammalian species including cattle,
sheep, pigs, pets, or rodents can be carriers.

It is not fully understood how thermophilic Campylobacter spp. are introduced
into flocks. Due to their low tenacity, they probably depend strongly on living avian
or mammalian vectors. Furthermore, various insects can serve as vectors for
Campylobacter spp.

However, water supply sources, farm equipment such as trucks, forklifts, pallets,
crates, and footwear have also been identified as potential sources of Campylobacter
infection of poultry. Outside personnel like thinning crews pose a major risk for the
introduction of Campylobacter into flocks. Furthermore, biofilms in water pipes
offer Campylobacter an opportunity to survive for several weeks. It is very contro-
versial if Campylobacter can be vertically transmitted.

6.3.2 Epidemiology of Campylobacter Infections in Humans

Globally, Campylobacter are one of the most frequent causes of diarrhea. In the EU,
about 200,000 human cases of campylobacteriosis are diagnosed every year, making
it the most frequently reported food-borne disease. Its incidence together with its
duration and potential complications make it an important disease with a high
socioeconomic impact. In the EU, the cumulative cost including direct cost to health
systems as well as lost productivity is estimated to be around EUR 2.4 billion
annually. In developing countries, Campylobacter infections in children under the
age of 2 years are especially frequent.

Infection of humans generally occurs by the consumption of raw or undercooked
meat, which originated from infected flocks and/or was contaminated during the
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slaughter process. Contamination of carcasses or meat with Campylobacter during
processing usually happens from feces.

Of the 17 Campylobacter spp. and 6 subspecies C. jejuni ssp. jejuni and C. coli
are most frequent in humans. Other species such as C. lari and C. upsaliensis are
found less frequently but have also been associated with diarrhea.

6.3.3 Evidence of Zoonotic Transmission

For the detection of thermophilic Campylobacter, various selective media are used.
A standardized procedure for the isolation of Campylobacter from food and feed has
been published in ISO 10272-1:2006. This method may be adapted for the investi-
gation of clinical samples from birds.

As with Salmonella, there are many examples where the same clones were detected
in live birds, poultry products, and infected humans. Isolates are typed by restriction
enzyme digestion of the genome and visualization after pulsed field gel electrophore-
sis, multilocus sequence typing, or whole-genome sequencing, respectively.

An indirect indication is that in countries with specific strategies to reduce the
prevalence of Campylobacter in live poultry, a similar reduction in human cases is
observed.

6.3.4 Disease Symptoms in Poultry

Virtually all infections of poultry with thermophilic Campylobacter are without
clinical signs or pathological lesions. Only chickens infected with virulent isolates
at the time of hatch may develop enteritis with accumulation of mucus and fluid or
focal hepatic focal necrosis and some mortality.

Avian vibrionic hepatitis was a disease that occurred in laying hens in the 1950s
and 1960s. The hepatitis was characterized by small grayish-white focal lesions.
Campylobacter spp. were regarded as the causative organisms, but for unknown
reasons, the disease has not been observed in recent times.

6.3.5 Disease Symptoms in Humans

After an incubation period of 1 to 7 days, the most common clinical symptom of
infections of humans with thermophilic Campylobacter is diarrhea. Other symptoms
may be abdominal cramps, nausea, vomiting, fever, or headache.

Some postinfectious complications may be associated with Campylobacter infec-
tions. The most important of them is Guillain–Barré syndrome. The Guillain–Barré
syndrome is a rapidly evolving paralysis without fever or other systemic symptoms
and apparent causes. The symptoms are the consequence of an acute inflammatory
demyelinating polyneuropathy. It is thought that antibodies against gangliosides are
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involved in the pathogenesis, and that these autoantibodies are originally formed
against C. jejuni strains possessing ganglioside-like epitopes or other pathogens.

6.3.6 Unresolved Issues

It is rarely known how Campylobacter are introduced into poultry flocks. Epidemi-
ological investigations hardly ever provide a smoking gun, and estimation of the
relative importance of the known sources is extremely difficult. In addition, epide-
miological data also show circulation of multiple strains in the same farm or flock
indicating repeated infections. This makes clear how difficult it is to prevent
introduction into flocks with conventional biosecurity measures. Furthermore, Cam-
pylobacter are not easily isolated because they are fragile in the environment,
forming viable-but-not-culturable stages, and are easily overgrown by other bacteria.

In addition, due to the high prevalence of Campylobacter, it is difficult to
implement control strategies throughout the food chain. Processing plants receive
birds from multiple farms. A single positive flock can contaminate carcasses from
subsequent flocks, significantly increasing the risk of Campylobacter contamination
of chicken meat. The different processing steps can all contribute to cross-
contamination of Campylobacter until packaging.

6.4 Escherichia coli

6.4.1 Epidemiology of Escherichia coli in Poultry

E. coli are a ubiquitous, potentially beneficial part of the intestinal microbiota of
chickens and turkeys. Chicks and poults can get infected right after hatch with
environmental E. coli or E. coli from the eggshell surface. There is no true vertical
transmission of E. coli.

Several diverse strains are present in each host, including strains of serotypes that
are regarded as potentially pathogenic. Diseases in poultry are either caused by
commensal E. coli, when predisposing factors weaken the birds, or by avian
pathogenic E. coli (APEC) that can cause disease in uncompromised birds. There
is no clear-cut criterion for APEC; APEC belong predominantly to serotypes O2,
O18, and O78, but not all E. coli of these serotypes are APEC, and some APEC
isolates belong to other serotypes. Detection of virulence genes and genes that
enhance extraintestinal survival in the host allows a more etiological diagnosis.

6.4.2 Epidemiology of Escherichia coli in Humans

Epidemiology of E. coli in humans resembles epidemiology of E. coli in poultry.
E. coli is a ubiquitous, mostly benign part of the intestinal microbiota, and only some
strains, often belonging to serotypes O157, O4, or O18 are primary pathogens. These
strains carry one or several of the known virulence genes. Based on the toxins and
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course of the disease, a variety of pathotypes like Shiga toxin producing E. coli
(STEC), enteroinvasive E. coli (EIEC), enterohemorrhagic E. coli (EHEC), or
extraintestinal pathogenic E. coli (ExPEC) are differentiated.

6.4.3 Evidence of Zoonotic Transmission

Poultry and poultry products have been found to be a source of E. coli possessing or
expressing the genes for various toxins or virulence factors associated with human
disease like Shiga toxin or intimin, respectively.

In addition, ExPEC causing disease in humans and APEC, i.e., avian ExPEC, can
share traits and are closely related. These traits include serogroups and phylogenetic
groups. Some human ExPEC, especially of serogroups O1, O2, and O18, seem to be
closer related to APEC strains than other human ExPEC strains. More importantly, the
same virulence and fitness genes, e.g., adhesins, toxins, iron acquisition mechanisms,
and invasins, can be found in APEC and human ExPEC isolates.

Considering the relatedness between APEC strains and some human ExPEC
strains, it is not surprising that E. coli isolates similar to ExPEC and even isolates
that were able to cause ExPEC-associated illnesses in animal models have been
found on poultry products.

6.4.4 Disease Symptoms in Poultry

The most important diseases caused by E. coli in poultry are colisepticemia, inflam-
mation of the upper and lower airways, omphalitis and yolk sac inflammation, as
well as coliform cellulitis. Inflammation of the airways with involvement of E. coli is
also known as swollen head syndrome, which is recognizable by edema of the skin
of the head, or chronic respiratory disease causing respiratory distress. Coliform
cellulitis is characterized by thickened and hard skin with a dark yellow to brown
discoloration at the lower abdominal region and at the shanks. Mortality is usually
under 5%, but can rise to more than 50%.

Pathological lesions of colisepticemia are polyserositis and swollen spleen, kid-
neys, and liver. Inflammation of the airways is visible by the accumulation of fibrinous
exudate in the lungs and air sacs. Inflamed yolk sacs have fluid or past, greenish to
brownish, and smelly contents. Salpingitis is characterized by oviducts that are thin-
walled, dilated, and filled with fibrinous, scrambled egg-like material.

6.4.5 Disease Symptoms in Humans

E. coli strains can cause several diseases in humans. Infections with enteric E. coli
can manifest themselves in various types of diarrheal disease, depending on the
toxins. The most serious of these is hemolytic–uremic syndrome (HUS) caused by
EHEC and characterized by bloody diarrhea, fever, and kidney failure. HUS can be a
life-threatening disease.
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Urinary tract infections (UTI), neonatal meningitis, and neonatal sepsis are the
major diseases caused by ExPEC, but ExPEC can also be involved in infections of
other organs. More than 50% of all UTI are caused by uropathogenic E. coli (UPEC).
Neonatal meningitis occurs mostly in newborns between 6 and 9 days of age with 20%
to 30% of infected babies dying. Signs of neonatal sepsis are lethargy, hypothermia,
and poor feeding, and case fatality rates differ depending on age, but can be up to 25%.

6.4.6 Unresolved Issues

There is no smoking gun connecting E. coli in poultry with disease in humans yet. So
far, all evidence is based on genetic and other similarities between APEC and
ExPEC. Future research is needed to prove that poultry can be a reservoir for
E. coli causing disease in humans, and how this risk can be minimized.

6.5 Antibacterial Resistances

6.5.1 Epidemiology of Antibacterial Resistances in Poultry

Many ad-hoc investigations and regularly conducted monitoring programs, e.g.,
the Canadian Integrated Program for Antimicrobial Resistance Surveillance
(CIPARS) in Canada, Germ-Vet in Germany, or the National Antimicrobial
Resistance Monitoring System (NARMS) in the United States, report data
about the prevalence of antimicrobial-resistant bacteria in poultry flocks and on
poultry products. On the European level, the Summary Report on Antimicrobial
Resistance in Zoonotic and Indicator Bacteria from Humans, Animals, and Food
in 2018/2019 focused on poultry and poultry carcasses. The results vary widely
between geographic regions, years, bacterial species, and antimicrobials. Anti-
microbial resistances are more common in meat-type poultry, which is more
likely to receive antimicrobials, than in laying hens because withdrawal periods
on eggs result in major economic losses unless one of the few products with no
withdrawal time is used.

There is the common tendency that a reduced use of antibiotics in poultry flocks
decreases the incidence of bacteria-resistant against these antibiotics. However, it is
also important to note that a reduction in the use of antimicrobials does not
necessarily lead to a decrease of antimicrobial resistances. The most common reason
is the localization of several resistance genes on the same plasmid causing
coresistance. At best, there will be a lag of several years between the end to using
an antimicrobial and the decrease of resistance rates.

6.5.2 Evidence of Zoonotic Transmission

While it is controversial to what extent the use of antimicrobials in food producing
animals contributes to infections of humans with antimicrobial-resistant bacteria,
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there is good evidence that resistant bacteria can be transmitted from animals to
humans. Several studies found that bacteria, including Salmonella and Campylo-
bacter, isolated from certified organic poultry meat, i.e. from flocks that had not
received antimicrobials, had a lower prevalence of antimicrobial resistances than
bacteria from conventional broiler meat.

In contrast, the detection of the same resistance genes in bacteria isolated from
meat and in bacteria from human patients is no conclusive evidence because the
direction of the transmission is unclear. This is especially true when genes coding for
resistances against antimicrobials that are not used in poultry are detected in live
birds or on food products. Further indications without being final evidence are
correlations between prevalences of resistance against several antimicrobials in
bacterial isolates from poultry and human patients.

6.5.3 Unresolved Issues

Even though the extent to which antimicrobial usage in food producing animals
contributes to resistances in bacteria infecting humans remains controversial, there is
a broad consensus that the use of antimicrobials that are important for human
medicine needs to be minimized in animals.

Laying hen flocks have historically received fewer antimicrobial treatments, so
efforts concentrate on meat-producing birds. Recently, improvements have been
made in raising broilers without antibiotics; in the United States, 60% of broiler
flocks are now raised without receiving prophylactic or therapeutic antibiotics,
including ionophores, which are not used in human medicine. The challenge of the
coming years will be to further reduce the need for antimicrobials through improved
management and vaccines, while balancing this aim with animal welfare and
economic constraints.

6.6 Avian Influenza

6.6.1 Epidemiology of Avian Influenza in Poultry

Influenza viruses can infect virtually all bird species. Wild aquatic birds like duck
and geese have the highest prevalence of infection. When they are subclinically
infected and migrate, they can transport the virus around the globe.

Avian influenza (AI) is caused by influenza A viruses of the subtypes H5 and
H7 and occurs worldwide. Prevalence of infection in poultry varies widely
between countries. Regions with high infection rates include Mexico, Egypt,
and Southeast Asia. In Europe, North America except Mexico, and Australia,
infections of domestic poultry with AI are comparatively rare, but their frequency
has increased in recent years resulting in a series of smaller outbreaks in Europe
and an epizootic causing about 3 billion US dollar economic damage in the United
States in 2015.
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The virus can be transmitted directly through contact with infected birds or
indirectly through contaminated equipment. Contact with infected wild birds, espe-
cially waterfowl, is the major route how AI is introduced into flocks. A distinct relation
between the proximity of poultry-rearing areas and migratory waterfowl routes as well
as the method of rearing can be observed. Spread between commercial flocks seems to
be less important but can happen by mechanical transfer of infective feces through
movement of man and contaminated equipment. Rodents and insects may also
mechanically carry the virus from infected to susceptible poultry.

There is little or no evidence of vertical transmission. However, eggshell surfaces
can be contaminated with the virus.

6.6.2 Epidemiology of Avian Influenza in Humans

Transmission from birds to humans occurs only after close contact with infected live
birds. This happens most frequently in rural Southeast Asia and in Egypt, where
poultry is kept close to living quarters. Food-borne infections of humans have not
been reported. However, this possibility should not be ruled out completely, since
some felids like tigers and cats got infected this way.

AIV has been transmitted only in rare cases between humans. In the last 20 years,
the World Health Organization registered less than 1000 cases of humans infected
with H5 AIV, and since 2013, less than 200 cases of human infections with H7
subtypes. Human-to-human transmission seems to be exceedingly rare.

6.6.3 Evidence of Zoonotic Transmission

Influenza virus may be isolated in embryonated chicken eggs followed by typing by
hemagglutination inhibition assay and classifying as highly or low pathogenic AI
(HPAI or LPAI) in infection studies or by sequencing of the hemagglutinin gene.
Alternatively, molecular biological detection and characterization can be done.
Methods are described in detail by the OIE and are part of the legislation in many
countries.

H5 and H7 influenza types do not usually infect humans, so detection of these
subtypes is indicative of transmission from poultry. Sequencing of the hemagglutinin
gene and the whole genome has shown that isolates from humans were identical to
strains from poultry.

6.6.4 Disease Symptoms in Poultry

The severity of clinical signs, course of the disease, and mortality in poultry after
infection with AI are extremely variable from highly acute to a very mild or even
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inapparent form with few or no clinical signs. The most virulent form of AI in
poultry is called Highly Pathogenic Avian Influenza (HPAI). Currently, only
viruses of H5 and H7 subtype have been shown to cause HPAI in susceptible
species, but not all H5 and H7 viruses cause HPAI. H5 and H7 influenza viruses not
meeting the criteria of HPAI are designated Low Pathogenic Avian Influenza
(LPAI). Infection of poultry with other influenza subtypes occurs, but is legally
not defined as AI.

Clinical signs of HPAI may include high mortality, ruffled feathers, depression,
diarrhea, sudden drop in egg production, cyanosis of comb and wattles, edema and
swelling of head, blood-tinged discharge from nostrils, respiratory distress, incoor-
dination, and pin-point hemorrhages mostly seen on the feet and shanks.

Lesions at postmortem may include swelling of the face. Removing skin from the
carcass will show a clear straw-colored fluid in the subcutaneous tissues. Blood
vessels are usually engorged. Hemorrhage may be seen in the trachea, proventricu-
lus, and throughout the intestines. Young broilers may show signs of severe dehy-
dration with other lesions less pronounced or entirely absent.

LPAI as well as some non-H5 or H7 influenza strains cause mild to severe
respiratory disease.

6.6.5 Disease Symptoms in Humans

Infection of humans with AI causes disease of the lower respiratory tract, leading to
cough, sore throat, breathing problems, and pneumonia. Other flu-like symptoms
that may be caused by AI include fever and muscle aches. In atypical cases,
respiratory symptoms may be absent, and diarrhea or neurologic signs have been
reported in infected humans.

Lethality in confirmed cases is well above 50%; however, many nonfatal cases of
the disease with milder symptoms may be undiagnosed.

6.6.6 Unresolved Issues

Control of AI is regulated at the national and international level, but most of the
legislation is motivated by the disastrous consequences of the disease for infected
poultry rather than by its public health significance. In countries with a low preva-
lence of AI, infected flocks usually are destroyed. This means that they are not
slaughtered, and their meat cannot be used for human consumption. In the EU, table
eggs laid during the presumed incubation period are also not to be used for human
consumption unless they have been properly disinfected.

Countries with a high prevalence have adopted vaccination strategies which
have led to frequent emergence of new variants. Before the emergence of
COVID, it was feared that an AIV strain would mutate to be transmissible
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between humans and cause a pandemic. The risk still exists with increasing case
numbers of AI in Europe, partially due to increased free range husbandry of
poultry and continuing close and frequent contact between poultry and humans in
developing countries.

6.7 Newcastle Disease

6.7.1 Epidemiology of Newcastle Disease in Poultry

Newcastle disease (ND) is ranked as the major virus disease of poultry in many
countries worldwide. In developed countries with established poultry industries,
outbreaks with very virulent (velogenic) ND are comparatively rare or neglected.
Due to widespread vaccination of commercial flocks against ND, it is difficult to
assess its prevalence because clinical signs are rare. If NDV is tested for and
detected, the isolate must be typed to determine if it is virulent or a circulating
nonvirulent or vaccine strain. In developing countries, ND is one of the leading
causes of mortality in small flocks.

Infections with NDV have been reported worldwide in at least 241 bird species
from 27 different orders. It has been suggested that virtually all birds are susceptible
to infection with NDV. Infections have also been reported in some nonavian species.

The infection can be transmitted primarily through direct contact between healthy
and infected birds. The disease can also be spread by mechanical means and by
vaccination and debeaking crews, manure haulers, rendering-truck drivers, or feed
delivery personnel.

6.7.2 Epidemiology of Newcastle Disease in Humans

Transmission to humans requires close contact to infected birds that allows the virus
to come into contact with the eye. Most cases in humans occur in persons working on
poultry farms or in processing plants. Spray vaccination of poultry flocks poses a
particular risk if no appropriate eye protection is worn, since lesions in humans can
also be caused by vaccine strains. Additionally, laboratory accidents when working
with isolated NDV have been reported.

6.7.3 Evidence of Zoonotic Transmission

The virus can be isolated in embryonated chicken eggs and identified by hemagglu-
tination inhibition assay. Pathotyping can be done in infection studies in order to
discriminate very virulent strains from less virulent strains, especially live vaccines.
However, virulence, or lack thereof, for poultry is not connected to virulence for
humans. The classical methods can be replaced by molecular biological detection and
characterization. The methods are described in detail by the OIE.
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Whenever NDV is detected in humans, zoonotic transmission can be assumed
because human-to-human transmission has not been described.

6.7.4 Disease Symptoms in Poultry

The course of the disease is mainly determined by the virulence of the involved
strain. Age and immune status of the birds as well as general health and environ-
mental conditions play a comparatively minor role. Infection with velogenic and
viscerotropic strains is accompanied with a high, peracute mortality rate without
specific disease symptoms. Very virulent and neurotropic strains also cause high
mortality, but birds show nervous signs such as tremors, twisting of the head and
neck, abnormal movement like circling, rearing, somersaulting as well as paresis,
and paralysis.

Clinical signs after infection with strains of lesser virulence include ruffled
feathers, depression, diarrhea, and respiratory signs in form of nasal discharge,
coughing, rales, and dyspnea.

Gross lesions may be absent or include hemorrhagic lesions on the heart, in the
proventriculus, in the intestine, and in cecal tonsils. In addition, tracheitis and
airsacculitis can be observed.

6.7.5 Disease Symptoms in Humans

The most common symptom of NDV infection of humans is conjunctivitis, which
does not affect the cornea and is characterized by swollen and reddened eye lids and
lacrimation. In rare cases, a generalized infection with sneezing, dyspnea headaches,
and fever may occur after exposure to a high amount of virus.

6.7.6 Unresolved Issues

ND remains a problem in poultry. In commercial poultry, infections pose a signif-
icant economic risk masked by widely applied vaccines, while in small unvaccinated
flocks, infections are frequent and cause severe losses. In contrast, because of the
high infection doses and the usually mild course of the disease, infection of humans
has a low priority for public health.

6.8 Chlamydiosis

6.8.1 Epidemiology of Chlamydiosis in Poultry

Infections of birds with Chlamydia psittaci occur worldwide, but incidence and
distribution vary widely. Infections with C. psittaci have been described in more than
500 bird species.
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C. psittaci has been classified based on genetic differences in the omp1 gene into
nine genotypes. Seven of them (A, B, C, D, E, E/B, and F) are found in avian species.
Host species are mainly infected with one certain serotype, and each serotype seems
to have a main host, but these connections are not absolute (Table 2). Infections have
also been reported in more than 30 mammalian species, including mice and men.

In poultry, the infection is especially prevalent among turkey flocks, where outbreaks
are mostly caused by isolates of serotype B or D. Outbreaks in turkeys usually involve
several flocks, and free ranging flocks are at considerably greater risk. Clinically
apparent and inapparent chlamydiosis in turkeys is more common than in chickens.

Occasional outbreaks in ducks as well as in geese have been caused by isolates of
serotype C, and ducks and geese are considered the main host of serotype
C. Outbreaks of Chlamydiosis in commercially reared ducks in North America are
rare and were considered a problem in Europe. Serotypes A and F are mostly
associated with psittacines and serotype E with pigeons.

C. psittaci is shed in large numbers in respiratory exudate, especially in the nasal
secretions, and in the feces. The primary route of infection is inhalation of aerosols
containing the bacterium, but infection by ingestion can also occur. Arthropods have
been implicated as vectors, but indirect transmission does not seem to play an
important role. The most important way C. psittaci is introduced into flocks seems
to be by wild birds. Vertical transmission may happen at a low frequency in turkeys,
chickens, and ducks. Birds may shed the bacterium intermittently.

6.8.2 Epidemiology of Chlamydiosis in Humans

Humans can get infected by direct contact with infected birds, mostly by inhalation
of infectious aerosols, but infections through bite wounds have occurred. Humans
contract infections most frequently from psittacines, but persons handling infected
birds at the farm and personnel at processing plants have been infected from poultry.
Consequently, mostly veterinarians, owners of pet birds, pet shop staff, and persons
working in poultry processing plants are at risk.

Table 2 Association
between C. psittaci
genotypes and avian hosts

Genotypes

A B C D E E/B F

Psittacines ++a +b + +

Pigeons, doves + ++ ++ +

Waterfowl + + ++ + ++

Turkeys + + + ++ + + +

Chickens ++ + ++ + +

Passerines + ++

Ratites ++

Wild birds ++ ++
a++ ¼ Genotype most commonly associated with this bird species or
group
b+ ¼ Genotype less commonly associated with this bird species or
group
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Infections by consumption of contaminated meat or eggs are not known. Spread
among humans is rare.

6.8.3 Evidence of Zoonotic Transmission

For a quick diagnosis, organ smears or smears of swabs from conjunctiva, orophar-
ynx, or cloaca can be stained with Giemsa or related methods and investigated for
red or purple chlamydial elementary bodies within infected cells. Staining of fixed
tissues or immunohistochemistry is also possible.

For isolation in cell culture or embryonated chicken eggs, samples should be
placed in special transport medium if they cannot be processed immediately.

At present, tests for the detection of chlamydial antigens lack sensitivity as well as
specificity and are not recommended, while detection of chlamydial genes by PCR is
the method of choice for routine diagnosis. Several protocols for different genes
have been published.

Detection of antibodies against C. psittaci may identify inapparently infected
birds and flocks. This can be done by complement fixation test, indirect immuno-
fluorescence, or ELISA.

Because transmission between humans is rare, zoonotic infection is usually
assumed whenever the disease is diagnosed in humans.

6.8.4 Disease Symptoms in Poultry

Generally, infections caused by isolates of serotype B have a longer incubation time
of up to several weeks and are less severe than infections with isolates of serotype D,
which have an incubation time of less than 10 days and cause more severe disease.
Additionally, there are differences between different isolates of the same serovar.

Clinical symptoms of infected turkeys include severe respiratory disease with
nasal and ocular discharges, conjunctivitis, and green droppings. Diseased birds are
lethargic and anorectic and may become cachectic. Egg production in breeder hens is
reduced. Morbidity may be up to 80% and mortality up to 30%. Gross lesions at
postmortem are enlarged spleen, liver, and heart due to vascular congestions,
congested, and inflamed lungs as well as fibrinous airsacculitis, pericarditis, and
peritonitis.

Clinical signs and postmortem lesions in ducks are similar. Additionally, nervous
signs can be observed. As in turkeys, morbidity may be up to 80% and mortality up
to 30%.

6.8.5 Disease Symptoms in Humans

Historically, the disease in humans was called either psittacosis or ornithosis
depending on the source of the infection, and it was assumed that ornithosis was a
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less severe disease. Nowadays, this differentiation is no longer considered to be
correct, and the disease is generally called chlamydiosis.

Incubation time usually is between 1 and 2 weeks. The outcome of infections
depends on infection dose and route besides other factors. The disease may be
inapparent or characterized by pneumonia accompanied by fever, headache, and
myalgia. Symptoms may continue for several weeks. The disease is rarely fatal if
treated correctly with antibiotics.

6.8.6 Unresolved Issues

Chlamydiosis in chickens causes only unspecific clinical signs and postmortem
lesions. Diagnosis requires detection or isolation of the bacterium, and the tests are
not part of routine procedures in diagnostic laboratories receiving poultry for
necropsy. Detection of the intracellular inclusion bodies requires special stains. For
this reason, the prevalence of chlamydiosis is likely to be underestimated, which puts
poultry workers at risk of infections. At the same time, due to the underestimation
and the unspecific signs, chlamydiosis might not be considered as differential
diagnosis in poultry workers.

Infected flocks should be treated with chlortetracycline to reduce mortality. They
will not clear the birds from the infection but reduce clinical symptoms and shed-
ding. Therapy should continue until shortly before slaughter to prevent relapses and
to minimize the risk for the workers at the processing plant. Personnel handling the
birds and at processing plants must wear appropriate personal protective equipment.
If an infected flock is allowed to be processed at all, it must be determined on a case-
to-case base.

6.9 Erysipelas

6.9.1 Epidemiology of Erysipelas in Poultry

Erysipelas is an acute infection caused by Erysipelothrix rhusiopathiae, a ubiquitous
gram-positive bacterial organism. The genus Erysipelothrix is classified into two
species: E. rhusiopathiae and E. tonsillarum. Among them, 26 different serotypes
are recognized. Some serotypes of E. rhusiopathiae are pathogenic for poultry,
whereas E. tonsillarum strains are nonpathogenic. In poultry, serotypes 1, 2, and
5 are most prevalent; all of them belong to E. rhusiopathiae.

Infections of poultry with E. rhusiopathiae occur sporadically worldwide. In
some regions, the disease is considered endemic. At risk are mostly free-range and
older, i.e., laying hen and breeder flocks. The host spectrum of E. rhusiopathiae is
extremely wide, comprising various species of mammals, birds, reptiles, and fish.
All species of domestic poultry are susceptible to infection, even though the suscep-
tibility differs between them.
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The natural route(s) of infection are not entirely certain. It is assumed that the
bacterium enters the host through injuries of the skin or mucous membranes.
Experimental infections are done either subcutaneously or orally. E. rhusiopathiae
can survive several weeks in soil, and this may be the main source of infection.

Turkey hens can become infected through lesions caused by artificial insemina-
tion. The infection can be introduced into flocks by the red fowl mite as potential
mechanical vector of E. rhusiopathiae. In addition, infected rodents, pigs or sheep,
as well as contaminated fish meal have been implicated as a source of infection.

6.9.2 Epidemiology of Erysipelas in Humans

Humans get infected through skin injuries. Particularly at risk are animal caretakers,
veterinarians, and butchers. Infection by consumption of contaminated food or
transmission between humans has not been reported.

6.9.3 Evidence of Zoonotic Transmission

Presumptive diagnosis can be done by detection of Gram-positive rod-shaped
bacteria in smears of infected organs. E. rhusiopathiae can readily be isolated
from heart, liver, spleen, and bone marrow of dead birds, but the small colonies
are easily overlooked or overgrown by other bacteria. If dead birds have already
started to decompose, culturing bone marrow samples will make it easier to obtain
cultures.

PCR assays have been described that will detect almost all serotypes and differ-
entiate E. rhusiopathiae from E. tonsillarum. Detection of antibodies against
E. rhusiopathiae is not done in routine practice.

When E. rhusiopathiae infections are detected in humans, zoonotic transmission
can be assumed because human-to-human transmission has not been described. If
possible, serotypes of isolates from humans can be matched with isolates from birds.

6.9.4 Disease Symptoms in Poultry

The course of the disease is especially fulminant in turkeys, regardless of age and
sex. However, outbreaks with high mortality have also occurred in chickens (espe-
cially layer flocks), ducks, and geese. Incubation time depends on the infection dose
and on the infection route. In animal studies, it is shorter after subcutaneous infection
than after oral infection. In turkeys, first signs may be observed 2 or 3 days after oral
infection.

Older birds are more sensitive to the infection than the younger birds. Mortality in
laying hens is age related and, just as the incubation time, dependent on the route of
the infection with subcutaneous infection causing more severe disease.
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Infected birds show unspecific signs like moderate general depression or
decreased egg production in laying hens. Furthermore, diarrhea or cutaneous lesions,
especially swollen, purple snoods in turkeys, can be observed. Unvaccinated birds
showing clinical signs usually die, and some infected turkeys may suddenly die
without previous clinical signs. Mortality in turkeys may be up to 50% over the
course of several weeks.

The most prominent gross lesion at postmortem is generalized congestion of
internal organs with hemorrhage in several organs. Liver, spleen, and kidneys are
enlarged and may have areas of necrosis. Other lesions may be enteritis, endocardi-
tis, or fibrinopurulent exudate in joints and pericardial sac. Histopathology shows
vascular congestion in all organs with intravascular aggregations of bacteria and
fibrin thrombi. Parenchymal cells may be damaged in liver, spleen, and kidney.

6.9.5 Disease Symptoms in Humans

Infections of humans with E. rhusiopathiae are called erysipeloid, while erysipelas
in humans refers to infections with Streptococci. This is a potential source of
confusion in conversations between veterinarians and medical doctors or when
studying literature.

E. rhusiopathiae infections in humans most often are local infections of the skin
at infection site characterized by swelling and purple discoloration. Usually, the
hands are affected. Rarely infections become septicemic. In these cases, symptoms
and lesions may be very diverse and include polyarthralgia, septic arthritis, renal
failure, endocarditis, encephalitis, and peritonitis. Infections are usually successfully
treated with penicillin.

6.9.6 Unresolved Issues

Infections of humans with E. rhusiopathiae have traditionally been regarded a
problem in fish mongers and other persons handling raw fish. Due to the sporadic
nature of the disease in poultry and the symptoms that resemble other infections,
medical doctors might not consider infections with E. rhusiopathiae a differential
diagnosis in poultry workers.

Treatment of infected flocks does not clear the infection so that infected flocks
have to be processed. Extra precautions to prevent and cover skin injuries of workers
processing flocks that are positive with E. rhusiopathiae should be taken.

6.10 Conclusions

Poultry share a number of infectious diseases with humans, and most of the zoonotic
diseases in poultry have additional reservoirs in other mammals than humans, which
complicates their control and makes eradication all but impossible.
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Diseases that are transmitted from poultry to humans by the consumption of
contaminated meat and eggs and diseases that are transmitted from poultry to
humans by close contact have been described in some detail in this chapter.
Food-borne pathogens, namely Salmonella and Campylobacter, receive much
attention, and extensive control programs against Salmonella are in place that
have contributed to a decrease of Salmonella infections of poultry and humans in
the recent two decades. Prevention of campylobacteriosis will for the foreseeable
future depend on hygiene during processing because control in live flocks seems
not to be feasible. Because by far fewer humans have close contact with poultry,
diseases that are directly transmitted from birds to humans are considered to be of
minor importance.

A third group of diseases comprises pathogens transmitted by insects, especially
ticks from mammals and birds, including poultry, to humans. Examples for these
pathogens are West Nile Virus, which has rapidly spread in North America and is
occasionally detected in migratory birds in Europe, as well as Eastern and Western
Equine Encephalitis. Until now the importance of poultry in the epidemiology of
these diseases is low, but the situation may change, especially in the light of climate
change and a wider dissemination of insect vectors.

6.11 Cross-References

▶Campylobacter: Animal Reservoirs, Human Infections, and Options for Control
▶Crimean-Congo Hemorrhagic Fever Virus: An Emerging and Re-emerging Path-
ogen of Public Health Concern

▶ Influenza from a One Health Perspective: Infection by a Highly Versatile Virus
▶The Zoonotic Agent Salmonella
▶Vector-Borne Zoonoses
▶West Nile Virus: From Africa to Europe, America, and Beyond
▶Wild Birds and Zoonotic Pathogens
▶Zoonotic Transmission of Chlamydia spp.: Known for 140 Years, but Still
Underestimated
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Abstract

According to FAO statistics, aquaculture is contributing to nearly half the global
food fish production. Fish contributes to both nutritional and food security in
many developing economies. Fish is also one of the extensively traded food
commodities, and most of global aquaculture production takes place in develop-
ing countries and the major markets are in the developed world. European Union,
Japan, and the USA together account for 70% of global fish imports. Generally,
fish and fishery products have a very good safety record. But there are some
bacterial hazards associated with aquaculture products. The chapter discusses the
bacterial pathogens that may be associated with products of aquaculture, path-
ways of contamination, and risk management measures reported for these bacte-
rial hazards. In terms of antibiotic usage, there is limited data from developing
countries, and a number of studies have looked at antimicrobial resistance in
bacterial pathogens associated with fish and fishery products. Aspects related to
antimicrobial resistance in aquaculture products are also presented in this chapter.
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7.1 Introduction

Fish constitute a highly nutritious food providing proteins, polyunsaturated fatty
acids (PUFA), micronutrients, and vitamins. Though it is commonly believed that
mostly marine fish like salmon are the major source of PUFA, particularly omega-3
fatty acids, it has been found that even fresh water farmed fish like carps that are
widely produced and consumed in Asia provide much more omega-3 fatty acids than
poultry or beef. Globally, fish contribute about 17% of animal protein intake of
human population and this proportion is even higher in low-income food-deficit
countries, reaching over 50% in some countries like Cambodia, Sierra Leone,
Bangladesh, and Indonesia (FAO 2022). During 2020, the global fish production
was 178 million tons of which 87.5 million tons came from aquaculture (FAO 2022).
Global fish production by capture has been stagnating for last two decades and most
of the fish stocks are either fully exploited or even over-exploited. Hence, to meet the
increasing demand for fish as food, it is important to increase fish production by
aquaculture. Diverse species of finfish and shellfish are produced by aquaculture.
Fact sheets of 62 species of fish, crustaceans, and mollusks that are cultured in
different parts of the world are available from FAO website (FAO 2023). Asia
accounted for 89% of global aquaculture production by volume in 2020, and this
was dominated by the contribution of China, which accounted for more than 64% of
global aquaculture production by volume. Farmed finfishes dominate global aqua-
culture production (57.5 million tons), followed by mollusks (17.7 million tons), and
crustaceans (11.2 million tons).

In general, fish is considered a safe food and there are very few epidemiological
record illness associated with farmed fish. In the USA, during 1998–2015, 857 sea-
food-associated outbreaks occurred resulting in 4815 illnesses, 359 hospitalizations,
and 4 deaths were recorded (Barrett et al. 2017). Of these, etiology could be confirmed
in 637 outbreaks, and of these, scombrotoxin accounted for 349 outbreaks (55%) and
ciguatoxin for 227 outbreaks (36%). Both these were associated with captured finfish
such as tuna and mahi mahi. The bacterial pathogen, Salmonella was associated with
978 illness (26%) and 97% hospitalizations (31%). Norovirus was associated with
418 illnesses (11%). Illness due to Norovirus may be associated with cultured
bivalves, but often, there could also be person-to-person spread and actual number
of illness due to bivalve consumption is difficult to estimate. Data from the European
Union (EU) show that in 2018, there were 113 outbreaks associated with fish and
shellfish involving 1196 cases (EFSA and ECDC 2019) but data for aquaculture is not
available separately. During 2011, 78.9% of the 71 outbreaks associated with finfish
were due to scombrotoxin, and 4.2% due to ciguatoxin. Salmonella accounted for
4.2% of the illness. In case of shellfish (crustaceans, mollusks), 40.5% of the 42 out-
breaks in 2011 were due to calciviruses (noroviruses) and 16.7% due to algal biotoxins
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(EFSA and ECDC 2013). Salmonella and Escherichia coli each accounted for 4.8%
illness. In some parts of Asia, where there is the practice of consuming raw fish, a large
number of parasitic diseases caused by the fish-borne trematodes have been reported to
be prevalent. For example, about 1.5 million people in Korea, six million people in
China, and over five million in Thailand are reported to be infected with the liver
flukes, either Clonorchis sinensis, Opisthorchis viverrini, or O. felineus (Chai et al.
2005). However, this chapter deals only with pathogenic bacteria that may be associ-
ated with farmed aquatic species.

7.2 Bacterial Hazards Associated with Aquaculture Products

Farmed fish live in an environment, where there are significant levels of aquatic
bacteria and the microflora associated with fish are greatly influenced by the
microflora in the surrounding environment. When fish are alive, aquatic bacteria
may be associated with the skin surface, in the gill surface and in gut. Most of the
bacteria that are associated naturally with aquatic environment are generally not
pathogenic to humans with the exception of few Vibrio species that are discussed in
later sections. Once the fish are harvested, they are handled, transported, and
processed, and during this period, they will come in contact with human hands
and various surfaces (containers, equipment), ice and water, which could influence
the microflora associated with fishery products that reach the consumers. Bacteria of
zoonotic potential that may be associated with fish and fishery products are discussed
in the following sections.

7.2.1 Vibrio spp.

Vibrio spp. are autochthonous inhabitants of the aquatic environment, and of over
80 species included in the genus Vibrio, at least 12 are capable of causing human
infections (Oliver and Kaper 2007). Most of the pathogenic species have environ-
mental non-pathogenic strains. Vibrio spp. are commonly isolated from estuarine,
coastal marine environments (some species like Vibrio cholerae are found in fresh
waters) all over the world, and seafood-borne illnesses are primarily caused by
Vibrio parahaemolyticus, V. vulnificus, and V. cholerae (FAO/WHO 2003). Of
these, V. parahaemolyticus and V. cholerae cause gastrointestinal disease, while
V. vulnificus causes septicemia. There are very few pathogens of fish that can also
affect humans. For example, some strains of V. vulnificus cause infection in eels and
can also infect humans. Most of the other Vibrio spp. pathogenic to aquaculture
species, e.g., V. harveyi (causing disease in shrimp) and V. anguillarum (pathogenic
to marine fish), are not human pathogens.

7.2.1.1 V. cholerae
V. cholerae is a heterogeneous species consisting of over 220 serotypes, of which
only serotypes O1 and O139 are known to cause the disease cholera and these are
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generally referred to as choleragenic V. cholerae (FAO/WHO 2005a). Strains
belonging to non 01/non-0139 serotypes of V. cholerae are widely distributed in
the aquatic environment including aquaculture systems (Gopal et al. 2005) and are
mostly not pathogenic to humans, though occasionally, they may be associated with
sporadic cases of gastroenteritis (Oliver and Kaper 2007). None of the V. cholerae
serotypes are known to be pathogens of farmed aquatic animals. The O1 serovar is
known to possess three antigenic forms: Inaba, Ogawa, and Hikojima. Based on their
phenotypic characteristics, V. cholerae O1 strains are classified into two biotypes,
Classical and El Tor (Kaper et al. 1995). Since the seventh pandemic of cholera, most
outbreaks have been caused by El Tor strains and the Classical biotype strains are
rarely isolated from any part of the world (Sack et al. 2003). The choleragenic El Tor
biotype strains of V. cholerae are grouped in four major clonal groups: (i) the seventh
pandemic, (ii) the US Gulf Coast, (iii) Australia, and (iv) Latin America, which seem
to reflect broad demographic and epidemiological associations (Wachsmuth et al.
1994). When the O139 emerged in early 1990s and almost replaced O1 serotype in
Southeast Asia, it was thought that it might represent a new pandemic, but this strain
did not spread beyond Southeast Asia and even there, the cases due to O139 serotype
have declined and O1 serotype has become dominant again (Oliver and Kaper 2007).
The disease cholera is characterized by the passage of voluminous stools of rice
water consistency leading to dehydration, hypovolemic shock, acidosis, and if
appropriate treatment is not initiated, death. However, it has been estimated that
only 2% of those infected with ElT or biotype and 11% of those infected with
classical biotype develop severe disease. Five percent of El Tor infections and 15%
of classical infections may result in moderate illness that can be managed in
outpatient clinics (Kaper et al. 1995). Infected individuals shed the pathogen in
their feces for 7–14 days. Symptoms due to O1 and O139 serotypes appear to be
identical. About 80% of patients can be treated adequately through oral rehydration
salts (ORS) or intravenous fluids depending on severity of symptoms. Antibiotic
treatment can reduce the volume of diarrhea in patients with severe symptoms and
reduce the period of fecal shedding. Doxycycline, tetracycline, trimethoprim-
sulfamethaxazole and erythromycin are some of the antibiotics used. Antibiotic
resistance in V. cholerae O1 El Tor has been reported from a number of countries
(Kitaoka et al. 2011), but there are no such documented outbreaks associated with
consumption of aquaculture products.

For differentiation of choleragenic V. cholerae from non-choleragenic types,
serotyping has been commonly used, but some environmental stains could cross-
react with O1 or O139 antisera (FAO/WHO 2005a). The most important virulence
factor associated with V. cholerae O1 and O139 is the cholera toxin, which has two
subunits, A and B. The ctx genes (ctxA and ctxB) encoding the production of the
cholera toxin are present in a filamentous bacteriophage that is integrated into the
genome of V. cholerae O1 and O139 (Faruque et al. 1998). Loss of bacteriophage
may explain the presence of non-toxigenic O1 V. cholerae in the environment.
Molecular identification methods based on probes or PCR primers binding to ctx
gene have been widely used to detect toxigenic O1 or O139 V. cholerae in the
environment and in foods (FAO/WHO 2005a). FDA Bacteriological Analytical
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Manual recommends ctx-based PCR for determining toxigenicity of V. cholerae
(Kaysner and DePaola 2004). Detection of choleragenic V. cholerae in fish homog-
enates containing less than 10 cells/ml was possible when PCR was performed after
6 h enrichment in alkaline peptone water (Karunasagar et al. 1995).

Toxigenic V. cholerae may persist in the environment for long periods of time
in the absence of clinical cases and this explains the presence of V. cholerae O1 in
waters in areas where cholera is not an endemic disease, e.g., US Gulf Coast and in
Australia (Oliver and Kaper 2007). Adhesion to chitin has been shown to influence
strongly the ecology of V. cholerae and strong association between levels of zoo-
plankton like copepods, and incidence of V. cholerae has been observed in the
aquatic environment. Choleragenic V. cholerae has also been reported to attach to
the hindgut of crabs and it is noted that the hindgut of crustaceans is an extension of
the exoskeleton and is lined with chitin (FAO/WHO 2005a). However, there are very
few records of isolation of V. cholera O1 and O139 from aquaculture ponds and with
shrimp. This could be because shrimp are benthic organisms. Studies from Southeast
Asia indicate absence of V. cholera O1 from raw shrimp (Karunasagar et al. 1990,
1992; Fonseka 1990; Rattagool et al. 1990). Several studies on shrimp farms in India
indicated an absence of choleragenic V. cholerae in shrimp culture ponds (Otta et al.
1999; Gopal et al. 2005). Dalsgaard et al. (1995a) found that V. cholerae O1 was
present in 2% (2/107) of water, sediment, and shrimp samples collected from a major
shrimp culture area in Southeast Asia. However, subsequent testing of the isolates
indicated absence of the ctx genes in both the O1 strains (Dalsgaard et al. 1995b).
Ravi Kiran (1992) and Dalsgaard et al. (1995a) analyzed shrimp gut content for the
presence of potential human pathogens and noted the absence of V. cholerae O1.

Farmed fish could be contaminated with choleragenic V. cholerae due to improper
hygiene during postharvest handling. Saravanan et al. (2007) noted the absence of
choleragenic V. cholerae in shrimp processed under HACCP (Hazard Analysis
Critical Control Point) conditions in India, but detected the organism in one shrimp
sample in a domestic market. Chen et al. (2004) isolated V. cholerae O1 and O139
from shrimp in domestic market in Malaysia and possibly this could be due to
postharvest contamination. During the Peruvian cholera epidemic, high levels of
contamination (100%) were observed in a small number of raw seafood samples
from street vendors, but only one out of 1011 seafood samples intended for export
and processed under HACCP conditions was positive (DePaola et al. 1993).
FAO/WHO risk assessment for choleragenic V. cholerae in warm water shrimp in
international trade looked at the data from testing laboratories in shrimp importing
countries during the period 1995–2000. Of a total of 21,857 samples tested, only two
samples originating from an Asian country in 1995 (early days of HACCP) were
positive for choleragenic V. cholerae (FAO/WHO 2005a).

Epidemiological data indicates that a variety of fish and fishery products have
been involved in outbreaks of cholera in different parts of the world (FAO/WHO
2005a). Transmission of V. cholerae by seafood can be acute where fish and shellfish
are consumed raw (DePaola 1981). Seventy-five of 336 passengers in an airline were
affected in the Americas in 1992 in which cold seafood salad was implicated
(Eberhart-Phillips et al. 1996). The shellfish most often associated with cholera
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cases are molluscan shellfish (oysters) and crabs. Oysters are consumed raw in many
countries, but crabs are generally cooked. However, studies (Blake et al. 1980) have
shown that even after boiling crabs for up to 10 min or steaming for up to 30 min,
V. cholerae O1 may still retain viability due to issues related to heat penetration.
There are very few outbreaks linked to crustacean shellfish. In an outbreak linked to
the consumption of raw shrimp in the USA in 1986, the source was found to be
domestic. Contaminated crab salad served in an airplane flying from Peru to
California caused 75 cases. An outbreak in Japan in 1978 was associated with
lobsters imported from Indonesia and another outbreak was linked to the consump-
tion of raw shrimp in the Philippines in 1962. However, in most cases it is not
possible to assess whether V. cholerae O1 was naturally present or cross-
contaminated after harvest (FAO/WHO 2005a). Kim et al. (2018) reported three
cases of cholera in Korea associated with raw seafood and the source of contamina-
tion was traced to be seawater in the area.

There is very little data on the level of V. cholerae associated with aquatic animals
and most studies reporting isolations were done following enrichment. Hence, it is
expected that levels are generally very low. The dose–response model developed in
FAO/WHO risk assessment (FAO/WHO 2005a) indicates that 106 choleragenic
V. cholerae is required to produce disease. This suggests that if products of aqua-
culture are contaminated with V. cholerae, multiplication of the organism has to
occur before infective dose is reached. In raw shrimp, V. cholerae has to compete
with other organisms for growth. The optimum temperature for growth of
V. cholerae is 37 �C with a range of 10–43 �C (ICMSF 1996). Kolvin and Roberts
(1982) measured growth of V. cholerae O1 in raw and cooked seafood. No growth
was observed in raw prawns, mussels and oysters, but growth occurred in cooked
shellfish. Levels of 1010 cells/g were reported in cooked prawns and mussels stored
at 37 �C. At 22 �C, there was a lag phase of 8 h for classical biotype and 4 h for the El
Tor biotype. The organism is sensitive to desiccation and to heat with a D value of
2.65 min at 60 �C (ICMSF 1996). V. cholerae survives refrigeration, though some
decline in numbers is seen. Viable cells could be recovered from raw shrimp spiked
with 105 cells/g V. cholerae O1 after 4–9 days at 5–10 �C (ICMSF 1996). Similarly,
though freezing causes initial decline in numbers, the organism may survive over
180 days in fish (ICMSF 1996).

FAO/WHO risk assessment of choleragenic V. cholerae in warm water shrimp
in international trade indicated that the risk of transmission cholera through this
commodity is very low (FAO/WHO 2005a). Use of a spread sheet-based risk
assessment tool (Ross and Sumner 2002) for quantitative risk assessment predicted
the likelihood of illness to be 1–2 cases in a decade in Japan and the USA,
considering the volumes of warm water shrimp imported and consumed, and one
case in 25 years in other shrimp importing countries (FAO/WHO 2005a). Quanti-
tative approach using model based on import to consumption pathway (prevalence
estimated based on data from testing laboratories in importing countries – 2 sam-
ples in 1995 positive out of 21,857 samples tested between 1995 and 2000)
predicted the illness to be 1–5 cases every 5 years, based on the assumption that
10% shrimp are consumed raw and 90% after cooking (FAO/WHO 2005a). Thus,
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quantitative risk assessment indicates a very low risk, and there are no epidemio-
logical records of illness linked to imported warm water shrimp supporting the
very low risk predicted.

7.2.1.2 V. parahaemolyticus
Vibrio parahaemolyticus is found in the estuarine and coastal environments in the
tropical to temperate zones (Joseph et al. 1982) where it is considered to be part of the
autochthonous microflora. There is no correlation between the presence of this
organism and fecal contamination of the environments (Joseph et al. 1982; Oliver
and Kaper 2007). V. parahaemolyticus has been isolated from seawater, sediment,
marine animals, plankton, various fish and shellfish species (Joseph et al. 1982). Thus,
V. parahaemolyticus is naturally present in shellfish (shrimp and molluscan shellfish)
growing and harvesting areas. The level of this organism in various fish and shellfish
may vary. Certain areas may have more favorable environmental conditions that
support establishment, survival, and growth of the organism such as temperature,
salinity, zooplankton, tidal flushing, and dissolved oxygen (Garay et al. 1985; Kaneko
and Colwell 1977; Venkateswaran et al. 1990). In temperate waters, the ecology is
strongly influenced by temperature and salinity. In these environments,
V. parahaemolyticus is often detected in warmer months and the organism has been
reported to survive in the sediment during winter (Kaneko and Colwell 1977; DePaola
et al. 2003); however, in tropical waters, V. parahaemolyticus can be detected through-
out the year (Natarajan et al. 1980; Deepanjali et al. 2005). Salinity may influence the
levels in tropical waters, low counts being recording during post-monsoon period
(Deepanjali et al. 2005). V. parahaemolyticus can grow in sodium chloride concentra-
tions ranging from 0.5% to 10% with optimum levels between 1% and 3% (Colwell
et al. 1984). Adsorption of V. parahaemolyticus on to plankton or chitin containing
materials occurs with higher efficiency under conditions of estuarine salinity (Kaneko
and Colwell 1977). In tropical shrimp culture environments, V. parahaemolyticus is
often present. This organism accounted for 0–27% of the flora in water and sediment
of shrimp ponds in India (Otta et al. 1999; Gopal et al. 2005). The level of
V. parahaemolyticus in seafood may vary depending on the type of seafood and
geographical location. In US Gulf Coast oysters, during warm months, levels such
as 1.1 � 104/100 g have been reported, but in Pacific oysters that are at lower
temperatures, the levels were 2.1 � 103/100 g (Drake et al. 2007). In Indian oysters,
the levels range from 102 to 104/g (Deepanjali et al. 2005). In shrimp, the levels range
from undetectable to 104/g, high counts being rare (Cann et al. 1981; Karunasagar
et al. 1984) and in finfish levels of ~88/g have been reported (Chan et al. 1989).

Most of the environmental strains may not be pathogenic to man. Early studies in
Japan showed that 96% of clinical strains produce a thermostable direct hemolysin
(TDH), while only 1% of the environmental strains produce this hemolysin (Joseph
et al. 1982). Low prevalence of TDH positive strains in the environment has been
confirmed from different geographical regions. In the Gulf Coast in the USA, the
percentage has been generally less than 1%, but in Pacific North west, up to 3.2%
strains could be TDH positive (FAO/WHO 2007). Six to 10% of oysters from India
were positive for V. parahaemolyticus carrying tdh gene (Karunasagar et al.
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1996; Deepanjali et al. 2005; Raghunath et al. 2008). Some TDH negative strains from
clinical cases were found to produce a TDH-related hemolysin, TRH (Honda et al.
1988). Presently, strains producing TDH and TRH are considered pathogenic to man.
But there may be strain variations. There are five sequence variants of the tdh gene
(tdh1 – tdh5) and two sequence variants of the trh gene (trh1 – trh2) (Nishibuchi and
Kaper 1990, 1995). Some strains carry both tdh and trh genes. Most clinical strains
carry tdh-2 gene. Diverse serotypes may be associated with human infections, but
recently, strains belonging to O3:K6 serotype and its variants have been found to be
the causative agent of several outbreaks in different countries (Nair et al. 2007).
Though several publications refer to these strains as “pandemic” strains, Nair et al.
(2007) pointed out that this is misleading in the epidemiological sense, because
outbreaks have not affected exceptionally high proportion of the population. Never-
theless, strains belonging to this group show clonality in molecular typing methods
like arbitrarily primed (AP) PCR, ribotyping, or pulse field gel electrophoresis (PFGE)
and are characterized by the presence of only tdh gene (and not trh gene), some
mismatches in nucleotides in the toxRS gene, an open reading frame ORF8 derived
from a filamentous bacteriophage f237 (Nair et al. 2007).

Outbreaks of shrimp mortality at early stage (<30 days) were reported from
China in 2009, which spread to Vietnam, Thailand, and Mexico during following
years. The disease was called “Early Mortality Syndrome (EMS)” and a case
definition was adopted in 2012 (NACA 2012). The causative agent was identified
as specific types of V. parahaemolyticus (Tran et al. 2013) possessing a unique
virulence plasmid bearing genes encoding a Photorhabdus insect-related (PIR) toxin
(Yang et al. 2014). The disease is now called Acute Hepatopancreatic Necrosis
Disease (AHPND) and all V. parahaemolyticus strains causing AHPND tested so
far contain the virulence plasmid and are negative for tdh and trh genes (Kumar et al.
2021). This shows that V. parahaemolyticusAHPND is not of food safety concern.

Based on data from human volunteer studies and using beta-Poisson model, a
dose–response relationship has been established in FAO/WHO risk assessment of
V. parahaemolyticus in seafood (FAO/WHO 2011). This suggests that there is a low
risk (0.001%) of illness following consumption of 104 tdh + V. parahaemolyticus
and high risk (50%) when 108 cells are consumed. Since the levels of this pathogen
found in freshly harvested or frozen seafood are generally low, growth of the
organism due to mishandling at temperatures permitting growth would be necessary
before the organism reaches infective dose. V. parahaemolyticus can grow at a
temperature range of 5–43 �C and optimum temperature for growth is 37 �C
(ICMSF 1996). At optimum temperature, the doubling time in shrimp was
9–10 min and at 18.3 �C, it was 144 min (Katoh 1965). At 20 �C, the doubling
time was 34 min in raw shrimp and 28 min in cooked shrimp (Liston 1974). Growth
rates in a range of seafoods and tryptic soy broth with 2.5% salt (NaCl) have been
recorded and these data indicate that moderate populations of 102–103 organisms/g
on seafood can increase to >105 organisms/g in 2–3 h at ambient temperatures
between 20 �C and 35 �C (ICMSF 1996). A number of studies indicate that
V. parahaemolyticus dies when exposed to temperatures <5–7 �C, with highest
mortality rate being in the range 0–5 �C (ICMSF 1996). A 1–2 log10 drop in numbers

238 I. Karunasagar



occur during freezing, but the organism can persist in frozen seafood for long periods
of time (ICMSF 1996). Both pathogenic and non-pathogenic strains have been
observed to respond similarly to freezing (FDA 2005). V. parahaemolyticus is very
sensitive to heat with a D value of <1.0 min at 65 �C in crab homogenate with an
initial inoculum of 106 cells (ICMSF 1996), hence cooking would greatly reduce the
hazard due to this pathogen.

Symptoms of V. parahaemolyticus infection include watery diarrhea, nausea,
vomiting, abdominal cramps, and less frequently headache, fever, and chills
(FAO/WHO 2011). Generally, the gastroenteritis is self-limiting and severe cases
requiring hospitalization are rare. Depending on seafood consumption habits, the
source of infection could vary, but mostly involving consumption of raw products
and cooked products subjected to postprocess contamination. Oysters are the most
common source in outbreaks in the USA and South America, but there have been
reports of involvement of other types of seafood including clams, shrimp, lobster,
crayfish, scallops, crabs, and finfish (Daniels et al. 2000; Oliver and Kaper 2007). In
Japan (Anonymous 2000), implicated foods include sashimi, pieces of raw fish fillet
(responsible for 26% of outbreaks), followed by sushi, vinegary rice ball with pieces
of raw fish fillet (23%), shellfish (16%), and cooked seafood (12%). A large outbreak
linked to shrimp occurred in Louisiana in 1978 in which 1133 of the 1700 persons
attending a dinner were affected and this appears to have been caused by cross
contamination between raw and boiled shrimp. Shrimp boiled in the morning were
kept in the same wooden seafood box used to transport raw shrimp and transported
40 miles in an unrefrigerated truck and held additional 7–8 h before serving for
dinner (Oliver and Kaper 2007). In Japan, V. parahaemolyticus is one of the most
common causes of gastroenteritis and annually 500–800 outbreaks affecting 10,000
people are reported annually (FAO/WHO 2011). This organism is the leading cause
of food-borne illness in Taiwan causing 197 outbreaks during 1986–1995 (Pan et al.
1997) and accounted for 69% of the food-borne cases between 1981 and 2003
(Su and Liu 2007). V. parahaemolyticus accounted for 31.1% of 5770 food-borne
outbreaks that occurred in China from 1991 to 2001 (Liu et al. 2004).

FDA (2005) carried out quantitative risk assessment of Vibrio parahaemolyticus in
raw oysters in which a model for predicting V. parahaemolyticus levels in oyster
based on water temperature was developed. The postharvest oyster handling practices
in the USA and the effect of these practices on levels of V. parahaemolyticus were
modelled. Data from two regions in the USA (Pacific Northwest and Gulf Coast)
were used to estimate the proportion of strains that are pathogenic. It was estimated
that about 50% of oysters are consumed raw and each serving would be about 200 g.
The risk assessment suggested that in the absence of subsequent post-harvest miti-
gations, “at-harvest” guidance levels of 105, 103, 102 total V. parahaemolyticus per g
could potentially reduce the illness rate by 1.6, 68, and 98% with corresponding
impact of 0.25, 21, and 66% of the harvest, respectively. If the control is applied on
the basis of V. parahaemolyticus levels at retail, a standard to 104/g would reduce
illness by 99% and 43% of the harvest would have to be diverted from the raw
market. A 5000/g standard could almost eliminate almost 100% of illness, with 70%
of the harvest having to be diverted from the raw market (FDA 2005).
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The FAO/WHO risk assessment of V. parahaemolyticus in raw oysters used a
similar approach to estimate risk of illness in Australia, New Zealand, Canada, and
Japan (FAO/WHO 2011). Local data on water and air temperature, local harvest
practices and prevalence of V. parahaemolyticus in oysters in these countries was
used. The US data on proportion of pathogenic V. parahaemolyticus, multiplication
of V. parahaemolyticus in oysters, consumption patterns, and underreporting of
illness was used. The risk assessment also looked at the impact of applying micro-
biological criteria, e.g., 100/g, 1000/g, and 10,000/g. The data showed that a
criterion of 100/g would lead to 99% reduction in illness in Australia, but this
would lead to rejection of 67% of product currently going to the market. Considering
that epidemiological records of illness are very rare in Australia, risk management
based on microbiological criterion would not be a reasonable approach there. Noting
wide variations in the occurrence of V. parahaemolyticus in different geographical
regions, adopting a global microbiological criterion could not be recommended. This
led the Codex Alimentarius Commission to develop a Code of Practice (CAC/GL
73-2010) for minimizing the risk rather than adopt a microbiological criterion.

Since the illness caused by V. parahaemolyticus is generally mild, it does not
require antibiotic treatment. In severe or prolonged cases, tetracycline, ampicillin, or
ciprofloxacin may be used. Though antimicrobial resistance has been detected in
environmental strains (Baker-Austin et al. 2008), there is very little evidence that this
is an issue with clinical strains. A study of V. parahaemolyticus strains isolated from
outbreaks of illness in Chile during 2005 and 2007 showed that they were sensitive
to tetracycline, sulfamethaxazole-trimethoprim, and ciprofloxacin, but were resistant
to ampicillin (Dauros et al. 2011).

7.2.1.3 Vibrio vulnificus
Vibrio vulnificus is a common inhabitant of warm water estuarine environments all
over the world. The organism has been isolated from coastal marine and estuarine
waters, sediment, plankton, and various shellfish (both molluscan and crustacean)
and finfish species in areas where the temperatures range from 9 �C to 31 �C.
V. vulnificus proliferates in waters where temperature exceeds 18 �C (Kaspar and
Tamplin 1993; Strom and Paranjpaye 2000; FAO/WHO 2005b; Drake et al. 2007).
The abundance varies considerably and is greatly influenced by temperature and
salinity. In North America, higher densities are observed in mid-Atlantic, Chesa-
peake Bay, and Gulf Coast waters, where temperatures are warmer throughout the
year, while densities are lower in Pacific, Canadian, and North Atlantic waters
(FAO/WHO 2005b). The lowest temperature at which V. vulnificus has been isolated
varies geographically, being 8 �C at Chesapeake Bay (Wright et al. 1996) and
< 12.5 �C in Gulf Coast (Simonson and Siebeling 1986) and the organism survives
in sediment during winter. In tropical waters, where temperature does not go below
18 �C, abundance of V. vulnificus is influenced by salinity (Parvathi et al. 2004). In
south India, highest V. vulnificus levels were found during monsoon season when the
salinities were less than 5 ppt, and at salinities exceeding 25 ppt, these organisms
were not detectable (Parvathi et al. 2004). Salinity has a significant effect on the
abundance of the organism even in temperate waters. In the waters of the USA,
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numbers of V. vulnificus were high at salinity between 5 and 25 ppt, but dropped by
58–88% at salinities over 30 ppt (FAO/WHO 2005b). V. vulnificus produces
chitinase, which might help the organism to colonize zooplankton (Strom and
Paranjpaye 2000) and can colonize plankton and fish gut (FAO/WHO 2005b).
Through fish, the organism even reaches the gut of birds since Miyasaka et al.
(2006) found 14.1% aquatic birds in Japan to be positive for V. vulnificus.

Presently three biotypes are recognized based on a combination of phenotypic,
serologic, and host range characters (Drake et al. 2007). Biotype 1 strains are indole
positive, serologically diverse, and are associated with human infections. Biotype
2 strains are indole negative and considered mainly as eel pathogens, but may also be
opportunistic human pathogens, being associated with infections in eel handlers.
This biotype has three serotypes and strains associated with eel and human infections
belong to serotype E (Sanjuan and Amaro 2004). Biotype 3 has five atypical
biochemical characters, genetically clonal, and has been isolated from 62 Israeli
patients with wound infection or septicemia. This biotype has not been associated
with food-borne infections (Drake et al. 2007). The virulence of this organism seems
to be related to multiple factors such as presence of a polysaccharide capsule, ability
to obtain iron from transferrin, and ability to produce extracellular enzymes and
exotoxin (Drake et al. 2007). Most of the virulence-associated factors are present in
over 95% of environmental strains. Rosche et al. (2005) using nucleotide sequence
analysis showed that Biotype 1 strains can be distinguished into two types that
strongly correlate with clinical (C) or environmental (E) origin. C-genotypes showed
greater resistance to human serum than E-genotypes and had lower LD50 suggesting
that C-genotype strains may be more virulent (Rosche et al. 2010). While similar
levels of C- and E-genotypes were found in estuarine waters, oysters had 85%
E-genotypes (Warner and Oliver 2008).

V. vulnificus can cause primary septicemia and wound infections. The disease
rarely (<5%) occurs in healthy individuals and risk factors for V. vulnificus infection
include liver disease, cirrhosis due to alcohol consumption, diabetes, gastrointestinal
disorders (ulcer, surgery), hematological conditions, and immunocompromised con-
dition associated with cancer and therapy with immunosuppressive drugs. Epidemi-
ological data suggests that men are more susceptible than women to V. vulnificus
infection. The fatality rate (about 50%) is the highest among food-borne pathogens
(FAO/WHO 2005b) while the attack rate is low with one illness occurring per 10,000
meals of raw US Gulf Coast oysters (containing V. vulnificus) served to the highest
risk population, i.e., people with liver diseases (FAO/WHO 2005b). The incubation
period ranges from 7 h to 10 days, with symptoms appearing in 36 h in most cases
(Oliver and Kaper 2007). The symptoms include sudden onset of fever and chills,
generally accompanied with nausea, vomiting, abdominal pain, hypotension (sys-
tolic pressure< 85 mm) and in over 60% cases, secondary lesions appear, mostly on
the legs that often develop necrotizing fasciitis or vasculitis that may require surgical
debridement or amputation (Strom and Paranjapaye 2000; Oliver and Kaper 2007).
V. vulnificus can be isolated from blood and cutaneous lesions. Rare cases of atypical
infections have been reported and these include septic arthritis, meningoencephalitis,
and ocular infection following consumption of raw oysters or raw fish. Sixty-nine
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percent of wound infections were associated with occupational exposures among
oyster shuckers and commercial fishermen (Strom and Paranjapye 2000). Wound
infections may progress to echymoses, cellulitis, bullae, and necrotizing fasciitis, but
mortality rate (25%) is much lower than in case of primary septicemia, though 50%
of cases may require surgical debridement or amputation (Jones and Oliver 2009).

Antibiotic therapy is important for both wound infections and septicemia. While
tetracycline has been the most effective drug, in some cases, this has been used in
combination with third-generation cephalosporin or gentamycin or chloramphenicol
(Strom and Paranjapye 2000; Liu et al. 2006). Roig et al. (2009) noted that the
V. vulnificus biotype 2 serovar E eel pathogenic strains can develop resistance to
quinolones by spontaneous mutation of gyrA gene and suggested avoiding
quinolones for treatment of vibriosis in eel farms. Baker-Austin et al. (2009)
screened 151 environmental isolates and 10 primary septicemia isolates for antimi-
crobial susceptibility. Several isolates showed resistance to antibiotics routinely
prescribed for V. vulnificus infections such as tetracycline, doxycycline,
aminoglycosides, and cephalosporins. The resistance was seen at similar frequencies
in C-type and E-type strains. Among environmental isolates, there was no consistent
difference in the frequency of resistance between strains from pristine and anthro-
pologically impacted areas suggesting natural rather than human-derived source of
resistance traits.

Epidemiological data suggests that about 100 cases of primary septicemia due to
V. vulnificus occur per year in the USA (Drake et al. 2007). The Korean Centres for
Disease Control estimates 40–70 confirmed cases per year and this high rate is
suspected to be due to consumption of raw seafood or higher prevalence of pre-
disposing factors (Drake et al. 2007). However, in Japan, Inoue et al. (2008)
estimated 12–24 cases per year and in Taiwan, there was a peak occurrence in
2000 with 26 cases per million population (Hsueh et al. 2004). While in the USA,
oysters are the main source, this is not the case in Japan since raw oysters are eaten
only in winter and most infections occur during June–November with a peak in July.
A mud shrimp Upogebia major was the common agent associated with V. vulnificus
infections (Inoue et al. 2008). 72.3 percent of infections had septicemia and mortality
rate was 75%. Most patients (86.5%) had liver function impairment with 56.9%
having liver cirrhosis and 10.1% liver cancer (Inoue et al. 2008). In Europe,
V. vulnificus infections are rare and mostly wound infections (Baker-Austin et al.
2010). Rare cases of septicemia have been reported from Thailand (Thamlikitkul
1990) and India (Saraswathi et al. 1989).

V. vulnificus is a natural inhabitant of the estuarine environment and hence fecal
coliforms/Escherichia coli cannot be used as indicator organism for this pathogen.
Since molluscan shellfish are filter feeding organisms, when environmental condi-
tions are favorable, they may harbor high levels of V. vulnificus with levels in oysters
being 100 times higher than in water surrounding them. On the US Gulf Coast, the
levels in oysters may reach 104cfu/g during summer months (Drake et al. 2007), and
in tropical waters of India, similar levels were reached in oysters when salinities were
less than 10 ppt (Parvathi et al. 2004). V. vulnificus counts exceeding 106/g have been
reported from the intestines of benthic fish inhabiting oyster reefs (DePaola et al.

242 I. Karunasagar



1994). If the temperature of oysters is not controlled immediately after harvest,
growth of V. vulnificus could occur. Cook (1997) demonstrated that V. vulnificus
levels in oyster shell stock held without refrigeration for 3.5, 7, 10.5, and 14 h
increased 0.75, 1.3, 1.74, and 1.94 log units. It has also been reported that
V. vulnificus levels in retail oysters originating from Gulf of Mexico were 1–2 log
units greater than at harvest (Cook et al. 2002). The organism does not grow in
oysters at temperatures below 13 �C and prolonged refrigeration could lead to
reduction in numbers and the levels could become non-detectable (<3/g) in
14–21 days (Cook 1994; Cook and Ruple 1992). However, Kaysner et al. (1989)
observed survival in artificially contaminated oysters for 14 days at 2 �C, suggesting
that refrigeration cannot be relied upon for elimination of this pathogen in oysters.
The rate of decline in refrigerated oyster shell stock has been estimated to be
0.041log unit per day (Cook et al. 2002). It has been estimated that commercial
cooling of oyster stocks could take an average of 5.5 h (FDA 2005) and therefore the
time shell stock is unrefrigerated on boat deck is an issue in control plans.

Freezing could reduce levels of V. vulnificus in oysters, but this cannot eliminate
the organisms completely. Four to five log10 reductions in numbers of natural
V. vulnificus population in oysters occur when frozen to �40 �C and stored for
3 weeks (Cook and Ruple 1992). A combination of vacuum packaging and freezing
can bring down V. vulnificus counts by 3–4 log10 units in 7 days but complete
elimination cannot be achieved (Parker et al. 1994). V. vulnificus is sensitive to heat
with 6 log10 reduction in numbers occurring when subjected to 50 �C for 5 min in
shucked oyster meat (Cook and Ruple 1992). Natural populations of V. vulnificus
(4.3 � 103cfu/g) could be reduced to non-detectable levels by exposing them to
50 �C for 10 min (Cook and Ruple 1992). In North and South Carolina, commercial
shell stock is subjected to heat shock by submerging about 70 chilled oysters in wire
baskets into a heat-shock tank containing about 850 L of potable water at a
temperature of 67 �C for about 5 min depending on oyster size and condition. This
process has been shown to reduce V. vulnificus levels by 2–4 log10 units (Drake et al.
2007). V. vulnificus cells are acid-sensitive and can be inactivated at pH 2.0 (Koo
et al. 2000). V. vulnificus is sensitive to ionizing radiation and irradiation doses of
1.0 kGy applied on whole shell oysters can reduce the cell numbers from 107cfu/g to
undetectable levels (Andrews et al. 2003). Hydrostatic pressure of 250 Mpa for 120 s
reduced V. vulnificus >5 log10 units in oyster (Cook 2003).

Joint FAO/WHO Expert Meeting on Microbiological Risk Assessment (JEMRA)
carried out a quantitative risk assessment for V. vulnificus in raw oysters (FAO/WHO
2005b) and this study modified the FDA V. parahaemolyticus risk assessment model
to assess the risk of V. vulnificus primary septicemia in the USA. The geographical
coverage was limited because quantitative data for V. vulnificus levels in oysters at
the point of consumption and the data for the susceptible population was available
only for the USA (FAO/WHO 2005b). The risk assessment model used the data on
V. vulnificus levels in oysters from four Gulf States and assumed that all strains were
equally virulent. Harvest and postharvest module used for exposure assessment was
based on postharvest practices (duration oysters in harvest vessel in water, time to
first refrigeration, cool down time) derived based on surveys conducted in Gulf
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Coast. V. vulnificus growth in oysters, survival during refrigeration, and levels at
consumption were estimated based on data from studies along the US Gulf Coast
(FAO/WHO 2005b). The model predicted that the mean V. vulnificus levels in
oysters would be 5.7 � 104/g in summer and 8.0 � 101/g in winter. At a serving
size of 196 g, the ingested dose would be 1.1 � 107 V. vulnificus in summer and
1.6 � 104 in winter. FDA data on the prevalence of risk factors in the US population
and oyster consumption data from surveys was used in the model (FAO/WHO
2005b). The dose–response relationship was modeled by estimating the exposure
per eating occasion and number of eating occasions for oyster-associated
V. vulnificus cases reported to the US Centers for Disease Control and Prevention
(CDC) during 1995–2001. The risk assessment also predicted the reductions in
illness that could be achieved by postharvest treatments to reduce V. vulnificus levels
to target values such as 3/g or 30/g or 300/g. In the USA, there are three validated
methods to achieve end-point criterion of <3 MPN/g V. vulnificus and these include
mild heat treatment (50 �C), freezing with extended frozen storage and high hydro-
static pressure. If all oysters are treated to achieve target level of 3/g, the model
predicted that the number of cases could be reduced from current 32 reported cases
per year to one case every 6 years. If the target is shifted to 30 or 300/g, then the
predicted cases would increase to 1.2 and 7.7 cases per year, respectively
(FAO/WHO 2005b).

The FAO/WHO risk assessment model suggested that immediate cooling of
oysters alone is not adequate to achieve substantial reduction in the number of
V. vulnificus illnesses. The predicted illness ranged from 17.7 to 59.3 at a time to
refrigeration range of 0–20 h. Since V. vulnificus levels in oysters harvested from
waters with a salinity of >30 ppt is greatly reduced, it is predicted that if all oysters
are harvested from waters at salinity of >30 ppt, irrespective of the water temper-
ature, V. vulnificus illness would be <1 case per year (FAO/WHO 2005b). Relaying
oysters to high salinity waters (>32 ppt) has been shown to reduce V. vulnificus
levels by 3–4 log units (<10/g) within 2 weeks. Based on FAO/WHO risk assess-
ment, Codex Committee on Food Hygiene developed Code of Hygienic practice for
control of Vibrio spp. in seafood with an annex on control measures for
V. parahaemolyticus and V. vulnificus in bivalve mollusks. This Code recommends
assessment of the need for control measures based on (a) number of sporadic
illnesses associated with bivalve mollusks in the area, (b) water temperature at
harvest, air temperature, and harvest and post-harvest practices, and (c) water salinity
at harvest. Since there is wide geographical variation in prevalence and levels of
V. vulnificus in bivalves, control measures that have been validated and appropriate
for the region may be adopted by the competent authority having jurisdiction and
implemented under HACCP system. Validation of control measure should be carried
out in accordance with the Codex Guidelines for the validation of food safety control
measures (CAC/GL 69-2008).

V. vulnificus resides inside various tissues of oysters, hence depuration is ineffective
in elimination of this pathogen, but relaying oysters in high salinity (>30 ppt) waters
for 17–49 days caused a decrease in population from 103cfu/g to <10 MPN/g (Motes
and De Paola 1996). The US National Shellfish Sanitation Programme (NSSP) guide
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(2011) includes the following strategies for minimizing the risk due to V. vulnificus in
molluscan shellfish in states reporting two or more cases of V. vulnificus illness
per year: (a) increased educational efforts targeted toward the population at risk to
improve their awareness of the risks of eating raw molluscan shellfish and to change
their eating behavior to reduce or stop eating raw or untreated molluscan shellfish,
(b) limited harvest restrictions on areas incriminated in outbreaks, (c) requirement for
the temperature of shell stock to be brought down to 10 �C or less by using ice,
mechanical refrigeration, or other means within specified period (12 h when water
temperature is>28 �C; 18 h when water temperature is 15 and 27 �C; 14 h when water
temperature is 18–23 �C; and 36 h when water temperature is <18 �C), and
(d) phased-in postharvest treatment requirements or other controls.

7.2.2 Salmonella

Currently, two species are recognized in the genus Salmonella, a member of the family
Enterobacteriaceae (Tindall et al. 2005): Salmonella enterica and Salmonella bongori.
Six subspecies are recognized in S. enterica, viz. subsp. enterica, subsp. salamae,
subsp. arizone, subsp. diarizonae, subsp. Houtenae, and subsp. indica. More than
2500 serotypes have been recorded, of which majority (59%) belong to S. enterica
subsp. enterica, which are also responsible for 99% of Salmonella infections in
humans and warm-blooded animals (Brenner et al. 2000). Other subspecies may
also be associated with cold-blooded animals and environment, but isolates from
both species and all subspecies have occurred in humans (Brenner et al. 2000).

The clinical outcomes of Salmonella can be considered as two separate groups:
(a) Typhoid fever (enteric fever) caused by Salmonella Typhi/Paratyphi strains is a
serious systemic illness. Incubation period ranges from 7 to 28 days. Symptoms
include malaise, headache, fever, cough, nausea, vomiting, constipation, abdominal
pain, chills, rose spots, and bloody stools. Typhoid fever is generally transmitted
through water. (b) Non-typhoid Salmonella caused by other strains and character-
ized by gastroenteritis in humans. Incubation period ranges from 8 to 72 h. The
symptoms include abdominal pain, diarrhea, chills, fever, nausea, vomiting and
malaise. Systemic infection such as septicemia may occur especially in susceptible
patients such as the very young, very old, and immunocompromised. The available
data measuring illness as the endpoint suggests that no response is observed until a
dose of 106 is reached (Coleman and Marks 1998). However, outbreak investiga-
tions show that lower number of cells can cause infection depending upon the food
matrix. There is no data with seafood matrix alone but in an outbreak of S. enteritidis
associated with scallop and egg yolk, a 56% attack rate was observed at a dose of 6.3
log CFU (FAO/WHO 2002). Severe dehydration due to diarrhea can on occasion
require medical intervention through the administration of intravenous fluids and
antibiotic treatment. However, occasionally some serovars of this pathogen may
cause sepsis after entering the blood stream from the intestine and require intense
medical intervention. Mortality is rare if patient is promptly hydrated and provided
antibiotic treatment.
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Though the normal habitat of S. enterica subspecies enterica is the gut of warm-
blooded animals, very few serovars are host adapted and others may be found in the
environment for long periods of time. The habitat for other subspecies is cold-
blooded animals and environment. Salmonella has been isolated from several
aquatic environments in different parts of the world (FAO 2010). Water bodies
contaminated with fecal matter from humans, animals including birds and aquatic
mammals may contain this pathogen. Salmonella can survive in human waste for
10–15 days in septic system and through seepage from septic tanks, sewage and
storm runoff, reach surface waters. It can survive and even multiply in aquatic
environment, e.g. it can adhere to soil particles and survive and multiply in this
ecosystem for at least 1 year (Winfield and Groisman 2003). In Tech River (France),
574 isolates of Salmonella belonging to 41 serotypes were obtained during
1996–1997, some serotypes being specific to flood events (Baudart et al. 2000). In
a 4-year study of coastal waters of Galecia, North western Spain, a prevalence of
2.4% in mollusks and seawater was found with S. Senftenberg being the most
predominant (42%) among 20 different serotypes (Martinez-Urtaza et al. 2004a).
The presence of S. Senftenberg could not be correlated with environmental param-
eters, while presence of other serotypes was associated with wind and rainfall events.
S. Senftenberg has been very rarely reported in human infections and is halotolerant
since it has been isolated from brines with a salt concentration of 30% (Martinez-
Urtaza et al. 2004b). Salmonella Senftenberg has been one of the predominant
serovars detected in the coastal waters of Portugal (Catalao Dionisio et al. 2000).
This serovar has been isolated from crustaceans from India (Hatha and Lakshman-
perumalsay 1995), seafood imported into the USA especially from tropical countries
(Heinitz et al. 2000), and from environmental samples in France and Brazil (Baudart
et al. 2000; Tavechio et al. 2002). Detection of Salmonella in 16% shrimp and 22.1%
in mud/water in Southeast Asia led Reilly and Twiddy (1992) to suggest that
Salmonella are part of the normal aquatic flora in tropical environments. But recent
reports of detection of Salmonella in fish gut in natural river system in Texas
(Gaertner et al. 2008) suggest that Salmonella are more widely present in aquatic
systems than earlier thought to be. Seventeen to thirty-three percent of fish sampled
in San Marcos River, Texas were positive for Salmonella and presence in fish gut has
been attributed to ingestion of Salmonella present in detritus. Byappanahally et al.
(2009) reported that the filamentous alga, Cladospora in Lake Michigan is a
reservoir for Salmonella, a 3-year study during 2005–2007 indicating presence in
23–72% samples at densities ranging from 0.16 to 89.46 the most probable number
(MPN) per gram. This alga can be found in fresh and marine waters. Therefore,
present evidence suggests that Salmonella are widely distributed in the aquatic
environment and could be part of normal flora in aquaculture systems.

Specific seasonal patterns or climate characteristics have been reported to affect
the dynamics of contamination of Salmonella in natural environments. The presence
of Salmonella in the environment in both temperate and tropical regions has been
linked to the periods of rains, and more specifically, after the days of the first heavy
rains signaling the washing effect of torrential rains as one of the principal environ-
mental drivers of Salmonella contamination in coastal areas (FAO 2010). There may
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also be other sources in the marine environment. For example, Salmonella may
colonize marine mammals like killer whale, bottlenose dolphins, seals, sea lions,
elephant seals and porpoises (Higgins 2000; Old et al. 2001; Fenwick et al. 2004;
Stoddard et al. 2005) and the organisms shed by these mammals may contaminate
other marine fish. 21.7% of harbor porpoises in England and Wales were positive for
Salmonella during 1990–2002. In San Miguel Island, California, 33% of fur seal
pups and 40% of sea lion pups were positive for Salmonella (Higgins 2000).

Most of the studies looking at the presence of Salmonella in aquatic environments
have evidenced two main observations: only a small but constant number of serovars
have been found in these environments and, in most cases, these do not coincide with
the main zoonotic serovars identified in the surrounding areas (FAO 2010). In spite
of the variability in sampling size (n ¼ 37 to 251), in most of these studies the
maximum number of serotypes identified has been around 20 (FAO 2010). Among
the clinically important serovars, typhimurium has been shown to be the most
common but mostly this accounted for only a small percentage of serotyped strains
(FAO 2010); nevertheless, this attests to their capacity of adaptation survival in
external environments (Baudart et al. 2000). Salmonella Weltevreden has been
identified in recent years as one of the prevailing serovars in seafood products
from Asian countries. Serovar Weltevreden has been detected as the dominant
Salmonella serotype in fish and shrimps samples collected in India (Shabarinath
et al. 2007), and in other Asian countries (Reilly and Twiddy 1992; Koonse et al.
2005) and this serovar has been involved in several clinical cases in Asia
(Bangtrakulnonth et al. 2004; Phan et al. 2005).

Salmonella has been isolated from aquaculture systems in both developing
countries and developed countries and the prevalence rates reported vary depending
on the methodology used for detection. In aquaculture systems of Southeast Asia,
16.1% of shrimp and 22.2% of water/mud samples were positive for Salmonella
(Reilly and Twiddy 1992). In US fresh water catfish ponds, Wyatt et al. (1979)
reported a prevalence of 5% while a relatively high percentage of 33% in US catfish
and 50% in Vietnamese catfish were reported by Pal and Marshall (2009) and this
may be due to the methodology used for isolation. From eel culture ponds in Japan, a
prevalence of 21% (Saheki et al. 1989) has been documented. Salmonella has also
been isolated from pond water in a trout farm in Spain (Cesar-Javier et al. 1999).
Long-term persistence of Salmonella in fish feed plants in Norway has been reported
(Nesse et al. 2003). During 2000–2004, 3.78% of environmental samples from
Norwegian fish feed production facilities were positive for Salmonella. But the
serovars recovered were mostly S. Senftenberg and S. Montevedeo that account
for 2% of human cases in Norway (Lunestad et al. 2007). Thus, fish feed could be a
source of Salmonella in aquaculture systems. These studies provide evidence for the
rather common prevalence of Salmonella in aquaculture systems across the globe.
Contamination of aquaculture systems with Salmonella could involve multiple
pathways such as runoff of organic matter into ponds during rainfall events, animal
wastes introduced directly through bird droppings, frogs living in ponds or indirectly
through runoff, fertilization using no-composted manures, integrated aquaculture
systems, where animals such as poultry are housed directly over aquaculture pond,
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toilets discharging into ponds, contaminated source water through wildlife runoff,
untreated domestic sewage, discharge from animal farms, contaminated feed or
unhygienic handling practices in farm (FAO 2010). Noor Uddin et al. (2015)
reported that Salmonella could be detected in both extensive and intensive shrimp
culture systems in Vietnam and isolates of S. Weltevreden from these systems were
clonal in nature. They suggested that S. Weltevreden could survive and possibly even
multiply in shrimp culture systems. Studies of Hounmanou et al. (2020) indicated
occurrence of S. Weltevreden as the most common Salmonella associated with
shrimp culture systems in China and the isolates are genetically related. Though
detection of Salmonella in aquaculture products has been reported, this has not led to
any major public health problem.

Salmonella are often detected in seafood in markets and the prevalence rates
reported vary widely. In Malaysia, 25% raw prawns in market were positive, the
serovars found being S. Blockley, S. Weltevreden, S. Agona (Armugaswamy et al.
1995), and in India, 1% of the 500 market prawns tested were positive the serovars
being S. Newport and S. infantis (Prasad and Pandurangarao 1995). Salmonella
present in seafood at market level could be a result of postharvest contamination.
Salmonella including serovar Weltevreden can form biofilms on food contact sur-
faces and resist sanitizer treatment in biofilms (Joseph et al. 2001). In a study of
353 imported seafood in Japan, 2/47 black tiger shrimp were positive, both with S.
Weltevreden, and contamination level in seafood were <30–40 MPN/100 g (Asai
et al. 2008). Analysis of 11,312 imported and 768 domestic seafood in the USA
during 1990–1998 revealed that 10% of imported and 2.8% domestic raw seafood
was positive for Salmonella and the overall incidence was 7.2% for imported and
1.3% for domestic seafood (Heinitz et al. 2000). The most frequent serotypes in
imported seafood were S. Weltevreden, S. Senftenberg, S. Lexington, and S. Para-
typhi B. These most common serotypes were rarely (<0.5%) observed in human
illness in the USA (Helfrick et al. 1997). S. enteritidis ranked fifth and
S. typhimurium ranked 12th (Heinitz et al. 2000). S. Weltevreden was also the
most common serotype isolated from imported food including seafood in USA in
2000 (24/187) followed by S. Thompson (13/187), S. Lexington (12/187), and
number of other serotypes (Zhao et al. 2003). Though S. Weltevreden is rarely
associated with human cases in the USA, it is frequently isolated from human
cases in Thailand (Bangtrakulnonth et al. 2004).

Most studies on Salmonella in foods including seafood have been carried out
using enrichment procedure and quantitative estimation of the concentration of
Salmonella in foods has rarely been reported. One study of imported seafood
(353 samples of 29 types of seafood) in Japan found two samples of black tiger
shrimp and the levels estimated by Most Probable Number (MPN) were < 30 to
40/100 g (Asai et al. 2008). Considering that >105 cells are required to cause
infection (FAO/WHO 2002), it can be suggested that multiplication in fish would
be necessary before the food is consumed. Salmonella being a mesophilic organism,
the growth rate of this organism is markedly reduced at temperatures <15 �C while
the growth of most strains is prevented at <7 �C (ICMSF 1996). In raw seafoods
containing a variety of bacteria, Salmonella, if present has to compete with other
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flora for growth. S. Heidelberg had a generation time of 28 h and 31 h in the fish
English sole and sterile crab, respectively, at 8 �C (ICMSF 1996). Ingham et al.
(1990) reported proliferation of Salmonella in cooked crab inoculated with Salmo-
nella and stored at 8–11 �C under modified atmospheres containing low levels of
CO2 (20–50%). The optimum pH for the proliferation of Salmonella is 7.0–7.5
though the organism can grow at pH values ranging from 3.8 to 9.5 with (ICMSF
1996). The minimum water activity for growth is 0.94 (ICMSF 1996) and the growth
is generally inhibited at 3–4% NaCl, but salt tolerance increases with increasing
temperature in the range 10–30 �C (D’Aoust and Maurer 2007). Though the
resistance of Salmonella to drying varies, this organism may survive for months or
even years in dried products and has been frequently isolated from fish meal, meat
and bone meal, maize and soy products (Lunestad et al. 2007). Salmonella is
sensitive to lower temperatures causing decrease in numbers during freezing and
frozen storage, but this process does not guarantee elimination of salmonellae in
foods (ICMSF 1996). Salmonella are heat-sensitive and typical D-values reported
are 0.176 min in chicken at 70 �C, 0.36 min in ground beef at 63 �C (FAO/WHO
2002). Some strains of Salmonella like S. Senftenberg 775 W may show higher heat
resistance (ICMSF 1996). Interestingly, S. Senftenberg is the serovar often isolated
from fish feed (Lunestad et al. 2007). D-values are influenced by the water activity,
nature of the solutes, and pH of the suspending medium (ICMSF 1996).

Though Salmonella has been isolated from seafood at both farm level and retail
level, seafood account for only a small proportion of salmonellosis outbreaks. Greig
and Ravel (2009) analyzed food-borne outbreaks reported in International literature
between 1988 and 2007, for which a source could be identified (n ¼ 4093). This
study indicated that 46.9% outbreaks were due to Salmonella of which, seafood
accounted for 1.7% compared to 14% associated with eggs. In the USA over a three-
decade period (1973–2006), Salmonella accounted for 18 of a total of 188 outbreaks
involving seafood. Three hundred seventy four illness were associated with Salmo-
nella in seafood out of 4020 seafood associated illnesses (Iwamoto et al. 2010). In
EU, during 2011, there were 1501 food-borne outbreaks of salmonellosis, and these
were grouped as 283 outbreaks with strong evidence and 1218 outbreaks with weak
evidence (EFSA and ECDC 2013). Of the outbreaks with strong evidence, 17 (6%)
were due to seafood.

Considering that Salmonella in aquatic systems are derived from human or
animal source, antibiotic resistance in seafood would be reflective of the situation
in other sectors. Antimicrobial resistance was detected in 9% of the total of strains
isolated from environmental sources and shellfish over different studies in Spain
(Martinez-Urtaza et al. 2004b; Martinez-Urtaza and Liebana 2005). On the other
hand, the presence of antimicrobial resistant strains among strains isolated from the
marine environment in Morocco reached 49.1% of the strains (Setti et al. 2009),
whereas in Mexico, 50.4% of the strains recovered from water samples showed
resistance to antimicrobials (FAO 2010). In a study carried in Cochin, India, 82% of
the strains isolated from seafood product presented antimicrobial resistance (Kumar
et al. 2009), whereas in Vietnam, antimicrobial resistance was observed in 11.1% of
strains (Van et al. 2007). It should however be noted that the methodology and
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spectrum of antibiotics used by different investigators vary and this may contribute
to the high degree of variation observed. Khan et al. (2006, 2009) recorded varying
antibiotic resistance in Salmonella strains belonging to several serovars isolated
from imported seafood in the USA, but the frequency of resistance in the serovar
Weltevreden was low (Ponce et al. 2008).

Biosecurity and control measures to minimize the risk of Salmonella contamina-
tion of aquaculture products have been elaborated by FAO (2010). A number of
aspects covering farm design, layout, source of water, hygiene of equipment,
personnel, feed as well as good hygienic practices during harvesting, transport,
and processing would be important.

7.2.3 Listeria monocytogenes

The genus Listeria has seven species, of which only L. monocytogenes is consid-
ered as a pathogen to human, and L. ivanovii is considered an animal pathogen
(Swaminathan et al. 2007). L. monocytogenes is a common inhabitant of moist
environments like decaying vegetation, soil and can be isolated from various
aquatic environments and therefore, the organism is commonly associated with
aquaculture environments and in freshly harvest fish (Reilly and Kaferstein 1997)
and fish in retail markets (Dhanashree et al. 2003; Parihar et al. 2008). In the US
catfish industry, L. monocytogenes has been found at a frequency of 76.7% in
chilled fresh catfish fillets and 43.3% in unchilled fillets. The organism was also
detected in fish contact surfaces such as deheading machine, trimming board,
chiller water, and conveyor belts at different stages (Chen et al. 2010). In some
studies, raw fish have been found to be a source of contamination of fish pro-
cessing plants (Gudmundsdóttir et al. 2005). Prevalence of L. monocytogenes in
fish processing environments has been a particular problem, particularly for the
fish smoking industry. To understand the source of contamination of the final
product, various molecular techniques such as Pulse Field Gel Electrophoresis
(PFGE) and Multi Locus Sequence Typing (MLST) have been used. Chen et al.
(2010) noted that in the US catfish industry, chiller water and processing table are
important sources of contamination for the final fillets rather than the raw material.
Ciccio et al. (2012) noted that though raw fish could be source of contamination of
the processing environment, certain strains can persist longer than others and the
strains found in the final product are generally these persistent strains.
L. monocytogenes has been reported to form biofilms and survive in fish pro-
cessing environment for years (Wilks et al. 2006). PEGE studies on isolates
provide evidence for the persistence of strains for 11 years (Vongkamjan et al.
2013).

Unlike most other food-borne pathogens, L. monocytogenes is psychrotrophic
and capable of growing at refrigerator temperatures. The temperature range at which
growth can occur is between 0 �C and 45 �C with an optimum temperature of 37 �C.
The organism is resistant to environmental conditions such as high salinity or acidity,
which enables its survival for long periods in the environment. Possibly, due to its
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psychrotrophic nature, the organism seems to be more prevalent in seafood from
temperate environments compared to that from tropical regions. For example, in
India, the reported prevalence ranges from absence to 8.6% (Karunasagar and
Karunasagar 2000; Parihar et al. 2008), while in cold water shrimp, the prevalence
could be 20.9% (Gudmundsdottir et al. 2006).

Despite the wide prevalence of Listeria monocytogenes in foods, natural and food
processing environments, and its asymptomatic carriage in 5–10% of humans and
domestic animals, listeriosis is a rare disease. The incidence is typically in the range
of 0.1–11 cases per million people per year (FAO/WHO 2004). A severe form of
listeriosis is characterized by an invasive infection often leading to septicemia with
or without infections of the central nervous system such as meningitis, meningoen-
cephalitis, rhomboencephalitis or brain abscess. In the case of pregnant women,
while the mother will often experience mild flu-like symptoms, her fetus may be
stillborn, aborted or be born with generalized infections. Less common symptoms
include localized infections including endocarditis, peritonitis, and arthritis. Skin
infections may also occur in some patients. The incubation period is very variable
ranging from 3 to 70 days, and since most people do not remember their food
consumption from months earlier, it is often difficult to trace the source of infection.
The median incubation period is approximately 3 weeks. If diagnosed, the disease
can usually be treated effectively with a range of common antibiotics. Severe form of
listeriosis occurs mostly in susceptible population that includes elderly, pregnant
women, people with underlying illness (chronic conditions such as cardiovascular
disease, congestive heart failure, diabetes, cirrhosis, and alcoholism) and immuno-
compromised individuals. Fatality rate of 20–30% is common in severe form of
listeriosis (FAO/WHO 2004).

L. monocytogenesmay also cause a non-invasive febrile gastroenteritis in healthy
individuals. An outbreak of gastrointestinal illness from a tuna and corn salad,
affecting >1500 schoolchildren and adults in Italy, provided conclusive evidence
for the existence of a febrile gastroenteritis form of listeriosis (Drevets and Bronze
2008; Allerberger and Wagner 2009). The incubation period for this form of the
disease ranges from 6 to 50 h, and symptoms usually resolve without treatment after
1 to 2 days. Symptoms are described as “mild flu-like,” including diarrhea, abdom-
inal pain, fever, muscle pain, and headaches.

Most outbreaks of listeriosis are associated with ready-to-eat foods that can
support the growth of L. monocytogenes, have a long refrigerated shelf life and are
consumed without further listericidal treatment. Even in products that receive
listericidal treatment, post-process contamination, cross contamination at distribu-
tion level and home level is an important issue (FAO/WHO 2004). This applies to a
range of seafood products, including marinated fish and mussels, prawns, pasteur-
ized crustacea, and smoked fish products. Cold-smoked products have received
particular attention in this regard due to a high prevalence of L. monocytogenes in
such products and persistent contamination of fish processing plants. Contamination
rates range from 0.4% to 78.7% but more typically in the range of 4–30%. Studies by
Jørgensen and Huss (1998) suggest that at the point of production, 34% of samples
are positive with 28% having <10 CFU/g, 5% having 10–100 CFU/g, and 1%
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having >100 CFU/g. After 14–20 days of storage at 5C, 40% were positive and the
level exceeded 100 CFU/g in 10.5% samples and the levels were 10–100 CFU/g in
20% cases. Epidemiological evidence suggests that listeriosis has been associated
with consumption of shrimps, smoked mussels, “gravid” trout and smoked trout
(FAO/WHO 2004). Many of these outbreaks, however, involved the gastrointestinal
form of the disease and, despite the interest in RTE smoked fish as a source of
listeriosis, there are very few documented cases of systemic listeriosis due to
seafood.

Based on somatic (O) and flagellar (H) antigens L. monocytogenes has been
differentiated into 13 serovars (1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4b, 4c, 4d, 4e, 6a, 6b).
Most isolates involved in human disease belong to four serotypes, 1/2a, 1/2b, 1/2c,
and 4b. Dose–response models for L. monocytogenes inferred from epidemiological
data and estimates of total food-borne exposure (FAO/WHO 2004) have generated
ID50 estimates for immunocompromised people of >1010 cells. Since the levels of
L. monocytogenes found in seafood are generally low, multiplication of the organism
would have occurred in products involved in outbreaks. Therefore, prevention of
growth in the products would be an important risk management strategy. A number
of hurdles are employed to increase the shelf life of lightly preserved seafood, often
in combination, including refrigeration, salt, phenolic (smoke) compounds, acidifi-
cation with organic acids including lactate, acetate, sorbate, benzoate, citrate, or
addition of salts of organic acids, addition of nitrite and modified atmosphere
packaging including CO2. Models to predict the effect of these hurdles on the growth
of L. monocytogenes have been developed and evaluated (Mejlholm et al. 2010).

When L. monocytogenes was identified as a food-borne pathogen, the first
response of regulatory agencies was to establish a “zero tolerance” policy, i.e., the
organism should be absent in 25 g sample of the product. This caused trade
disruptions and the issue came up before the Codex Alimentarius Commission,
which asked FAO/WHO to perform risk assessment of L. monocytogenes in foods
and specifically to “estimate the risk of serious illness from L. monocytogenes in
food when the number of organisms ranges from absence in 25 grams to 1000 colony
forming units (CFU) per gram or millilitre, or does not exceed specified levels at the
point of consumption.” The risk assessment report (FAO/WHO 2004) noted that in
areas where a regulatory level of “absence in 25g” or 0.04 CFU/g is applied and all
products in market comply with the requirement, the listeriosis cases would be less
than 1 case per year, but in the USA, where such regulatory limit is applied, cases
were still being seen and this indicated that a portion of ready-to-eat food contained a
substantially greater number of the pathogen than the regulatory limit. Thus, the
public health impact of L. monocytogenes is almost exclusively a function of the
foods that greatly exceed the “absence in 25g” limit. The report also examined “what
if scenario” using two often discussed regulatory limits – 0.04 CFU/g and 100 CFU/g.
The risk assessment model indicated that at 100% compliance, the number of pre-
dicted cases is low for both limits, with an approximate tenfold difference between
them, that is, 0.5 cases versus 5.7 cases. But as the number of “defectives” (proportion
of products not meeting the criteria) increased, the difference narrowed. For example,
at a presumed defective level of 0.0001%, the predicted number of cases would be
12.3 and 17.4. The model predicted that if a microbiological limit of 0.04 CFU/g with
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a 0.018% defect rate (2133 cases) was replaced with a 100 CFU/g limit and a 0.001%
defect rate (124 cases), the predicted result based on the scenario is an approximate
95% reduction in food-borne listeriosis. In view of the widespread occurrence of
L. monocytogenes in fish processing environments, there would be significant per-
centage of “defectives,” if “absence in 25 g” is used as criterion. Considering these
findings, the Codex Alimentaruis Commission agreed to have a criterion of 100 CFU/
g for ready-to-eat products that do not support the growth of L. monocytogenes and
absence in 25 g for products that support the growth of the organism.

Ampicillin is the antibiotic of choice for treatment of listeriosis. Many investiga-
tors have screened clinical as well as food isolates of L. monocytogenes for antimi-
crobial susceptibility and generally the reported prevalence of resistance is very low
(Walsh et al. 2001; Hansen et al. 2005). Lungu et al. (2011) compiled data regarding
reported antibiotic resistance in L. monocytogenes isolated from food. Resistance to
a variety of antimicrobials including tetracyclines, cephalosporins, β Lactams,
aminoglycosides, and quinolones has been noted in many food-borne strains. Inter-
estingly, there were no such strains reported from fish or seafood.

7.2.4 Streptococcus agalactiae

Group B Streptococci (GBS) have been known to cause neonatal septicemia and
have been involved in sepsis in adults with co-morbidities. In 2015, S. agalactiae
were implicated in an outbreak involving over 140 apparently healthy adults in
Singapore. The affected individuals had serious systemic disease like septic arthritis
and meningitis. Epidemiological investigations indicated strong link to consumption
of raw freshwater fish. Multilocus sequence typing (MLST) of the isolates involved
in the outbreak showed that they belong to Sequence Type 283 (FAO 2021). Based
on capsular polysaccharide, GBS have been assigned to ten serotypes Ia, Ib, II to
IX. All ST283 isolates belong to serotype III-4.

GBS have also been reported to cause fish infections, particularly in fresh water
fish like tilapia in aquaculture. The affected fish show anorexia, abdominal disten-
sion, exophthalmia (protruding eyes), hemorrhages, and meningoencephalitis. Three
major serotypes of S. agalactiae have been detected in fish, serotype Ia, Ib, and III.
Isolates of serotype Ia belong to ST7, isolates of serotype Ib belong to ST 260, and
isolates of serotype III belong to ST283 or closely related STs.

Betalactams have been the drug of choice for treatment of GBS in humans. GBS
ST283 have been reported to be generally susceptible to erythromycin, tetracycline,
and penicillins (FAO 2021).

7.3 Antimicrobial Resistance Microorganisms Associated
with Products of Aquaculture

The importance of antimicrobial agents in protection of animal health has been
widely acknowledged, but the negative impacts of the use of these agents in animals
raised for food have been a cause of concern. The use of antimicrobials in
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agriculture, animal husbandry, and aquaculture in many developing countries is
often unregulated and there is very little data on their usage. Schar et al. (2020)
estimated that aquaculture accounts for 5.7% of global consumption of antimicro-
bials. In 2017, the consumption was 10,259 t and the consumption intensity varied in
different species, e.g., 157 mg/kg for catfish, 103 mg/kg for tilapia, 59 mg/kg for
tilapia, 46 mg/kg for shrimp, and 27 mg/kg for salmon.

The current risk management strategy for antimicrobial residues in aquaculture
products is based on the precautionary principle, and there are no epidemiological
records of illnesses in fish consumers due to residues. The FAO/OIE/WHO consulta-
tion on scientific issues related to non-human usage of antimicrobials held in Geneva,
in December 2003, concluded that residues of antimicrobials in foods, under present
regulatory regimes, represent a significantly less important human health risk than the
risk related to antimicrobial resistant bacteria in food. Resistance of bacteria to
antimicrobial agents is a complex issue. Some bacteria have intrinsic resistance to
certain antibiotics, e.g., most gram-negative bacteria have intrinsic resistance against
penicillin G, due to the nature of cell wall in this group of bacteria. Resistance to
antimicrobial compounds is a very ancient trait in environmental bacteria. Genes
conferring resistance to antibiotics that are critical for human medicine today have
been found in bacteria billions of years before antimicrobial usage (D’Costa et al.
2011). Bacteria resistant to β-lactams, aminoglycosides, and macrolides, as well as
newer drugs such as daptomycin, linezolid, telithromycin, and tigecycline, have been
isolated from the Lechuguilla caves in New Mexico that were totally isolated for >4
million years (Bhullar et al. 2012). Recent molecular biological studies on antibiotic
resistance genes provide very interesting insights into the evolution and ecology of
antibiotic resistance genes. It is estimated that Class A β-lactamases evolved approx-
imately 2.4 billion years ago and were horizontally transferred into the gram-positive
bacteria about 800 million years ago. The family of genes, including the progenitors of
CTX-Ms (cefotaxime resistance genes), diverged 200–300 million years ago. In
addition to being involved in hydrolysis of the β lactam ring, metallo-β lactamases
are involved in various basic cellular processes such as hydrolysis, DNA repair, and
RNA processing and these enzymes can be found in all the three domains of life, i.e.,
Bacteria, Archaea, and Eucarya (Garau et al. 2005). Ribosomal protection proteins
(RPP) that mediate resistance to tetracyclines were derived through duplication and
divergence of GTPase, before the divergence of the three superkingdoms: Bacteria,
Archaea, and Eucarya (Kobayashi et al. 2007).

There is evidence to show that clinical bacteria have acquired resistance genes
from environmental bacteria. The qnr gene responsible for resistance to quinolones
are widely distributed in aquatic bacteria such as members of Vibrionaceae,
Aeromonas, and Shewanella species (Poirel et al. 2012). blaCTX-M gene coding for
resistance to extended spectrum β-lactamases (ESBL) have originated from the
environmental bacteria belonging to Kluyvera species (Canton et al. 2012).

Though antibiotic resistance genes may emerge as a process of natural genetic
changes occurring in bacteria, presence of antibiotics would exert selective pressure
favoring resistant bacteria and their spread. Multiple antibiotic resistance in bacteria
causing human infections is a great public health concern. The widespread use of
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antibiotics in different sectors such as animal husbandry, agriculture, and human
medicine has contributed to selection and spread of antibiotic-resistant bacteria in the
environment. Antibiotic resistance genes can spread among unrelated bacteria with-
out any phylogenetic, ecological, or geographical barriers. The Joint FAO/OIE/
WHO Expert Consultation on Antimicrobial Use in Aquaculture and Antimicrobial
Resistance held in 2006 identified two types of hazards with respect of antimicrobial
resistance:

(a) Development of acquired resistance in bacteria in aquatic environments that can
infect humans – This can be regarded as a direct spread of resistance from
aquatic environments to humans; and

(b) Development of acquired resistance in bacteria in aquatic environments whereby
such resistant bacteria can act as a reservoir of resistance genes from which the
genes can be further disseminated and ultimately end up in human pathogens –
This can be viewed as an indirect spread of resistance from aquatic environments
to humans caused by horizontal gene transfer.

The consequences of antimicrobial resistance in bacteria causing human infec-
tions could include increased severity of infection and increased frequency of
treatment failures (FAO/OIE/WHO 2006). However, there are no recorded cases of
human infections caused by antibiotic-resistant bacteria from aquaculture products.

There are few human pathogenic bacteria that are commonly found in the aquatic
environment (e.g., Vibrio parahaemolyticus, V. vulnificus, V. cholerae, motile
Aeromonas spp., Edwardsiella tarda). Antibiotic resistance that cannot be linked
to the use of antimicrobials in aquaculture may be found in these aquatic bacteria.
Baker-Austin et al. (2008) found antibiotic resistance in V. parahaemolyticus iso-
lated from water and sediment along the coasts of Georgia and South Carolina, and
resistance frequency was slightly reduced among virulent strains compared to
non-virulent strains. Study of antibiotic resistance in V. vulnificus from different
sites found no difference in antibiotic resistance frequency in isolates from pristine
and anthropologically impacted areas and suggested that the resistance traits are
naturally derived, rather than from human-derived sources (Baker-Austin et al.
2009). A recent FAO/WHO risk assessment has shown that the risk of transmission
of cholera through warm water shrimp in international trade is very low (FAO/WHO
2005a). Motile Aeromonas spp. and non-O1 V. cholerae are rarely involved in
gastrointestinal infections that are mostly self-limiting, and such infections do not
require antibiotic therapy.

Indirect spread of antibiotic resistance from aquatic bacteria and human patho-
gens has been considered a possible hazard. A number of investigators have reported
increased prevalence of bacteria carrying antibiotic resistance genes in fish/shrimp
ponds and in water and sediments surrounding aquaculture sites in Japan (Kim et al.
2004), Europe (Schmidt et al. 2000), the USA (Chuah et al. 2016), South America
(Miranda and Zemelman 2002), China (Dang et al. 2009), and Southeast Asia
(Karunasagar et al. 1984; Lee et al. 2005). Though experimental transfer of antibiotic
resistance from fish pathogenic bacteria to human gut-associated E. coli has been
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demonstrated (Kruse and Sorum 1994), the link between antibiotic resistance in
aquatic bacteria and human pathogens in nature is yet to be clearly established.
Often, similarity in genetic elements is taken as evidence of transfer, but one cannot
be sure in which direction the gene flow has occurred, considering that hospital
effluents also discharge antibiotic resistant bacteria to the aquatic environment.
Although some authors (e.g., Cabello 2006) have tried to link the antibiotic resis-
tance seen in V. cholerae involved in the cholera outbreak in Latin America in 1991
with bacteria present in shrimp farms in Ecuador, Smith (2007) presented evidence
that resistance plasmids found in these bacteria were earlier reported from pandemic
V. cholerae strains in other countries and concluded that no link to the pool of
resistance genes in the aquaculture environment could be established. Conclusions
based on similarity of genetic determinants found in aquatic bacteria and human
pathogens need to be evaluated carefully due to the fact that the aquatic environment
receives effluents from various sectors of antimicrobial use, e.g., human medicine
(hospital effluents), agricultural use, animal husbandry, and aquaculture (fish farm
effluents). Thus, the water source used in aquaculture may be contaminated with
antibiotic residues or antibiotic-resistant bacteria derived from different sectors
(Karunasagar 2012, Fig. 1). Complexities involved in source attribution of antimi-
crobial resistance in aquaculture have been discussed recently by Karunasagar
et al. (2020).

FAO (2008) noted that a risk analysis of the release of human and animal effluents
into aquatic environments serving as water sources for aquaculture needs to be
performed, particularly with respect to the antimicrobials identified as critically
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Fig. 1 Pathways for spread of antimicrobial residues and resistant bacteria in the aquatic
environment
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important by WHO and OIE. Such a risk analysis would determine the appropriate
management options through which improved effluent management measures
should be implemented (e.g., measures dealing with hospital effluents). Thus, the
issue of antimicrobial resistance cannot be addressed for one sector (e.g., aquacul-
ture) alone, but requires a comprehensive approach involving all sectors of antimi-
crobial usage.
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Abstract

Campylobacteriosis is a frequently diagnosed disease in humans. Most infections
are considered foodborne and are caused by Campylobacter jejuni and C. coli.
The animal reservoirs of these Campylobacter species, and the sources and routes
of transmission, are described and discussed in this chapter. Most warm-blooded
animals can be colonized by Campylobacter, but avian species, and in particular
poultry, are preferred hosts. Much of the world’s poultry production is colonized
by Campylobacter. Source attribution studies estimate that 20–40% of cases are
attributed to the handling and consumption of chicken meat, while up to 80% of
cases are due to Campylobacter found in the chicken reservoir. The difference
suggests that routes other than through the food chain, i.e., environmental con-
tamination, are important. The epidemiology of infections in humans differs
between industrialized and low- and middle-income countries. Thus, the most
effective interventions would be targeted to primary production. To date, only
improved biosecurity is available. If effectively implemented, strict biosecurity
can reduce the number of Campylobacter-positive flocks, but implementation to
this level has proved difficult for the poultry industry. Available interventions in
chicken processing plants can substantially reduce Campylobacter numbers on
carcasses and consequently reduce the risk to humans. Public health strategies
therefore utilize control programs, which aim at reducing the level of Campylo-
bacter by measures along the food chain. It is now recognized that commercially
acceptable complementary interventions for primary production, such as vaccines
and feed additives, are urgently needed. Once Campylobacter in poultry is
controlled then other minor sources of Campylobacter including contaminated
drinking water, direct contact with (pet) animals, and other food items (e.g., red
meat and milk) can be addressed.

Keywords

Campylobacter · Food borne disease · Poultry · Livestock · Source attribution ·
Environment · Low- and middle-income countries

8.1 Campylobacteriosis: The Disease and Its Burden
in Humans

Human campylobacteriosis is primarily caused by Campylobacter jejuni (C. jejuni)
and to a much lesser extent by its close relative Campylobacter coli (C. coli). Human
infection with either pathogen largely presents as gastrointestinal illness (Gillespie
et al. 2002). C. jejuni and C. coli together account for more than 90% of all cases of
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human campylobacteriosis. Infections with other Campylobacter species may also
occur, but they occur in either specific risk groups, for example, people with
impaired immunity (e.g., C. fetus) (Wagenaar et al. 2014), or are very rare (e.g.,
C. lari), or cluster in specific geographical areas (e.g., C. upsaliensis) (Man 2011).
This chapter will focus on C. jejuni and C. coli, and hereafter Campylobacter refers
to these two species only.

Campylobacter is the most commonly reported cause of bacterial infectious intes-
tinal disease (IID). However, disease surveillance programs, which include
campylobacteriosis, are largely limited to industrialized countries, such as the United
States (USA) and Member States of the European Union (EU) (EFSA and ECDC
2021; CDC 2022a). In industrialized countries, Campylobacter is isolated 3–4 times
more frequently from patients with IID than Salmonella or Escherichia coli. However,
it is well recognized that underreporting of such diseases is frequent. Adjusting for
this, the true prevalence of campylobacteriosis was estimated to be 9.2 million in the
EU in 2009 (Havelaar et al. 2013) and 1.3 million in the USA in 2011 (Scallan et al.
2011). Nevertheless, serological evidence suggests that exposure to this pathogen is
substantially more frequent (Teunis et al. 2013), such that based on serological data
virtually all individuals have been exposed to the organism by 20 years of age (Ang
et al. 2011) and that the average infection pressure is estimated at around 1.6
Campylobacter infections per person/year (Monge et al. 2018). Such exposure can
lead to protective immunity, which might affect the outcome and impact on disease
incidence and could explain the low reported prevalence of disease in developing
countries despite obvious regular exposure (Havelaar et al. 2009).

There are some additional interesting epidemiological features of campylobac-
teriosis, many of which have yet to be fully explained. These include a seasonal
peak, which varies between countries and seems to be inconsistent with seasonal
peaks observed in potential sources (Djennad et al. 2019).

In the past campylobacteriosis was largely considered a mild illness, but the
severity of this disease is clearly reflected in the relatively high rate of Campylo-
bacter-infected individuals seeking medical attention. Surveys show that one in four
cases in the Netherlands and one in seven cases in the United Kingdom (UK) visit a
general practitioner and approximately 1% of these individuals are hospitalized
(Tam et al. 2012; Havelaar et al. 2012). In the acute phase, campylobacteriosis is
primarily characterized by gastrointestinal symptoms, such as watery (sometimes
bloody) diarrhea, abdominal cramps, nausea, vomiting, and fever. The disease is
usually self-limiting, lasting a week or less. Antimicrobial treatment is only indicated
in severe cases (e.g., bloody diarrhea or systemic infection). However, Campylo-
bacter infections can also have serious sequelae, including Guillain-Barré and
Miller-Fisher syndromes, reactive arthritis, and functional gastrointestinal disorders,
including irritable bowel syndrome (Helms et al. 2006; Doorduyn et al. 2008;
Haagsma et al. 2010; Berumen et al. 2021).

The burden of campylobacteriosis has been quantified in terms of disability-
adjusted life-years (DALYs), which is a metric of health loss caused by the disease
comprising years of life lost by the population due to disability and premature death.
The different manifestations of campylobacteriosis were estimated to cause an
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average disease burden of 3300 DALYs in the Netherlands in 2019, with sequelae
accounting for approximately 80% of this burden (Lagerweij et al. 2020). Among
foodborne pathogens investigated in the Netherlands, this DALY estimate was the
highest. Similar studies in the USA in 2011 showed Campylobacter to cause a
burden second only to Salmonella, with a cost of illness of $1.7 billion annually
(Hoffmann et al. 2012).

Despite the relative importance of campylobacteriosis, unlike for salmonellosis,
there have been no effective intervention programs implemented, with the exception
of Iceland and New Zealand where very specific conditions prevailed (Stern et al.
2003; Sears et al. 2011). This is all the more surprising given that the incidence of
human campylobacteriosis increased significantly during the 1980s–1990s, stabi-
lized around the start of this century, and has tended to increase again in the second
decade of this century in the USA, while remaining stable in Europe (EFSA and
ECDC 2021; CDC 2022b). There has been a remarkable sudden decrease in human
campylobacteriosis associated with the COVID-19 pandemic in the USA and
Europe, as observed also, for example Salmonella (Mughini Gras et al. 2021a).
The reasons for the lack of specific intervention for Campylobacter are debatable,
but include the complexity of foodborne and environmental sources and transmis-
sion routes, the financial imbalance accruing from interventions where the cost is to
the poultry industry while the benefit is to the public health sector, and lack of
consumer/political acceptance of effective measures like irradiation or chemical
decontamination. In addition, there is a general lack of public interest, which is in
part due to the scarcity of major outbreaks.

8.2 Characteristics of Campylobacter

Campylobacter comprises a genus of Gram-negative, motile, non-spore forming,
mostly microaerophilic, spiral bacteria (diameter 0.2–0.5 μm, length 0.5–8 μm). To
date (January 2023), the genus includes 43 species (https://lpsn.dsmz.de/genus/
campylobacter) and with the use of molecular approaches, this number is rapidly
expanding. Both C. jejuni and C. coli are thermophilic, showing optimal growth at
42 �C. For the purposes of isolation this thermotolerance, especially in combination
with resistance to cephalosporin, is often used to reduce contaminating flora and
improve recovery, particularly from fecal material.

Campylobacter readily generates resistance against an increasing number of classes
of antimicrobials. Although antimicrobials are infrequently prescribed for campylobac-
teriosis, such resistance can have clinical consequences. There are clear differences in
antimicrobial resistance in different geographical areas. Generally, resistance is higher in
Asia and Africa compared to Europe, the USA, and Australia and New Zealand (Nhung
et al. 2016; Gahamanyi et al. 2020; EFSA 2021). This parallels the amount of
antimicrobials used in animals and humans in these regions. Resistance to
fluoroquinolones and tetracyclines is increasing in most regions of the world. An
association between the licensed use of fluoroquinolones in poultry and increased
fluoroquinolone resistance in strains isolated from humans was noticed in the 1980s
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(Endtz et al. 1990). This association was strengthened by a low fluoroquinolone
resistance in C. jejuni isolates from humans in Australia, a country where
fluoroquinolones were never licensed for use in production animals (Cheng et al. 2012).

Campylobacter is sensitive to many environmental stresses, including desicca-
tion, heat, ultraviolet radiation, atmospheric oxygen, and high salinity. As a conse-
quence, Campylobacter is unable to grow naturally outside a host and is considered
generally fragile compared with, for example, Salmonella. Nevertheless, Campylo-
bacter can survive in the environment for prolonged periods, especially in moist
conditions. Survival has been recorded for up to 3 months in slurries and water
contaminated with organic materials (Nicholson et al. 2005) and up to 10 months in
manure compost (Douglas Inglis et al. 2010).

The fastidious nature of the organism is reflected in its demanding requirements at
culture. Diagnosis of infection is usually based on isolation from fecal samples using
selective media, containing appropriate antimicrobials, and incubated under reduced
oxygen tension, at 42 �C for 48–72 h. However, the isolation technique and media
constituents may vary depending on the matrix under investigation and may affect
both the efficacy of recovery and the species and/or strain types recovered (Newell
et al. 2001). Numerous rapid detection tests, using a variety of technologies, are now
commercially available. For application in food chain settings, e.g., slaughterhouses
or chicken farms, such tests need to be cheap and user-friendly as well as sensitive
and specific (Llarena et al. 2022).

The typing of Campylobacter has proved challenging. The organisms demon-
strate considerable variation at both the phenotypic and genotypic levels and many
attempts have been used to exploit this diversity to characterize Campylobacter for
epidemiological studies. Initial typing methods included serotyping and phage
typing. However, these methods were largely superseded by molecular techniques,
such as fla-typing and Pulsed Field Gel Electrophoresis (PFGE) (Wassenaar and
Newell 2000). Subsequently, as DNA sequencing became cheaper and quicker,
Multi Locus Sequence Typing (MLST), based on variations in the sequences of
seven housekeeping genes, was used to establish the population structures of
C. jejuni and C. coli (Dingle et al. 2001). The significant advantage of this technique
was its portability due to the use of globally available internet-based databases,
which allowed easy strain comparison. Not surprisingly, this technique was quickly
exploited for epidemiological purposes and, with the application of highly sophis-
ticated statistical methods, its use was expanded to determine potential infection
sources and to provide a global public health tool. Many C. jejuni MLST sequence
types (STs) have been cataloged to date. Most STs are generalists and can colonize
several hosts but some are specialized to defined hosts, such as cattle and chicken
(Mourkas et al. 2020). However, the use of just the sequences of seven housekeeping
genes has raised issues regarding resolution for the purpose of source identification.
With continued improvements in DNA sequencing, rapid whole-genome sequencing
(WGS) of campylobacters has become routine (Didelot et al. 2012). However, due to
the high genome diversity of Campylobacter, SNP-based comparisons are problem-
atic. In 2017, a core-genome MLST (cgMLST) approach was proposed expanding
the number of gene sequences analyzed to 1343 (Cody et al. 2017). The cgMLST
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typing approach has now been validated and types present in a wide range of animals
identified (Hsu et al. 2020) and compared with those found causing human disease
using increasingly sophisticated analytical techniques, including machine learning
techniques (Arning et al. 2021). Nevertheless, the large number of “generalist”
sequence types continue to elude source attribution. As a consequence, efforts to
further improve the resolution by incorporating additional sequences, for example,
from potential host-associated genes, continue.

8.3 The Disease and Carriage in Animals

The primary habitat of Campylobacter and its main amplification site is the intestinal
tract of warm-blooded animals. Both C. jejuni and C. coli are normal inhabitants of
the guts of healthy livestock, pets, and wild animals. There appears to be some host
preference with C. jejuni more commonly isolated from most animals, like cattle,
dogs. and cats, while pigs predominantly carry C. coli. The reason for this is unclear.
Certainly, a significant proportion of livestock animals is colonized and the preva-
lence varies with factors like age, husbandry, country, etc. (Plishka et al. 2021; Mota-
Gutierrez et al. 2022; Knipper et al. 2022). Similarly, up to 45% of dogs are
colonized (Marks et al. 2011).

The role of C. jejuni and C. coli as pathogens in these animals is considered of
relatively minor importance. They can cause abortion in cattle and sheep, but are
usually less frequently isolated from aborted fetuses than C. fetus. An exception is
the spread of a single tetracycline-resistant C. jejuni clone causing abortion in sheep
throughout the USA (Wu et al. 2014). This hypervirulent clone is also reported in
other countries such as the UK, Japan, and China (Stone et al. 2014; Wu et al. 2016,
2020; Sahin et al. 2017; Tang et al. 2017; Hsu et al. 2020; Yaeger et al. 2021a, b).
Interestingly, this clone has also been recovered from diarrheic humans in the USA,
but the route of transmission has not yet been identified. The role of Campylobacter
as a pathogen in dogs remains debatable (Burch 2005; Marks et al. 2011). The high
level of asymptomatic carriage (Marks et al. 2011) suggests that any association with
disease is coincidental rather than causative. Nevertheless, there is certainly evidence
of such companion animals as a source for human infections (Mughini Gras et al.
2013, 2021b).

Poultry, in particular and (wild) avian species in general, are the preferred hosts
for these organisms. This is a reflection of the bacterium’s thermophilic character, as
41–42 �C is the normal body temperature of a bird. Colonization occurs throughout
the gut, but primarily in the cecum of a broiler, where levels of up to 109 colony
forming units per gram have been reported. All the evidence indicates that Cam-
pylobacter act as a commensal in the avian gut, although this is occasionally
disputed. The prevalence of Campylobacter-positive broiler flocks varies consider-
ably, for example, with age, season of the year, latitude, extensive or intensive
rearing, etc. In an EU-wide survey of broiler flocks undertaken in 2008, the preva-
lence of C. jejuni/C. coli colonization varied between 5% and 100% among Member
States (EFSA 2010). The prevalence is particularly high if the flocks are free-ranging
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(Vandeplas et al. 2010). The organism is highly infectious and in each colonized
flock up to 100% of birds can be Campylobacter-positive. Thus, overall, it is
reasonable to assume that a significant proportion of broilers produced worldwide
are colonized with these organisms.

8.4 Campylobacter Epidemiology in Low- and Middle-Income
Countries

Country-specific epidemiological data on infectious enteric diseases, especially
those transmitted through the food chain, has been sparse in Low- and Middle-
Income Countries (LMIC) but the effects of these diseases, as leading causes of
morbidity and mortality, has long been recognized.

Campylobacteriosis is generally considered to be a major contributor to those
diseases, especially in young children, but evidence from large global case-
controlled studies has been poorly available. There have been multiple barriers to
such investigations, including costs, organizational structures, perceptions of impor-
tance, etc. One barrier has been access to modern rapid diagnostic/surveillance
technologies. For example, qPCR can have twice the sensitivity of Campylobacter
detection than the more conventional culture methods generally available in labora-
tories in LMIC (Liu et al. 2016). Recently, the microbiological causes of diarrheal
diseases in LMIC have been investigated in two such global studies using improved
diagnostic and statistical tools. In the Global Enteric Multicentre Study (GEMS), the
etiology and population-based burden of pediatric diarrheal disease in Sub-Saharan
Africa and South Asia were investigated (Kotloff et al. 2013) in 9439 children with
moderate-to-severe diarrhea and 13,129 children without diarrhea. Interestingly
C. jejuni was only identified as a statistically significant cause of pediatric diarrhea
in children of 0–11 months and 24–59 months in sites in India. Five other
enteropathogens, including rotavirus and Cryptosporidia, were considered substan-
tially more important targets for intervention. However, when qPCR was applied
rather than more conventional methods, Campylobacter was identified as the sixth
most common cause of illness. Similarly, the Malnutrition and Consequences for
Child Health and Development (MAL-ED) consortium study (Platts-Mills et al.
2015), comparing 7318 diarrheal and 24,310 non-diarrheal stools from 2145 chil-
dren (aged 0–24 months) from eight sites in South America, Sub-Saharan Africa,
and Asia indicated that Campylobacter was among the most important causes of
pediatric diarrhea, especially in the second year of life. These recent epidemiological
surveys support reports from the WHO’s Foodborne Disease Burden Epidemiology
Reference Group (FERG), which considers Campylobacter one of the most common
organisms causing diarrhea, especially in children (Havelaar et al. 2015), with the
geographical regions most highly affected by campylobacteriosis in LMIC.

These recent large epidemiological studies have also confirmed some differences
in the presentation of campylobacteriosis between high- and low- and middle-
income countries. For example, although it had been previously well recognized
that in LMIC adults excreting Campylobacter are usually asymptomatic, many
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infected children also show no symptoms. In addition, the seasonal distribution in
Campylobacter infections generally seen in the higher income world is not observed
elsewhere (Havelaar et al. 2015; Platts-Mills et al. 2015).

The extent of the public health burden due to campylobacteriosis in LMIC is only
just begun to be understood. Not only are symptomatic Campylobacter infections
associated with poor linear growth in children over the first 2 years of life (Amour
et al. 2016; Rogawski et al. 2018), but repeated exposure to such enteropathogens,
even if subclinical, can cause substantial enteric dysfunction and malnutrition
(Walson and Pavlinac 2018). Such life changing effects reinforce calls for interven-
tions against foodborne enteropathogens, including Campylobacter, in LMIC (WHO
2017). Another potentially significant health issue is Guillain–Barré syndrome
(GBS), which is most commonly caused by a preceding Campylobacter infection.
Unfortunately, data on post-infectious GBS in LMIC is sparce and largely confined
to South Asia (Bangladesh and India) (Papri et al. 2021).

Worldwide, the control and prevention of the public health burden of campylobac-
teriosis requires surveillance and monitoring especially of Campylobacter throughout
the food chain. Unfortunately, LMIC rarely include foodborne enteropathogens, such as
Campylobacter, in disease surveillance (Deolalikar et al. 2021). As a consequence, the
national prevalence of such diseases in the population is generally unknown. Among
South-East Asian countries in 2017, apparently only Singapore included campylobac-
teriosis in its national disease surveillance program (Premarathne et al. 2017).

The sources and routes of Campylobacter transmission in LMIC are poorly
understood. Although epidemiological data from Africa, Asia, and the Middle East
are incomplete, it is widely accepted that infection with Campylobacter is endemic
in these regions, and traveling to Asia, Africa, Latin America and the Caribbean, and
Southern Europe poses an increased risk of campylobacteriosis compared to travel-
ing within Western Europe (Mughini Gras et al. 2014). It is generally believed that in
such countries, campylobacteriosis is limited to children, because exposure in early
life leads to protective immunity (Havelaar et al. 2009), which would also be
consistent with endemicity.

The prevalence of human campylobacteriosis in LMIC may be attributed to many
factors, including poor food hygiene, environmental contamination, animal rearing
and handling practices, wet markets, etc. In high-income countries, human-to-human
transmission is not considered an important route of Campylobacter infection,
except in some institutional situations. Nevertheless, high levels of asymptomatic
infections in those locations where sanitary facilities are inadequate could contribute
to environmental contamination and result in higher exposure.

Campylobacter is generally considered a foodborne enteropathogen. To date,
there is very little information available on potential sources of infection in LMIC
and the little available data comes primarily from poultry, presumably because this is
considered the primary source in high-income countries. Poultry production is
thriving in South-East Asia, with livestock production in these regions being largely
extensive (Gilbert et al. 2015), but frequently also as backyard or small local units for
economic reasons (Alders et al. 2018). In such systems, biosecurity is either
unfeasible or very difficult to apply (Kalupahana et al. 2013; Wang et al. 2015).
Even commercial poultry production will use deep litter open-house systems where
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biosecurity is minimal and the birds are constantly in contact with the outdoor
environment, wild animals, and insects. Moreover, new flocks, including day-old
chicks, are generally exposed to already Campylobacter-colonized chickens in the
same farms (Kottawatta et al. 2017). Therefore, a high prevalence of Campylobacter
colonization of broilers at slaughter in LMIC should be expected. Consistent with
this, surveys conducted in Sri Lanka have reported >65% Campylobacter preva-
lence in broilers at slaughter (Kottawatta et al. 2017; Kalupahana et al. 2018).

Published surveys of Campylobacter contamination in retail poultry meats and their
by-products (such as ground or frozen poultry meats) indicate that in most countries,
regardless of social-economic status, the majority of samples are contaminated with
Campylobacter (Suzuki and Yamamoto 2009) and there is no obvious difference
between countries in the prevalence of sample contamination. However, few such retail
surveys have been undertaken in LMIC compared to high-income countries.

Because Campylobacter is a common gut colonizer of many domestic animal
species, not just poultry, multiple attributable sources and routes of transmission can
occur especially in those countries where animal-to-human contact levels might be
high. For example, in India Campylobacter colonization is frequent in dogs and
calves, as well as poultry (Begum et al. 2015), though whether these strains can
cause human disease is not known (Begum et al. 2015). To understand the attribut-
able role of potential sources, time-related strain collections from humans and
animals/environment need to be compared using typing techniques of appropriate
discriminatory power, such as WGS. Unfortunately, such techniques may not be
widely available in LMIC and, because of their low discriminatory power, little if
any, useful conclusions can be drawn on sources from the use of low-technology
techniques, such as serotyping (Bodhidatta et al. 2013).

Effective cheap and easy-to-apply interventions for the control and prevention of
campylobacteriosis remain a major challenge for LMIC, where food chain regulations
would be difficult to implement. Nevertheless, the eating and handling of raw or
improperly cooked poultry meat has been shown to be the most common source of
human campylobacteriosis throughout the world. One (apparently) simple approach,
therefore, is education to encourage the effective cooking of poultry meat. In Sri
Lanka, the absence of Campylobacter contamination in chicken curries (Kulasooriya
et al. 2019) indicated that such approaches were effective. However, Campylobacter
contamination of chicken dishes identified in, both local and branded, Pakistani
restaurants (Arshad and Zahoor 2019) indicate that kitchen hygiene is also important.

Overall, the paucity of information available on the epidemiology of campylobac-
teriosis in LMIC highlights the need for active food safety surveillance in these
countries using state-of-art technologies and approaches.

8.5 Sources and Transmission Pathways of Human
Campylobacteriosis

Although Campylobacter is considered mainly a foodborne pathogen, there is
evidence for other transmission pathways, including contact with colonized animals
and environments contaminated by their waste products, as well as, rarely, infected
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people in conditions of poor hygiene (Mughini Gras et al. 2012, 2013, 2014, 2021b).
It is well recognized that Campylobacter-containing gut contents can enter the food
chain by contaminating various food products of animal origin, including meats and
dairy products. Cross-contamination during food preparation at home is also an
important transmission route (Bai et al. 2021). Alternative routes with animals as
sources include exposure to environments contaminated by primary production (e.g.,
run-off from livestock in farms and at pasture, water used for cleaning animal-
containment areas, stockpiled sewage, etc.). Campylobacter survives for long
periods in surface waters, so such contamination might pose a risk to humans
through the drinking of untreated water, recreational activities, or the consumption
of fresh produce irrigated or washed with manure-contaminated water.

8.5.1 Campylobacter Source Attribution

A general framework for source attribution of campylobacteriosis has been designed
(Wagenaar et al. 2013). Based on this framework, animals (e.g., cattle, sheep,
poultry, etc.) are defined as reservoirs or amplifying hosts; the environment, the
food chain, and direct contact with animals are given as examples of pathways;
drinking water, meat, milk, and occupation are given as examples of exposure; and
examples of risk factors include swimming in rivers, eating chicken meat, beef, etc.
In a typical example, cattle (reservoir) may contaminate the food chain (pathway)
resulting in a hazard in the milk supply (exposure), which manifests itself as an
increased risk associated with the consumption of unpasteurized milk (risk factor)
(Wagenaar et al. 2013).

Source attribution models provide an estimate of the relative contribution of the
different known reservoirs to the burden of human illness. They can be used to
inform decision makers in order to target the most effective intervention strategies
and are, therefore, an important tool for risk management (Pires et al. 2009). Several
approaches can be used for source attribution, including microbiological (e.g.,
microbial subtyping) and epidemiological (e.g., outbreak investigations and case-
control studies) approaches and intervention studies (Pires et al. 2009). Structured
expert opinions and comparative exposure assessment can also be used for source
attribution, but will not be considered here.

8.5.1.1 Source Attribution Based on Outbreak Data
Most Campylobacter infections are sporadic. As an example, in Europe in 2019, the
total number of reported campylobacteriosis cases was 220,682, of which only 1254
were related to outbreaks (EFSA and ECDC 2021). Outbreak data is, therefore,
generally considered of limited value for campylobacteriosis because of the rarity of
reported outbreaks (Pires et al. 2010). Campylobacter outbreaks, however, may
occur more frequently, but are often unreported due to the generally intermittent
typing of clinical isolates. Indeed, the added value of high-throughput sequencing
methods for campylobacteriosis outbreak investigation has been shown in several
occasions, such as during the large waterborne campylobacteriosis outbreaks that
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occurred in New Zealand, in 2016 (Gilpin et al. 2020). An estimated 6260–8320
campylobacteriosis cases were linked to the contamination of an untreated,
groundwater-derived drinking water supply. Of the 12 different Campylobacter
genotypes observed in the clinical cases, four were also retrieved from water, three
from sheep, and one from both water and sheep. The outbreak was traced back to
contamination of the water supply after a heavy rainfall event that caused drainage of
sheep feces into a shallow aquifer. The existence of a routine clinical surveillance for
campylobacteriosis, coupled with early testing of water for pathogens and
genotyping of Campylobacter isolates from human cases and potential sources,
facilitated outbreak detection and helped define its source, as well as confirm
outbreak periods and cases. Similar experiences are increasingly being documented
for foodborne campylobacteriosis outbreaks as well (Sorgentone et al. 2021). More-
over, using data of the New Zealand outbreak, it has been shown that alternative data
sources (i.e., general practitioner consultations, consumer helpline, Google Trends,
Twitter microblogs, and school absenteeism) can provide earlier indications of the
outbreak as compared to conventional case notifications (Adnan et al. 2020). Rou-
tine application of WGS to Campylobacter isolates is already a reality in several
governmental agencies, industry, and academia. The ever-growing availability of
sequencing data as well as the creative exploitation of alternative data sources are
expected to improve our ability to detect and characterize Campylobacter outbreaks,
including source tracing and root cause determination of contamination events
(Franz et al. 2016).

Although scarce, campylobacteriosis outbreak data is collected annually in
Europe and has been used to estimate the causative vehicles for the years
2005–2006 (Pires et al. 2010). Putative sources rank differently depending on
whether the data was analyzed in terms of either the proportion of outbreaks or the
proportion of infected individuals reported. The majority (~64%) of outbreaks had
no identified source, while ~12% were attributed to meat products as a whole and
~10% specifically to chicken. In contrast, in terms of ill individuals, the majority
(~44%) was attributed to travel, ~17% to putatively contaminated drinking water,
10% each to meat and chicken, and 36% were of unknown source. Although the
ranking of source importance seems different, chicken remains an important source
regardless of the approach taken. Indeed, the authors report that “among illnesses
that could be attributed to a source, 29% of campylobacteriosis cases were attributed
to chicken” (Pires et al. 2010).

8.5.1.2 Source Attribution Based on Case-Control Studies
Case-control studies have been used in several countries to identify those risk factors
associated with sporadic Campylobacter infections. Overall, these studies indicate
that the handling and consumption of chicken meat is a very important risk factor
(Doorduyn et al. 2010; Domingues et al. 2012; MacDonald et al. 2015; Mossong
et al. 2016; Rosner et al. 2017; Kuhn et al. 2018). Other frequently identified risk
factors include the consumption of unpasteurized milk (Friedman et al. 2004;
Mughini Gras et al. 2021b), eating in restaurants (Friedman et al. 2004; Danis
et al. 2009), contact with pet dogs (especially puppies) (Friedman et al. 2004;
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Doorduyn et al. 2010; Mughini Gras et al. 2013; MacDonald et al. 2015; Mossong
et al. 2016; Kuhn et al. 2018), contact with livestock (Friedman et al. 2004; Danis
et al. 2009; Mughini Gras et al. 2012; Rosner et al. 2017), and foreign travel
(Friedman et al. 2004; Doorduyn et al. 2010). The calculations of the attributable
fractions for each risk factor also indicate that, like the outbreak data, chicken
consumption accounts for 28–31% of sporadic cases (Doorduyn et al. 2010;
MacDonald et al. 2015; Rosner et al. 2017; Kuhn et al. 2018). In contrast, the
contribution of dog ownership is 4–8% (Doorduyn et al. 2010; MacDonald et al.
2015), but it can go up to 21% in children under 5 years (Kuhn et al. 2018). Of
course, many factors can influence source attribution studies using case-control data.
For instance, individuals taking proton-pump inhibitors or having a chronic gastro-
intestinal disease have increased risk of campylobacteriosis (Doorduyn et al. 2010;
Mughini Gras et al. 2012; Rosner et al. 2017; Kuhn et al. 2018; Fravalo et al. 2021),
probably as a consequence of reduced gastric acidity allowing the survival of
Campylobacter during passage through the stomach and/or disturbed gut function
facilitating intestinal infection.

A recent systematic review and meta-analysis (Fravalo et al. 2021), which synthe-
sized the evidence provided by 71 eligible case-control studies on risk factors for
sporadic Campylobacter infection, highlighted the importance of other, less common
risk factors beyond chicken consumption. These include consumption of food prod-
ucts like beef, eggs, and dairy, especially when consumed raw/undercooked, but also
non-foodborne transmission routes like contact with animals and environmental
sources. For example, occupational exposure to animals or products thereof, such as
working in a slaughterhouse, farm, pet shop, or zoo, as well as working in food
handling/preparation, emerged as significant risk factors. The same applied to (non-
occupational) contact with farm animals, wild animals and pets, and environmental
exposure to playground sandpits, rural environments, or recreational waters, with these
non-foodborne risk factors, as well as person-to-person transmission, being particu-
larly important among children (Fravalo et al. 2021).

Specific immunity against Campylobacter, acquired as a result of prior exposure,
is another very important confounder of case-control studies (Havelaar and Swart
2016). Certainly, repeated exposure to pathogens, such as Campylobacter, may lead
to sufficient immunity to provide protection against severe clinical illness (Swift and
Hunter 2004). Such immunity can lead to individuals being protected from disease,
even when colonized (Havelaar et al. 2009; Havelaar and Swart 2016), and this has
been proposed as an explanation of why, in some instances, the regular consumption
of poultry meat (at home) is identified as a protective, rather than a risk factor
(Friedman et al. 2004). Acquired immunity also provides an explanation of why
either the very frequent consumption of chicken meat or never consuming it, are risk
factors for campylobacteriosis (Mughini Gras et al. 2021b). Indeed, people who
frequently consume chicken are highly exposed to chicken-associated Campylobac-
ter strains and therefore are at increased risk of falling ill with these strains because
the levels of exposure to these strains are too high to allow acquired immunity to
exert any protective effect. Conversely, people who do not eat chicken meat would
not be exposed to these strains at all, and therefore would be unable to develop any
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immunity against them, thereby falling ill more easily upon incidental exposure to
them via, e.g., cross-contamination of other food items or non-foodborne transmis-
sion. It has also been shown that consumption of chicken meat is a risk factor for
campylobacteriosis only or predominantly when this is consumed outside the house-
hold (Swift and Hunter 2004; Friedman et al. 2004; Mossong et al. 2016; Lake et al.
2021), which indicates that exposure to chicken-associated Campylobacter strains
outside the household (e.g., at restaurants, catering events, etc.) would increase the
chance of being exposed to (possibly higher doses of) specific Campylobacter
strains different from those to which people are (usually) exposed at home (Mughini
Gras et al. 2021b).

8.5.1.3 Source Attribution Based on Microbial Subtyping
As previously indicated, Campylobacter are highly phenotypically and genotypi-
cally variable. This variability has been exploited to develop subtyping strategies
with the aim of determining sources of human infection. However, for various
reasons including the high plasticity of the Campylobacter genome, the lateral
transfer of genetic material among strains, the time delay to diagnosis, and the
poor recovery from putative sources, the direct tracking of strains from source to
human has not been feasible. However, the widespread application of MLST, as well
as other genotyping methods with higher discriminatory power like cgMLST,
allowed for the study of Campylobacter population structures and the conduction
of source attribution analyses. Studies of the evolutionary relationships within
populations reported that some Campylobacter strain features are preferentially
associated with certain animal hosts. Thus, using complex statistical methods, the
probable sources can be inferred by comparison of the Campylobacter strains
recovered from diseased humans with those recovered from a range of animal,
food, and environmental sources. Several MLST-based studies, reviewed by Cody
et al. (2019), have provided in the past the first source attribution results for
campylobacteriosis, showing that most (50–80%) strains infecting humans come
from the chicken reservoir, 20–30% from cattle, and the remainder from other
reservoirs (e.g., sheep, pigs, wild animals, etc.) (EFSA BIOHAZ 2010). However,
in more recent years, the growing availability of WGS data allowed for genomic data
with a much higher discriminatory power than MLST, such as cgMLST and
wgMLST, to be used in source attribution studies (Pérez-Reche et al. 2020; Lake
et al. 2021; Mughini Gras et al. 2021b; Harrison et al. 2021; Arning et al. 2021).
While most human cases are still attributed to poultry, followed by cattle, the ability
to better differentiate isolates based upon more than just seven MLST genes, coupled
with the use of more powerful models, allow for more accurate attribution estimates.
This includes better differentiation of host generalist, commonly occurring or clon-
ally related strains.

While there is an apparent conflict between the importance of poultry as a source
from case-control studies (20–40%) and from the genotyping studies (50–80%), this
is explained by case-control studies being able to trace human cases back only to the
level of exposure (e.g., food items consumed, contact with animals, etc.), while
genotyping data indicates the original host reservoir. It has been hypothesized that
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the difference reflects that Campylobacter strains may reach humans through path-
ways other than food, for example, through environmental exposure (EFSA
BIOHAZ 2010) (section “Role of the Environment”).

8.5.1.4 Intervention Studies
On the presumption that poultry is the major source of sporadic campylobacteriosis,
there have been several incidents that have acted as “natural experiments,” which
have been investigated to determine the effect of reduced population exposure to
Campylobacter in the food chain. For example, in 1999, contamination of animal
feed with dioxin in Belgium resulted in a nationwide withdrawal of broiler meat
from the market, which was concomitant with a 40% decrease in campylobac-
teriosis, countrywide (Vellinga and Van Loock 2002). Similarly, in 2003 in the
Netherlands, an avian influenza outbreak led to a massive poultry cull, which was
associated with a subsequent 30% decrease overall in campylobacteriosis (Friesema
et al. 2012). This disease reduction varied between regions from 10% to 70%, with
the largest fall reported in those laboratories’ serving areas where the flocks were
actually culled. This observation supports the hypothesis that there were important
transmission routes other than the handling and consuming poultry meat (EFSA
BIOHAZ 2010; Friesema et al. 2012). As yet, the transmission routes of such
alternative pathways are unclear.

Other interventions targeted at the poultry production sector and/or to the poultry
meat consumer, resulted in reduced exposure to national populations in Iceland and
New Zealand. Following these interventions, the number of reported campylobac-
teriosis cases fell by 72% in Iceland (Stern et al. 2003) and by 54% in New Zealand
(Sears et al. 2011). Furthermore, in New Zealand there was a concurrent 74%
reduction in the proportion of poultry-associated campylobacteriosis cases as deter-
mined by source attribution using MLST (Sears et al. 2011) and 13% decline in
hospitalizations for Guillain-Barré syndrome (Baker et al. 2012).

8.5.2 Role of the Environment

Campylobacter is often found in the environment, including surface water, where it
usually indicates recent fecal contamination from animals, sewage, or agricultural
run-off. Campylobacter’s fate in the environment is typically the one of die-off rather
than growth. Although Campylobacter survives poorly outside the host, some spe-
cialist strains can survive better in certain sylvatic (Hepworth et al. 2011), farmland
(French et al. 2005), and environmental (French et al. 2005; Sopwith et al. 2008;
Colles et al. 2011) niches. These strains are generally more resistant to physical stress
(Sopwith et al. 2008). Campylobacter can also assume a viable, but non-culturable
state in response to advert conditions outside the host (Murphy et al. 2006).

Human Campylobacter infections of environmental origin exhibit strong season-
ality (Mughini Gras et al. 2012). Indeed, Campylobacter survival in the environment
is compromised by factors like high temperatures and sunlight, among others, and
shedding from animals varies seasonally depending on stress, changes in diet,
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housing conditions, rearing period, etc. Moreover, the pattern of human exposure to
environmental sources (e.g., outdoor activities) is largely weather-dependent.
Although the primary transmission route for human Campylobacter infection is
contaminated food, source attribution studies have estimated that on top of the
contributions of livestock and wild animals, the environment may account for a
further 5–10% of human campylobacteriosis morbidity, with open water swimming,
consuming game meat, and exposure to storm water overflows being a source of
environment-borne campylobacteriosis (Mughini Gras et al. 2012, 2021b; Sales-
Ortells et al. 2015; Mossong et al. 2016). Studies have also shown that heavy rainfall
may lead to Campylobacter entering the drinking water supply system (Gilpin et al.
2020). Perhaps more importantly, water may act as a source for Campylobacter
(re)colonization in livestock (Bull et al. 2006). Yet, the environment at large serves
more as a vehicle of transmission for Campylobacter among animals, from animals
to humans and vice versa, rather than as an amplifying reservoir per se.

Surface water represents a “sink” that collects Campylobacter strains from
different (animal) hosts, whose individual contributions have been quantified in
source attributions studies based on MLST (Mughini Gras et al. 2016) and cgMLST
(Mulder et al. 2020). This latter study, conducted in the Netherlands, provides the
most comprehensive data on the prevalence, genotypes, and animal sources of
Campylobacter in surface water. Prevalence is the highest in agricultural waters
(77%) and in autumn and winter (74%), and lowest in recreational (swimming)
waters (46%) and in summer (54%), which concurs with Campylobacter being
highly sensitive to sunlight and high temperatures. Overall, water isolates are mainly
attributed to wild birds (84%) and poultry (10%). However, the probability for water
isolates to originate from poultry is significantly higher in high poultry density areas,
i.e., a geographical association exists between the magnitude of the local poultry
industry and its role as source of microbial contamination of the environment.
Similarly in the USA, it has been shown that communities with high-density poultry
operations have higher incidences of campylobacteriosis and infectious diarrhea
(Poulsen et al. 2018).

8.6 Campylobacter in Poultry and Intervention in Primary
Production

Given that the majority of the infecting strains in humans come from chicken,
targeting Campylobacter in poultry production has become the preferred public
health measure (Koutsoumanis et al. 2020). The poultry meat chain can be viewed
as two distinct stages: chicken rearing and production (largely on-farm to entry to the
slaughter house) and poultry meat processing (largely lairage to retail). Theoreti-
cally, control measures focused on the primary production stage will prevent up to
80% of human cases, by preventing or reducing Campylobacter entering the food
chain and the environment, while those measures targeted at the processing stage,
can prevent only an estimated 42% of cases (Mughini Gras et al. 2012). Control of
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Campylobacter in primary poultry production, however, has proved to be very
difficult (Wagenaar et al. 2013).

Campylobacter colonization occurs in all types of commercially produced poul-
try (e.g., broilers, turkeys, ducks) (Wagenaar et al. 2006), but clearly the focus for
intervention is broiler, as it forms the largest source of human infections. The
prevention of Campylobacter in poultry is solely targeted at meat-producing birds.
This is because vertical transmission is extremely rare, if at all (Callicott et al. 2006;
Cox et al. 2012). Thus, each new broiler production cycle starts with Campylobac-
ter-free chicken. In all-in/all-out production systems, poultry houses are cleaned,
disinfected, and dried before the arrival of a new flock. Such preparation seems to be
largely effective at preventing the carry-over of Campylobacter from previous flocks
(Newell et al. 2011; Georgiev et al. 2017). Nevertheless, birds subsequently become
colonized with the bacteria. Experimental studies indicate that the ingestion of as
few as 40 organisms can cause colonization (Cawthraw et al. 1996). Once the first
bird has been colonized, it sheds large numbers of bacteria in its feces (up to 107 cfu
per gram), and most, if not all, the other birds in the flock become colonized within a
few days. Thus, preventing the first bird becoming colonized seems to be a prere-
quisite for a Campylobacter-negative flock.

Broiler flocks are frequently exposed to the Campylobacter from their external
environment throughout their limited lifespan (Newell et al. 2011). However, colo-
nization does not usually become detectable until 2–3 weeks of age of the flock. This
so-called “lag-phase” appears to be due to an inherent resistance in young chickens
(Kalupahana et al. 2013) which is, at least in part, a result of maternal immunity
(Cawthraw and Newell 2010).

By comparing Campylobacter-negative with -positive flocks, many risk factors
and farm practices have been identified, which increase the chance of flock positivity
(Newell et al. 2011; Sibanda et al. 2018). One major risk factor is the age of broilers
at slaughter, which is most likely associated with exposure to external contamination
over time and is a measure of the effectiveness of biosecurity. Other biosecurity-
associated risk factors, such as multiple broiler houses on the farm, the presence of
other livestock, partial depopulation (thinning), pets on the farm, etc., are also
important. Nevertheless, no one biosecurity-related factor seems to predominate.
Moreover, although improved biosecurity can decrease the risk of a flock becoming
Campylobacter-positive, it seems that even strict biosecurity cannot guarantee a
Campylobacter-free flock at the time of slaughter (Newell et al. 2011). In many
countries, the biosecurity challenge seems even more difficult in the summer
months, when the prevalence of Campylobacter-positive flocks increases signifi-
cantly in response to some temperature-related factors (Jore et al. 2010). Some of this
seasonal increase may be associated with transmission by flies. In Denmark, this risk
has been significantly reduced by the application of fly-screens around broiler house
ventilation systems (Bahrndorff et al. 2013). The efficacy may be country-
dependent, i.e., related to weather conditions, as well as dependent on the biosecurity
level already applied.

In Europe, improved biosecurity has been strongly recommended as the only
currently available intervention measure to reduce flock positivity (Koutsoumanis
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et al. 2020). However, the appropriate targeting of biosecurity measures has proved very
frustrating for the poultry industry. Anecdotal evidence suggests the compliance of
farmers with general biosecurity measures is essential and such compliance would be
even more important in summer months (Koutsoumanis et al. 2020). The challenge is
likely to become even greater in the future given consumer-driven concerns for animal
welfare leading to an increasing trend toward the production of slower-growing animals
with a longer lifespan and with outdoor access. Under such conditions good biosecurity
is impractical (Kalupahana et al. 2013).

It is widely recognized that biosecurity alone cannot produce Campylobacter-
negative flocks and that complementary measures will be required to increase the
resistance to, or reduce the colonization of, birds with the bacterium (Koutsoumanis
et al. 2020; Lu et al. 2020). Research into vaccination against Campylobacter is
progressing, but not yet ready for practice (de Zoete et al. 2007; Nothaft et al. 2021).
Neither is it yet possible to influence the intestinal flora to generate a Campylobac-
ter-resistant avian gut (Schneitz 2005). The use of bacteriophages and bacteriocins
looks promising (Wagenaar et al. 2005), but research to solve key issues in safety,
efficacy, and sustainability is still needed (Olson et al. 2021). The use of medium
chain fatty acids has been reported to have at least some effect on Campylobacter
colonization (van Gerwe et al. 2010; Hermans et al. 2012; Jansen et al. 2014;
Guyard-Nicodème et al. 2016), but the results require validation in the field.

Thus, it currently seems that improved biosecurity is the only credible measure
available to decrease the prevalence of Campylobacter-positive flocks. However, as
indicated above, the identification of specific and effective biosecurity approaches
has proved very difficult. Thus, a wide range of high-level biosecurity measures need
to be consistently maintained throughout the life of intensively reared flocks. This is
often impractical, especially when Campylobacter colonization is asymptomatic,
and therefore with no consequent economic loss to providing an incentive for the
poultry farmer.

8.7 Post-Harvest Control Measures in Poultry

When Campylobacter colonization cannot be prevented at the farm level, post-
harvest treatment becomes very important. Such treatments include the prevention
of cross-contamination and the application of chemical or physical methods of
decontamination in the slaughterhouse. The availability and effectiveness of such
methods, with particular relevance to Europe, have been reviewed previously
(Koutsoumanis et al. 2020).

Cross-contamination can be a significant problem associated with the huge
throughput of carcasses (circa 13,000 per hour in many processing plants), slaughter
line automation, and the high concentrations of Campylobacter in cecal contents.
Any leakage of fecal material, or rupture of the gut during evisceration, can lead to
surface contamination of the meat. Interestingly, there are statistically significant
differences, in the level of carcass contamination between slaughterhouses (EFSA
2010), suggesting that some processing plants are better than others at controlling

8 Campylobacter: Animal Reservoirs, Human Infections, and Options for Control 283



this problem. However, the basis of these differences has yet to be determined
(Koutsoumanis et al. 2020).

The decontamination of carcasses with chemicals is allowed in the USA and
currently practiced using several chemicals, such as organic acids, quaternary
ammonium compounds, acidified sodium chlorite, and trisodium phosphate.
Although the decontamination of carcasses with chemicals is allowed in the EU,
specific approval is required and currently no chemic decontaminants have been
approved for use on chicken carcasses.

Some physical treatments (e.g. ,ultraviolet, ultrasound, etc.) have been specifi-
cally applied to reduce Campylobacter on chicken carcasses, but their effectiveness
is usually limited to a reduction of only 1–2 log10. Highly effective irradiation
procedures are poorly accepted by consumers and difficult to implement under
high throughput conditions. The freezing of carcasses from positive flocks can
reduce Campylobacter concentrations by 2–3 log10 and this strategy has been
effectively used in Iceland as part of a program to reduce human campylobacteriosis
(Stern et al. 2003). However, from both the logistic and the economic (i.e., the
preference of consumers for fresh meat) viewpoints, such a strategy would be
difficult to implement, especially in those countries with high prevalence of Cam-
pylobacter-positive flocks (Havelaar et al. 2007).

8.8 Interventions and Public Health Impact

The potential public health impact of intervention measures in the poultry production
chain are clearly demonstrated in two successful examples from Iceland and
New Zealand (see section “Intervention Studies”).

In Iceland, multiple-level measures were implemented (including producer and
consumer education, enhanced biosecurity, changes in poultry processing, and the
identification and freezing of products from Campylobacter-positive flocks) in
response to a sharp increase in campylobacteriosis in 1999 (Tustin et al. 2011). As
mentioned before, this spectrum of measures resulted in a 72% reduction in the
incidence of campylobacteriosis (Stern et al. 2003). Of all these measures, the
freezing of contaminated products is considered the most important (Tustin et al.
2011). In New Zealand, a 54% reduction in the incidence of campylobacteriosis was
similarly achieved as a consequence of the introduction of a range of voluntary and
regulatory measures (Müllner et al. 2010; Sears et al. 2011; Baker et al. 2012).

Given these successes, it is tempting to extrapolate those approaches
implemented in New Zealand and Iceland to other countries. However, in both
cases, specific conditions prevailed and, therefore, success in disease reduction in
other countries may not be predictable. While highly effective interventions against
Campylobacter in broiler farms remain elusive, slaughterhouses in the EU have been
set up to keep Campylobacter contamination in broiler carcasses under control.
Indeed, since 2018, a process hygiene criterion (Commission Regulation EU 2017/
1495), with a limit of 1000 CFU/g of neck skin, has been implemented among EU
Member States. This limit was based on a Scientific Opinion of the European Food
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Safety Agency (EFSA) on control options for Campylobacter along the poultry meat
production chain and their estimated impact on the reduction of the number of
human campylobacteriosis cases (EFSA BIOHAZ 2011). The EFSA estimated a
public health risk reduction of more than 50% if carcases complied with the
aforementioned process hygiene criterion. Moreover, a cost-benefit analysis indi-
cated that a process hygiene criterion for Campylobacter in broiler carcases would
provide one of the best balances between reduction of human campylobacteriosis
cases attributed to broiler meat and the economic consequences of the application of
such criterion (EC Europe 2012). A step-by-step approach would also be recom-
mendable, making the process hygiene criteria gradually stricter over time.

8.9 Campylobacter in Poultry – The Future

Given that Campylobacter is a part of the normal gut flora of birds (and is a highly
successful colonizer of that site), the increasing consumer demand worldwide for
low cost chicken meat (while expecting higher animal welfare during production)
and the steady reduction in human populations with acquired immunity (either due to
lack of natural exposure or to increased susceptibility through age, disease or
medication), campylobacteriosis will remain a major foodborne pathogen in most
countries (Newell et al. 2010). At the moment, the reliable production of Campylo-
bacter-negative flocks, through best-practice biosecurity alone, seems unlikely. In
the future, effective vaccines and/or other complementary measures should be
achievable outcomes of current research. Although, such measures may not totally
eliminate colonization, significant reductions in colonization levels may be feasible.
In this case, risk assessment studies show that a significant reduction in public health
risk can still be achieved (Nauta and Havelaar 2008). Once chicken is no longer a
major source of Campylobacter, the importance of other animal reservoirs and
transmission routes can be identified and tackled.
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Abstract

Salmonella are ubiquitous and robust pathogens, which are often transmitted via
food. Especially poultry and poultry products, but also pork and plant-based
foods, play an important role as vehicles. They are widely distributed and often
spread unnoticed along the farm to fork continuum. Their entry can take place at
various points along the food chain ending up in animal and nonanimal derived,
Salmonella-contaminated food. Salmonella can be host-restricted, host-adapted,
or of broad host range, but only a relatively small proportion of the about 2600
described serovars have significant clinical relevance. Among these, serovars S.
Enteritidis and S. Typhimurium represent the most prevalent serovars worldwide,
together accounting for about 75% of all reported cases with a specified serovar in
Germany. Both have a broad host range and likewise infect humans and various
animal species (including invertebrates). Depending on serovar, ingested dose,
and immunocompetence of the host, Salmonella infections differ substantially in
their clinical manifestations, ranging from an asymptomatic state to severe illness.
Foodborne outbreaks provoked by Salmonella are frequently described and range
from temporally restricted regional occurrences to protracted, multinational
events with hundreds of cases. Whole-genome sequencing (WGS) data is an
important tool for bacterial typing, outbreak investigation, source tracking, and
surveillance, and its application is highly encouraged by international authorities.
By now, numerous examples of the utile application of WGS have been given in
different countries and contexts for Salmonella, emphasizing its capacity to
identify potential outbreak vehicles, support epidemiological studies, and food
safety activities, finally aiming for the prevention of further cases.

Keywords

Salmonella enterica · Salmonellosis

9.1 The Zoonotic Agent Salmonella

Salmonella is a facultatively anaerobic, rod-shaped, and flagellated gram-negative
bacterium. Based on the currently applied nomenclature for the genus Salmonella,
two species have been described: Salmonella (S.) bongori and Salmonella (S.)
enterica, with S. enterica further divided into six subspecies by biochemical char-
acteristics (Tindall et al. 2005). Recent genome-based studies even propose 11 sub-
species (Alikhan et al. 2018; Pearce et al. 2021). In total, both species comprise more
than 2600 serovars (Issenhuth-Jeanjean et al. 2014). While S. bongori and the
S. enterica subspecies II (salamae), IIIa (arizonae), IIIb (diarizonae), IV (houtenae),
and VI (indica) are predominantly related to cold-blooded animals and considered to
be of minor clinical relevance (Brenner et al. 2000), S. enterica subspecies I
(enterica) is responsible for about 99% of human salmonellosis cases (Lamas et al.
2018). The>1500 subspecies I serovars form a group of pathogens that differ widely
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in their host range within mammals, birds, and reptiles. They can also differ
substantially in clinical manifestations, ranging from an asymptomatic state to severe
illness (Jones et al. 2008). Serovars can be host-restricted (e.g., S. Typhi in humans
and higher primates), host-adapted (e.g., S. Choleraesuis in pigs and infrequently in
humans), or of broad host range (e.g., S. Typhimurium, S. Enteritidis), infecting
various avian and mammalian hosts with a wide spectrum of diseases. Up to now, the
traditional Salmonella serotyping scheme according to White-Kauffmann-Le Minor
(Grimont and Weill 2007) is accepted worldwide as the “gold standard” for the
classification of Salmonella below the subspecies level. However, this phenotypic
approach has been challenged by the emergence of molecular typing methods
(Achtman et al. 2012b) and will be presumably replaced by whole genome-based
methods in the near future (Ashton et al. 2015). The majority of human cases are
caused by only a few non-typhoidal serovars and the overall number of reported
human Salmonella infections in Germany dropped dramatically during the last three
decades from 195,000 in 1992 (Bundesamt 1993) and still 77,000 in 2001 (Robert
Koch-Institut 2002) to 13,500 cases in 2019 (Robert Koch-Institut 2020). Among
these, S. Enteritidis and S. Typhimurium represent the most prevalent serovars,
together counting for about 75% of all reported cases with specified serovars (Robert
Koch-Institut 2020). In accordance to this, meat/meat products and eggs/egg prod-
ucts are still regarded as the most common vehicles of transmission (EFSA and
ECDC 2013). However, in recent years, transmission through foods of nonanimal
origin has been increasingly reported (Da Silva Felício et al. 2015; Dyda et al. 2020;
Krtinić et al. 2010) and typically rare serovars account for a considerable number of
large foodborne outbreaks (see Table 1). In this chapter, we focus on the zoonotic
potential of Salmonella enterica, emphasizing its prevalence in different animal
hosts, various foods, and humans, and the shift of surveillance tools to next-
generation sequencing as new standard.

9.2 Salmonella in Animal and Food

Salmonella is widely spread and often unnoticed along the farm to fork continuum.
Their entry can take place at various points along the food chain ending up in animal-
and nonanimal derived, Salmonella-contaminated food (Hazards 2013).

Salmonella are ubiquitous and are able to withstand harsh conditions in the
environment. Growth requirements of Salmonella are low, compared to other bac-
teria. They are able to grow in temperature ranges from 10 �C to 48 �C or even
6–8 �C, at pH values of 4.5–9, and a minimal aw value (depending on substrate and
temperature) of >0.93 (Alvarez-Ordóñez et al. 2010; Alvseike et al. 2000; Dewanti
and Doyle 1992; Himathongkham et al. 1999; Matches and Liston 1972; Oscar
2003). However, survival in dried food was even possible at far less water activity
levels (aw< 0.6) (Santillana Farakos et al. 2013). Thus, Salmonella is able to survive
extended time in farm surroundings, dust, soil, feed, or food processing plants. This
allows horizontal transmission to the livestock sector and productions systems of
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Table 1 Exemplary Salmonella outbreaks from the past two decades

Year Serovar Country
Suspected
vehicle Reference

2001/2002 S. Oranienburg Germany,
Sweden, Finland,
Denmark,
Netherlands,
Belgium, Austria

Chocolate Werber et al.
(2005)

2002/2003 S. Agona Germany Aniseed-
fennel-
caraway
infusion

Koch et al.
(2005), Rabsch
et al. (2005)

2003 S. Newport USA Mangoes Sivapalasingam
et al. (2003)

2004 S. Thompson Norway Rocket Nygård et al.
(2008)

2004 S. Newport UK, Ireland Lettuce Irvine et al.
(2009)

2004 S. Senftenberg Serbia Fennel seed
tea

Ilic et al. (2010)

2004 S. Braenderup USA Tomatoes Gupta et al.
(2007)

2005 S. Newport USA Tomatoes Greene et al.
(2008)

2005 S. Enteritidis Canada Mung bean
sprouts

Rohekar et al.
(2008)

2005 S. Typhimurium,
S. Saintpaul

USA Orange juice Jain et al. (2009)

2006 S. Enteritidis Sweden Almonds Ledet Muller
et al. (2007)

2006 S. Saintpaul Australia Cantaloupe Munnoch et al.
(2009)

2007 S. Senftenberg UK, Denmark,
Netherlands, USA

Basil Pezzoli et al.
(2008)

2007 S. Weltvreden, S. Stanley Norway,
Denmark,
Finland, Sweden

Alfalfa
sprouts

Emberland et al.
(2007)

Werner et al.
(2007)

2007 S. Paratyphi B var. Java Sweden, UK,
Denmark

Spinach Denny et al.
(2007)

2008 S. Newport, S. Reading Finland Iceberg
lettuce

Lienemann et al.
(2011)

2008 S. Panama Netherlands Fresh fruit
juice

Noel et al.
(2010)

2009 S. Bovismorbificans Finland Alfalfa
sprouts

Rimhanen-
Finne et al.
(2011)

(continued)
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Table 1 (continued)

Year Serovar Country
Suspected
vehicle Reference

2009/2010 S. Montevideo USA Black and
red pepper

Gieraltowski
et al. (2012)

2010 S. Bareilly UK Bean sprouts Cleary et al.
(2010)

2010 S. Paratyphi B var. Java UK Salad
vegetables

Gobin et al.
(2011)

2010 S. Montevideo Germany Herbal Food
supplement

Stocker et al.
(2011)

2011 S. Strathcona Denmark,
Germany, Austria,
Italy

Tomatoes Müller et al.
(2016)

2011 S. Newport Germany, UK,
Ireland

Watermelon Byrne et al.
(2013)

2011 S. Newport Germany,
Netherlands

Mung bean
sprouts

Bayer et al.
(2013)

2012 S. Bareilly USA Scraped tuna

2014 S. Muenchen Germany Pork
products

Schielke et al.
(2017)

2015 S. Dublin France Raw-milk
cheese

Ung et al.
(2019)

2015/2016 S. Poona USA Cucumbers Laughlin et al.
(2019)

2015–2019 S. Agona, S. Anatum, S.
Gaminara, S. Infantis, S.
Kiambu, S. Newport, S.
Senftenberg, S. Uganda,
S. Urbana

USA Papaya (five
outbreaks)

Whitney et al.
(2021)

2016 S. Give Malta Ready-to-eat
antipasti

Donachie et al.
(2018)

2016 S. Vari Greece, Germany,
Czech Republic,
Luxembourg, UK

Sesame
products

Meinen et al.
(2019)

2017 S. Saintpaul UK Person-to-
person
spread

Thomson et al.
(2019)

2017 S. Agona France Infant
formula

Jourdan-Da
Silva et al.
(2018)

2018 S. Poona France, Belgium,
Luxembourg

Infant
formula
(based on
rice proteins)

ECDC and
EFSA (2019)

2018 S. Agbeni Norway Dried exotic
fruit mix

Johansen et al.
(2021)

2020 S. Muenchen Germany Dried
coconut
pieces

(manuscript in
preparation)

(continued)
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food of nonanimal origin (FoNAO) (Finn et al. 2013; Habimana et al. 2014; Jechalke
et al. 2019; Liljebjelke et al. 2005; Marin et al. 2009; Skov et al. 2008). Salmonella
are also found in cold-blooded animals such as reptiles or insects, which may act as
vectors to reach or spread from their main reservoir, the gastrointestinal tract of
warm-blooded animals (Corrente et al. 2017; Pulford et al. 2019; Vandeweyer et al.
2021). Wildlife animals are also frequently reported to carry Salmonella (Skov et al.
2008; Uelze et al. 2021b). However, the main focus is set on livestock animals, due
to the risk of subsequent transmission to derived foodstuff. In this context, vertical
transmission from parents to progeny (e.g., from chicken to eggs) plays an important
role (Liljebjelke et al. 2005). Infected farm animals can be asymptomatic, healthy-
looking carriers, but acute and chronical disease symptoms or dying animals due to a
Salmonella infection are possible as well (Gutema et al. 2019; Suzuki 1994).
Animals can shed relatively large numbers of Salmonella in the feces over a long
period of time. Infection with host-adapted serovars, such as S. Gallinarum
(in poultry) or S. Dublin (in cattle), can severely affect the livestock production
with high mortality rates (Mcdonough et al. 1999; Schat et al. 2021). Meanwhile,
non-adapted serovars – among them the most relevant ones in human infections:
Enteritidis and Typhimurium – often spread asymptomatically within herds
replacing the eradicated host-specific serovars as matter of concern. Although
causing no symptoms in animals, those non-adapted serovars cause severe health
issues in humans. The incidence of Salmonella in livestock depends on several
factors such as the conditions for intensive animal husbandry, hygiene measures,
and climate conditions. The incidence of Salmonella in Northern countries is often
lower than in those located in warmer climate zones. Furthermore, Salmonella cases
are subject to a seasonal variation with higher rates in the summer and autumn, and a
decline in the winter months (EFSA and ECDC 2021c).

Consequently, the control of Salmonella in food-producing animals preharvest is
imperative to avoid the transmission along the food chain to humans. Usually, in

Table 1 (continued)

Year Serovar Country
Suspected
vehicle Reference

2019–2021 S. Senftenberg
S. Kintambo
S. Orion
S. Havana
S. Mbandaka
S. Amsterdam

Germany,
Sweden,
Denmark,
Norway,
Netherlands,
Canada, USA

Sesame
products
(tahini,
halva)

EFSA (2021)

2021 S. Thompson USA Seafood CDC (2021b)

2021 S. Braenderup 12 EU countries
and UK

Small melons
(Galia
melons)

ECDC and
EFSA (2021)

2021 S. Weltevreden USA Frozen
cooked
shrimps

CDC (2021a)

2022 S. Typhimurium EU countries and
UK

Chocolate Larkin et al.
(2022)
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developed countries, livestock is regularly monitored in order to estimate the
prevalence of the pathogen and serovars and to perform control measures. Such
control measures include the application of vaccine strains of relevant serovars to
herds of livestock to improve subsequent foodstuff safety, rather than the prevention
of salmonellosis in animals.

Food processing, such as the slaughter process of the animals, raw fruits and
vegetables, or infant formula processing lines are further possible points of contam-
ination (Bolton et al. 2003; Ehuwa et al. 2021; Kent et al. 2015; Artes et al. 2007).
Therefore, at the food processing and retail levels, Salmonella surveillance is
continued, and, e.g., food safety criteria are laid down in the context of the EU
Commission Regulation (EC) No 2073/2005. Here, i.e., the absence of Salmonella
in 25 g of most listed food types is regulated. This includes a variety of foods such as
meat products, eggs, infant formula, milk products, ready-to-eat-food, seafood and
snails, sprouts, as well as cut fruits and vegetables. In the last few years, Salmonella-
associated outbreaks have additionally shed a light on uncommon Salmonella
serovars. These are often associated with “new” vehicles that attracted attention
and should be considered in food safety management, notably for foodstuffs with
low water activity (tahini, chocolate, dried fruits, food supplements, and tea) (EFSA
2021; EFSA and ECDC 2018).

9.2.1 Salmonella in Poultry and Poultry Products

Poultry represents the major putative source for non-typhoidal salmonellosis infec-
tions in humans (CDC and FDA 2021; Thomas et al. 2020). Especially, S.
Enteritidis, which had been found since the 1980s to contaminate poultry flocks
worldwide (often asymptomatically), is today a dominant serovar in, e.g., laying
hens and broilers in the EU and still remains a global problem for public health
(Baumler et al. 2000; Ferrari et al. 2019; Li et al. 2021). Contamination in poultry
production might take place via horizontal transmission through feed, the farm
environment, and live vectors (e.g., rodents or insects), as well as via vertical transfer
in hen reproduction (Liljebjelke et al. 2005; Okamura et al. 2001).

In Europe, baseline surveys (2004–2005) on the prevalence of Salmonella in,
e.g., commercial large-scale laying hen holdings showed that 30.8% of the flocks of
Gallus gallus were Salmonella positive (EFSA 2007). Subsequently, control pro-
grams were established in Europe (Directive 2003/99/EC and Regulation (EC) No
2160/2003) aiming at reducing the prevalence of predominant target serovars such as
S. Enteritidis and S. Typhimurium in poultry (i.e., in laying hens (Commission
regulation (EU) No 517/2011) and broiler flocks (Commission regulation (EU) No
200/2012) of Gallus gallus and in breeding and fattening flocks of turkeys (Com-
mission regulation (EU) No 1190/2012). In breeding hen, further target serovars
were included, namely S. Infantis, S. Hadar, and S. Virchow (Commission Regula-
tion (EU) No 200/2010).

Since the beginning of the control programs in 2008, target serovar prevalence
has shown an overall decreasing trend since 2009. Target prevalence for breeding
(target prevalence of 1%) and laying hen (target prevalence of 2%) has been met,

9 The Zoonotic Agent Salmonella 301



with a few states missing the criteria (e.g., in 2019, up to 5 out of 27 states reported
data for breeding flocks of Gallus gallus). Otherwise, the trends in prevalence of
Salmonella target serovar-positive flocks were rather stable from 2015 for all poultry
categories. However, increasing Salmonella prevalence trends point at the issue of
certain successful clonal lineages with high fitness spreading in different animal
populations, such as S. Infantis in broiler flocks (EFSA and ECDC 2021b). Predom-
inant serovars in poultry all over the world are reported to vary among different
regions. For example, in the USA, S. Kentucky is often isolated, as well as S.
Heidelberg, which is also common in, e.g., Brazil (Foley et al. 2013; Golden and
Mishra 2020; Shah et al. 2017). Poultry-adapted serovars S. Gallinarum and S.
Pullorum, which in the last century have caused great damage to the poultry industry,
are, in contrast to, e.g., Asia, no longer an issue in European and North American
poultry flocks nowadays due to past eradication programs (Kumar et al. 2019; Wang
et al. 2020).

In the USA, data from 2017 and 2018 show a prevalence of Salmonella in
chicken (cecal) of 38% and 46% and 14% and 15% in turkey (cecal content)
(FDA 2022). Thomas et al. (2020) reported an adjusted Salmonella prevalence of
13.9% in poultry samples in Africa.

While eggs and egg products account for most of the strong-evidence salmonel-
losis foodborne outbreaks in the EU (EFSA 2018–2020), findings of Salmonella in
eggs in the EU are rare. From 2016 to 2019, 78 (0.28%) out of 28,190 eggs and egg
product samples (non-ready-to-eat-food) were Salmonella-positive. Nevertheless,
several Salmonella outbreaks linked to eggs have caught attention in recent years
(EFSA 2014a; EFSA and ECDC 2020, 2022). Despite control programs on poultry
primary production levels in the EU, percentage of Salmonella positive samples is
still the highest in poultry meat, e.g., fresh broiler meat at 6.79% or turkey at 5.99%
between 2016 and 2019. TOP serovars found in both matrices are S. Infantis and
S. Enteritidis (EFSA and ECDC 2021c).

9.2.2 Salmonella in Pork and Pork Products

Pork is regarded as another important source for human salmonellosis (EFSA and
ECDC 2021c; Pires et al. 2011). Pig meat and products thereof range second in the
EU TOP food vehicle (following egg and egg products) causing strong-evidence
Salmonella outbreaks, while in the USA, pork is the third food category (first
chicken, second fruits) attributed to Salmonella illnesses (CDC and FDA 2021;
EFSA and ECDC 2021c). In animal production, European data from 2019 and
2020 revealed 36% (17 states, 66,624 samples) and 27.9% (10 states, 56,008
samples) positive pig samples (EFSA and ECDC 2021b, c). In the USA, data from
the NARMS Update listed up to 50% of market swine cecal samples in 2017 (1008
samples) and up to 61% of sows cecal samples in 2018 Salmonella-positive (FDA
2022). S. Typhimurium together with its monophasic variant 4,[5],12:i:- is one of the
most common serovars isolated from pigs in both, Europe and the USA (EFSA and
ECDC 2021c; Morningstar-Shaw et al. 2016). The monophasic variant started to
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emerge in Europe in the mid-1990s beginning from Spain (Echeita et al. 1999). In
the EU, S. Typhimurium 4,[5],12:i:- meanwhile became one of the most frequently
isolated serovars from pigs and pork. Noteworthy, the dominant host-adapted
serovar Choleraesuis in Europe (Sojka et al. 1977) decreased dramatically since
the 1950s and 1960s and is today very rarely isolated in European pig production.
However, it remains predominant in wild boars. The second predominant serovar in
pigs is S. Derby, which causes mainly asymptomatic infections in pigs (EFSA and
ECDC 2021c). In pigs and pig meat, Salmonella Derby ranks in the top two in
Europe (EFSA and ECDC 2021c). Similarly, S. Derby is the third most frequently
isolated in clinical and nonclinical cases of pigs in the USA, while S. Typhimurium
monophasic and biphasic variants ranked separately first and second in 2016
(Morningstar-Shaw et al. 2016). In fresh pig meat, the rate of Salmonella-positive
tested samples in Europe from 2016 to 2019 was 1.94% (EFSA and ECDC 2021c).
The serovar distribution in pig meat is similar compared to pigs at the primary
production level, reflecting the transmission of the serovars along the food chain.

9.2.3 Salmonella in Cattle and Bovine Products

Although foodborne illness due to contaminated beef products is less often reported
compared to poultry or pork, bovine-associated Salmonella outbreaks have caught
attention in the past. In cattle, the prevalence of Salmonella is generally significantly
lower than in poultry or pigs. A rate of 3.3% and 3.4% in 2019 and 2020, respec-
tively, on animals and 7.6% (2019) at the slaughterhouse level (animals) was
detected in the EU (EFSA and ECDC 2021c). In North America, Salmonella pooled
prevalence in healthy cattle was determined in a meta-analysis at 16% (2000–2017),
while in the USA, 9% of cecal beef samples were Salmonella-positive in 2018
(Gutema et al. 2019; FDA 2022). Bovine salmonellosis is often associated with
cattle-host-adapted serovar S. Dublin, but S. Typhimurium (including the mono-
phasic variant) infection may also cause bovine Salmonella symptoms (Wallis and
Barrow 2005). In the EU, the overall prevalence of bovine foodstuffs was low.
Between 2016 and 2019, it was 0.34% in non-ready-to-eat meat and meat products
from bovine animals, and in fresh meat from bovine animals 0.28% (EFSA and
ECDC 2021c). In the USA, ground beef was analyzed at 1% positive for Salmonella
in 2018 (FDA 2022).

9.2.4 Salmonella in Plant-Based Food

Salmonella infections are increasingly reported to be linked to the consumption of
food of nonanimal origin (FoNAO) (Olaimat and Holley 2012; Lynch et al. 2009;
CDC and FDA 2021). In the EU, Salmonella ranked as the most common causative
agent causing outbreaks linked to FoNAO. Leafy greens eaten raw as salads, bulb
and stem vegetables, tomatoes, and melons were the most common FoNAO products
involved in outbreaks (2013). In the USA, fruits are estimated to be the main cause
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of plant-based foodborne salmonellosis, responsible for 13.5% of human Salmonella
infections in 2019 (CDC and FDA 2021). Salmonella is detected in further FoNAO
matrices, such as spices and herbs, bakery products, sprouts, cereals, and nuts, but at
very low levels (0.1–0.8%) in the EU (EFSA and ECDC 2021c). Various serovars
could be detected in diverse spice matrices in the USA, from domestic as well as
imported products. Worldwide, different studies on the prevalence of Salmonella in
spices and herbs ranged from 0% to 5.6% (Zweifel and Stephan 2012).

Worldwide trade, large-scale productions, and changing consumption behaviors
aiming at a convenient and healthy diet (ready-to-eat products, increasing demand
for fresh produce) contribute to the rising infection risk. Epidemic outbreaks of
foodborne infections are not only a threat to public health but also erode consumer
confidence in the causal food product and thus affect the economic viability of the
industry. Contamination of plant-based food with Salmonella might occur at various
production stages. Applications of manure or compost, fertilizers, pesticides, or the
use of contaminated irrigation water are described as the main risk factors (2013).
Furthermore, environmental factors, such as proximity to animal rearing operations,
seasonality, and associated climatic conditions might increase the transfer of Salmo-
nella from those reservoirs. Further contact with animal reservoirs such as wild life
or insects poses another contamination source. Post-harvest cross-contamination on
the farm or by food handlers and equipment can occur through washing, packaging,
and transport processes (Zweifel and Stephan 2012; Park et al. 2012; Beuchat 2002).

Although the low water activity of spices or dried herbs does not support Salmo-
nella growth and many spices have inhibitory compounds that show antibacterial
activity against Salmonella, contamination levels of up to 10% could be detected. The
survival of Salmonella in those dried products for an extended period of time is
promoted by its resistance against desiccation (Keller et al. 2013). In general, concen-
trations of Salmonella in spices are low, and due to the low amount of spices used for
food preparation, the dose of Salmonella intake might be smaller than in other
foodstuffs with similar Salmonella contamination levels (Chitrakar et al. 2019).

Colonization of crop plants with Salmonella are mainly due to surface (cross-)
contaminations, but internalization of Salmonella into plant tissues was also proven
and poses a concern for public health (Zarkani and Schikora 2021; Park et al. 2012).
Consequently, cleaning and disinfection can be ineffective to remove the pathogen
before consumption. The identification of routes of plant contamination by Salmo-
nella is crucial to the design of intervention strategies to prevent contamination from
taking place (Brandl and Sundin 2014). Zarkani and Schikora (2021) summarized
mechanisms implicated in Salmonella interactions with crop plants that enable
Salmonella colonization or persistence on or in plant tissues. Different strategies
based on Salmonella adaptation mechanisms, avoidance, or suppression of the
plant’s immune system are described in the literature, considering the genetic
variation of both the plant and the microorganism in determining the efficiency of
colonization and persistence (Zarkani and Schikora 2021). Further external influ-
ences like the co-colonization of other established epiphytic bacteria such as Pseu-
domonas fluorescens and Erwinia herbicola (Pantoea agglomerans) influence the
ability of Salmonella to persist on plants (Poza-Carrion et al. 2013).
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9.2.5 Salmonella in Seafood

Salmonella in seafood is rarely detected in the EU and is only reported from single
Member States, underlining that seafood is not a common reservoir for Salmonella.
However, occurrence of Salmonella from seafood is described worldwide with differ-
ent serovars dominating in different continents, such as the serovar S. Hadar in Latin
America and Africa, S. Typhimurium in Europe, S. Weltevreden in Asia, and S.
Newport in North America (Ferrari et al. 2019). In some countries, especially India
and African countries, Salmonella may reach contamination levels of up to 24% at
retail markets (Olgunoğlu 2012; Prabhakar et al. 2020). Salmonella-related foodborne
outbreaks related to seafood consumption occur occasionally and were reported from
the USA, Japan, and the EU (Ferrari et al. 2019; Barrett et al. 2017; Li et al. 2013). In
the USA, Salmonella is the most common bacterial causative agent in fish and fishery
products, leading to large human outbreaks. The percentage of foodborne Salmonella
illnesses caused by fish or other seafood in the USAwas estimated as 2.6% or 1.4%,
respectively, with tuna being one of the main sources of infection (Barrett et al. 2017).
Shrimp can be another major source of Salmonella. The prevalence of Salmonella in
fresh shrimp at processing plants can reach 10–14%, and in the USA, seafood was
described as the product with the most violations for Salmonella (Barrett et al. 2017;
Wan Norhana et al. 2010). The occurrence of Salmonella in fish and shellfish is often a
sign of low control measurement at the primary production level and poor standards of
hygiene and sanitation during processing, handling, and transport and might be
intensified by anthropogenic contamination of coastal waters (Olgunoğlu 2012;
Prabhakar et al. 2020).

9.2.6 Salmonella in Insects

Nowadays, insect-based food is discussed intensively and might capture the
European market due to insects as alternative protein sources to combat issues
coming up with growing world population and increasing demands on an opti-
mized nutrient composition in food, enabling simultaneously sustainable food and
feed production systems and the reduction of greenhouse gases (Bessa et al. 2020).
Although Salmonella in edible insects are considered being a lower risk, occur-
rence of different Salmonella serovars with public health relevance, such as S.
Agona, but also S. Stanley and S. Wandsworth being endemic in Asian countries
(Frentzel et al., not yet published) have been detected in edible insects or insects
rearing residues (Wynants et al. 2019; Vandeweyer et al. 2021). Transfer from
substrate to insects and survivability or transmission of main Salmonella serovars
in or via insects are known to occur (EFSA 2015; Wynants et al. 2019). On the
other hand, several studies have shown that, for example, black soldier flies
possess antimicrobial potential to reduce Salmonella and other pathogenic bacteria
from their substrate (Vandeweyer et al. 2021). This open gap in the knowledge of
Salmonella contamination during mass produced insects needs to be filled in the
future (Vandeweyer et al. 2021).
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9.2.7 Salmonella in Wild Animals

Occurrence of Salmonella in wildlife animals is generally not of human health
relevance. However, several broad host range Salmonella serovars or sequence
types including those most often associated with disease in humans are detected
among diverse wildlife species and also whole-genome sequencing analysis reveal
isolates from wildlife being genetically highly similar to isolates from infected
humans, foodstuff, or livestock animals (Hilbert et al. 2012; Uelze et al. 2021b).
Apart from human infections caused by consumption of wildlife-derived meat,
transmission of Salmonella isolates from wildlife to humans may occur by direct
contact with wild animals and their natural environment, with children being pre-
dominantly affected (Hauser et al. 2009; Williams et al. 2015; Lawson et al. 2018).
Indirect transmission of Salmonella from wildlife to food-producing animal hous-
ings or consumption of crop plants contaminated by wildlife animals is further
possible transmission pathways (EFSA 2014b; Hilbert et al. 2012). However, trans-
mission from contaminated animal farms to surrounding wildlife was proven (Skov
et al. 2008). Besides birds and rodents, the continuous expansion of omnivorous
wildlife species like foxes, raccoons, and wild boars into urban settings, where they
to a considerable extent feed on waste and ort and verifiably contaminate public
zones like sunbathing areas or playgrounds, may pose a risk for pathogen transmis-
sion (including Salmonella) to humans, especially young children. Some Salmonella
sequence types are described to be associated with certain animal species, such as S.
Typhimurium ST128 with pigeons, S. Enteritidis ST183 with hedgehogs, or S.
Choleraesuis ST145 with wild boars (Uelze et al. 2021b; Longo et al. 2019;
Leekitcharoenphon et al. 2019).

9.3 Human Salmonellosis

9.3.1 Transmission and Symptoms

Salmonella enterica can provoke gastrointestinal as well as systemic disease. Blood-
stream infections are regularly caused by the typhoid serovars S. Typhi and S.
Paratyphi A, B, and C. These infections are mostly related to people coming or
returning from areas with poor sanitary conditions where typhoid and paratyphoid
are still endemic. Typhoid serovars are host-restricted to humans and higher pri-
mates; they have no reservoir in other wildlife or livestock animals. Transmission
occurs via fecal contamination of food/water or through (chronic) carriers. Due to
their lack of zoonotic potential, typhoid serovars are not further discussed here.

Non-typhoid Salmonella (NTS) typically remain restricted to the gastrointestinal
tract, where they cause self-limiting gastroenteritis characterized by diarrhea,
abdominal pain, and fever (Velge et al. 2012). Symptoms like nausea, vomiting,
and headache may also occur. Illness usually lasts 4–7 days and does not require
antibiotic treatment. Nevertheless, dysfunction of the mucosal barrier can result in
life threating infections, especially in vulnerable groups like infants, elderly, and
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immunocompromised people (Santos et al. 2009). Severe infections, like bacter-
emia, meningitis, osteomyelitis, and bronchopulmonary salmonellosis have been
described (Gilchrist and Maclennan 2019; Gordon 2008; Fabrega and Vila 2013).

The main reservoir for NTS is warm-blooded animals, including livestock. Food
of animal origin is still supposed to be the most common source of human infections,
but infections due to plant-derived foods have been increasingly reported. Direct or
indirect animal contact also bears a potential risk for infection, and although fecal-
oral human-to-human transmission rarely occurs in industrialized countries, it poses
a problem in areas with poor hygiene conditions.

Surveillance programs that detect Salmonella contaminations in a timely manner
in the entire food chain (crop plants, animal feed, breeding, rearing and fattening
plants, hatcheries, layer flocks, slaughterhouses, food processing plants, whole sale,
and retail sector) together with sanitary measures are essential for preventing human
Salmonella infections (Newell et al. 2010; Wattiau et al. 2011).

9.3.2 Pathogenesis

The incubation time for NTS mostly varies from 6 to 72 h, but in cases with low-dose
exposure, symptom onset may be delayed for up to 16 days (Abe et al. 2004; Siira
et al. 2019). Infections with NTS lead to an acute intestinal inflammation in human
and animal hosts. Following ingestion via contaminated food, the bacteria need to
overcome the highly acidic pH of the stomach as well as the adverse conditions in
the intestine (high bile concentration, competition with commensal bacteria) to reach
their infection site. It is proposed that foods with a high fat or protein content may
protect Salmonella from digestion in the stomach or that the uptake with liquid foods
facilitates survival due to a shorter passaging time. But more importantly, Salmo-
nella has developed complex strategies to survive in these hostile environments
(Álvarez-Ordóñez et al. 2011). Crucial to Salmonella virulence is its ability to invade
and break through the intestinal mucosal barrier. Adhesins and fimbriae are neces-
sary to mediate attachment to epithelial cells in the gut. Once in the lower intestine,
the bacteria adhere to enterocytes or M cells. From there, they translocate to the
lamina propria, where they are taken up by phagocytes, disseminate from the
gastrointestinal tract to mesenteric lymph nodes, and colonize systemic sites, like
the liver and spleen (Agbor and Mccormick 2011; Dong et al. 2022).

Therefore, Salmonella enterica has developed ingenious virulence mechanisms
to manipulate host cell functions to its own benefit (Agbor and Mccormick 2011).
Two type III secretion systems (T3SS) encoded within the Salmonella pathogenicity
islands SPI-1 (Mills et al. 1995) and SPI-2 (Shea et al. 1996) are responsible for the
delivery of a series of bacterial effectors into host cells with the intention to
reprogram eukaryotic cell functions. While the T3SS apparatus is highly conserved
across bacterial genera, the translocated effectors are unique proteins with very
specialized functions critical to virulence. Moreover, considerable evidence indi-
cates that individual effectors secreted by the T3SS are modular proteins composed
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of functionally distinct domains that may act in different stages of the infection
process (Agbor and Mccormick 2011).

SPI-1 effectors play a fundamental role in the early stages of mammalian infec-
tion mediating the remodeling of the actin cytoskeleton of the host cell, thus leading
to internalization of the bacteria and subsequent penetration of the ileal mucosa.
SPI-1 effectors also have pro-inflammatory potential via activation of the host cell
inflammasome, and they cause a very strong proapoptotic effect in monocytic cells
(Hautefort et al. 2008; Kaiser and Hardt 2011; Bierschenk et al. 2017).

The SPI-2-encoded T3SS and its effectors allow the intracellular survival of
Salmonella enterica within phagocytic cells, creating a niche where the bacteria
are inaccessible for the host cell defense mechanisms. Within this so-called Salmo-
nella containing vacuole (SCV), the bacteria replicate and translocate various
effectors into and across the SCV membrane, thereby interfering with host cell
functions like antimicrobial defense mechanisms, intracellular transport processes,
integrity of the cytoskeleton, and host cell death (Kuhle and Hensel 2004).

Besides these two major pathogenicity islands altogether 24 SPIs have been
identified in Salmonella enterica so far. Some of them are widespread, others are
restricted to certain subspecies or even serovars and contribute to virulence processes
in different hosts (Cheng et al. 2019).

Like other enterobacteria, Salmonella can exchange genetic material via horizon-
tal gene transfer. The acquisition or loss of plasmids, prophages, and other mobile
genetic elements may result in changes to the antibiotic resistance profile or affect
the virulence or fitness properties of these strains.

9.3.3 Salmonellosis Worldwide

9.3.3.1 Global Burden of Disease
Assessing the burden of foodborne disease is a complex task because many different
pathogens can be transmitted by food, leading to different health outcomes. But
doubtlessly, human salmonellosis has a very high economical and public health
impact worldwide (Majowicz et al. 2010), and burden-of-disease estimates combin-
ing indicators of mortality, morbidity, and health care costs are increasingly used to
instruct public health officials and politicians. Based on WHO data, in 2010, the
estimated number of foodborne illnesses caused worldwide by NTS was 78.7 Mio.
They accounted for 59,000 fatal casualties and about 4 Mio. years of life lost (YLL)
(Havelaar et al. 2015). The public health burden of non-typhoidal Salmonella
infections is exceptionally high in low-income countries and urban settings with
high population density and poor sanitary conditions, especially in areas where other
severe infectious diseases (e.g., Malaria and AIDS) are endemic. Data collected
between 2009 and 2012 from the World Health Organization (WHO) Foodborne
Disease Burden Epidemiology Reference Group (FERG) showed that of all
foodborne diseases, diarrheal and invasive infections due to non-typhoidal
S. enterica infections resulted in the highest burden. They cause 4.07 million (95%
UI 2.49–6.27 million) disability adjusted life years (DALYs), with a most
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considerable burden of foodborne disease in children less than 5 years of age. In
addition, as major cause of global morbidity and mortality an increasing number of
invasive non-typhoidal salmonellosis (iNTS) was observed in recent years world-
wide, but mostly in the sub-Sahara region. Especially patients infected with HIVare
at risk. Improved access to antiretroviral therapy (ART) has probably helped to
reduce the burden of iNTS disease among those persons (Havelaar et al. 2015).

9.3.3.2 Salmonellosis in Germany and the European Union
In Germany and the European Union (EU), salmonellosis is the second most
commonly reported bacterial foodborne infection in humans after campylobac-
teriosis with about 13,500 and 88,000 reported cases in 2019, respectively (Robert
Koch-Institut 2020; EFSA and ECDC 2021a). After a long period of remarkable
decline, the number of salmonellosis cases in humans has been stable for several
years now, and Salmonella enterica still represents an important cause of foodborne
outbreaks (Robert Koch-Institut 2020; EFSA and ECDC 2021a).

In Germany, salmonellosis ranked fourth among six major enteric pathogens
considering YPLL (years of potential life lost) with the highest mortality rate
(Werber et al. 2013).

In Europe, salmonellosis is a largely seasonal disease with most cases reported
during the summer months (EFSA and ECDC 2021b).

S. Enteritidis and S. Typhimurium represent the far most prevalent serovars,
together counting for>70% of all reported cases with specified serovars in Germany
and also in the EU. Although eggs and egg products are still considered as the main
source for S. Enteritidis infections while pork and pork products are regarded as the
most common food vehicles for S. Typhimurium, other food categories (also of
nonanimal origin) may as well be contaminated with these serovars.

Although the main focus of this chapter is on foodborne Salmonella infections, it
should be mentioned that infections are also acquired through direct or indirect animal
contact in homes, veterinary clinics, zoological gardens, farm environments, or other
public, professional, or private settings. Clinically affected animals may exhibit a
higher prevalence of shedding than apparently healthy animals, but both can shed
Salmonella over long periods of time. The public health risk varies bymammals, birds,
and reptile species, age group, husbandry practice, and health status (Hoelzer et al.
2011). Numerous reports exist on the prevalence of Salmonella sp. in reptiles, and
many different serovars have been described, usually rarely isolated from humans or
livestock. Publications demonstrate a higher prevalence in lizards in comparison to
tortoises and turtles: in a study in captive lizards, Salmonella spp. were isolated from
76% of all cloacal swabs, including 44 serovars (Pasmans et al. 2005).

While most reports of reptile-associated salmonellosis are from infants and
children, adults, especially immunocompromised individuals and patients with
impaired gastric acid production (Stam et al. 2003), may also be affected. Clinical
symptoms include mainly gastroenteritis, but severe outcomes such as septicemia,
meningitis, and subdural empyema (Chiodini and Sundberg 1981) have been
described, especially in children younger than 5 years (Tabarani et al. 2010; Van
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Meervenne et al. 2009). Fatalities due to reptile-associated salmonellosis in infants
have been reported, for instance, from Austria.

A study exploring the evidence for transmission of Salmonella from pet reptiles
to children in Germany showed that almost 50% of the interviewed households kept
at least one reptile. Sixty-eight percent of the examined reptiles were bearded
dragons (Pogona vitticeps). Altogether, 319 Salmonella isolates were recovered
and 44 different serovars were identified (Pees et al. 2013).

9.4 Salmonella Outbreaks

Salmonella enterica is an important and frequent cause for foodborne outbreaks on
regional, national, or international level and a leading cause for outbreak-related
hospitalization. In the EU, S. enterica accounts for the largest proportion of bacterial
foodborne outbreaks: In 2019, 926 foodborne salmonellosis outbreaks were reported
to the ECDC, representing 17.9% of all foodborne outbreaks but counting for 50.5%
of all outbreak-related hospitalizations (EFSA and ECDC 2021b). In Germany,
277 Salmonella outbreaks were reported in 2019. On EU level, almost three-fourths
of Salmonella outbreaks were caused by the predominant serovar S. Enteritidis,
followed by S. Typhimurium (bi- or monophasic). Commonly associated food
vehicles for Salmonella Enteritidis outbreaks were eggs, egg products, egg dishes,
and bakery products. Implicated food vehicle for S. Typhimurium outbreaks were
commonly pork products, such as ground pork or different types of raw sausage.
Further serovars observed in more than one outbreak in the EU member states in
2019 were: S. Infantis, S. Newport, S. Coeln, S. Mikawasima, S. Agona, S.
Muenchen, and S. Poona. However, many different serovars were observed in
foodborne outbreaks over the last years. In addition to classical food vehicles for
Salmonella outbreaks, food of plant origin, like fresh vegetables and fruits, but also
herbal infusions, spices, and sweets have been identified as sources for foodborne
illness and associated with (multinational) outbreaks (Table 1).

9.4.1 Molecular Tools for Outbreak Investigations

The ability to distinguish strains or clonal lineages of a bacterial pathogen is essential
for addressing many questions in food microbiology, epidemiology, infection pre-
vention, and control. Traditional typing systems were based on phenotypic charac-
teristics, such as serotype, phage type, or phenotypic antibiotic resistance profiles.
However, phage typing schemes had been developed only for a few S. enterica
serotypes, and the discriminatory power of these phenotypic methods was quite
limited. Genotyping methods had been successfully established within the past
decades to characterize subsets of defined strains. They provided better discrimina-
tory power to differentiate closely related Salmonella strains and give more informa-
tion with respect to the genetic relatedness within the population (Wattiau et al. 2011).
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The detection of sequence variation within housekeeping genes is highly suitable for
such studies because they are considered to be neutral in evolution and generally their
function is well understood. This concept is utilized by multilocus sequence typing
(MLST). Following PCR amplification and sequencing of seven housekeeping genes,
MLST generates allelic profiles from these genes and can thus identify phylogenetic
lineages. Further, MLST has shown that certain serovars originate from more than
one common ancestor (termed as polyphyletic serovar), meaning that different
lineages of the same serovar are only distantly related (Achtman et al. 2012b).
However, due to its limited resolution 7-locus MLST is not an appropriate tool for
outbreak investigations.

Methods for outbreak investigations and for tracing contamination within the
food chain should be highly discriminative. This had been achieved by digesting the
DNA from the strain(s) of interest with specific restriction endonucleases and
separating the fragments, e.g., using pulsed-field gel electrophoresis (PFGE), fluo-
rescent amplified fragment length polymorphism (fAFLP), or ribotyping, each
providing distinct band patterns. PFGE fingerprinting was the gold standard for
molecular subtyping of Salmonella serovars (especially for outbreak investigations)
for about two decades because it had been internationally standardized and provided
the highest level of strain discrimination in the pre-NGS era (Gerner-Smidt and
Scheutz 2006; Swaminathan et al. 2006).

Another molecular approach was the multilocus variable number of tandem repeat
analysis (MLVA), which is based on the determination of short repetitive tandemDNA
units within defined loci by capillary electrophoresis. The more differences in the
number of tandem repeat units within the set of analyzed loci are detected, the more
distantly related the strains are interpreted to be. Although, MLVA schemes had been
developed for a couple of serovars such as S. Typhimurium (Lindstedt et al. 2004),
S. Enteritidis (Boxrud et al. 2007; Malorny et al. 2008), S. Infantis (Ross and
Heuzenroeder 2008), S. Typhi (Ramisse et al. 2004), S. Newport (Davis et al. 2009),
and S. Heidelberg (Young et al. 2012), only those for the epidemiologically most
important serovars S. Typhimurium and (to a smaller degree) S. Enteritidis achieved
international standardization and acceptance. In several countries, MLVAwas applied
instead (or in addition to) phage typing for strain characterization below serotype level
and as a tracing tool (with limited discriminatory power) in outbreak studies (Heck
2009; Hopkins et al. 2011; Sintchenko et al. 2012).

Also another family of DNA repeats named CRISPR (clustered regularly
interspaced short palindromic repeats) is highly polymorphic in Salmonella spp.
(Fabre et al. 2012). CRISPR are supposed to confer resistance to foreign DNA, such
as plasmids and phages. The spacer content of a strain reflects previous DNA
insertions and therefore can provide evolutionary information. It strongly correlates
with both, serovar and multilocus sequence types. The discriminatory power based
on variations in the spacer content (loss, acquisition, duplication of spacers, or point
mutations within spacers) is regarded similar to that of former gold standard
methods, such as PFGE. CRISPR strain characterization was therefore regarded as
a potential alternative to both serotyping and PFGE (Fabre et al. 2012).
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9.4.2 Whole-Genome Sequencing: A Game Changer for Molecular
Typing and Outbreak Investigation of Foodborne Disease

In recent decades, a variety of immunological, biochemical, and molecular tech-
niques have been developed for the detection, characterization, and typing of
foodborne bacteria (Li et al. 2009). However, especially the introduction of whole-
genome sequencing (WGS) in routine diagnostics in public health, veterinary, and
food safety laboratories has revolutionized the surveillance of foodborne pathogens
and microbial food safety (Ronholm 2018; Taboada et al. 2017).

Bacterial whole-genome sequencing data can be used for bacterial typing, out-
break investigation, source tracking, and surveillance, and its application is highly
encouraged by international authorities (EFSA et al. 2019; ECDC 2016).

By now, there are several examples for the valued application of WGS for outbreak
investigation and routine surveillance typing in different countries and contexts
(Leekitcharoenphon et al. 2019; Hoffmann et al. 2020; Simon et al. 2018; Meinen
et al. 2019). For WGS of bacteria such as Salmonella, genomic DNA extracted from a
bacterial isolate culture is yet the basis for the routine utilization of sequencing data.
However, with new technologies rising, metagenomic approaches will also soon find
their way into routine applications (EFSA et al. 2019). The isolated DNA is the
starting point for the device-dependent sequencing preparation procedure (also called
library preparation process). After preparation, the DNA is sequenced using a suitable
sequencing platform (EFSA et al. 2019) (Fig. 1). While short-read sequencing is

Fig. 1 Whole genome sequencing workflow
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standard procedure for routine application today, long-read procedures are developed
to generate complete bacterial genomes. These long-read sequencing approaches have
specific application areas including the reconstruction of gene order and orientation
and localization of virulence factors and antimicrobial resistance genes on mobile
elements for the evaluation of potential transmission risks (Ben Khedher et al. 2022).

International standardization efforts to define universally applicable quality
criteria are currently developed (EFSA et al. 2019, DIN EN ISO 23418:2020).
These are needed not only for quality-assured data generation and metadata sharing
but also for data evaluation software and pipelines. This is necessary in order to share
and compare the generated WGS data nationally and globally across the food safety,
environmental and public health sectors (EFSA et al. 2019).

9.4.2.1 WGS-Based Salmonella Typing
With the entire genetic information of the organism at hand, the analysis of WGS
data is able to replace or extend classical methods used in Salmonella typing.
Salmonella serovars can be predicted using bioinformatics software such as SeqSero
(Zhang et al. 2015, 2019) or the Salmonella in silico typing resource SISTR
(Yoshida et al. 2016). Classical 7-gene multilocus sequencing typing (MLST) used
to further discriminate Salmonella isolates (Achtman et al. 2012a) was previously
assessed by means of PCR and can be now determined in silico by comparing WGS
data against the Enterobase MLST database also available at PubMLST (Jolley et al.
2018; Jolley and Maiden 2010).

Additionally, conventional phenotypic screening methods can be complemented.
Antibiotic resistance markers and corresponding phenotypic traits of Salmonella can
be predicted by directly searching Salmonella WGS data for the presence of anti-
microbial resistance genes (Anjum 2015). For this purpose, bioinformatics tools
searching comprehensive databases containing sequence data of resistance genes
and chromosomal point mutations associated with resistance phenotypes are pro-
vided to the scientific community. Examples are the ResFinder tool, searching the
ResFinder and PointFinder databases (Bortolaia et al. 2020; Zankari et al. 2017), and
AMRFinderPlus, searching the NCBI Pathogen Detection Reference Gene Catalog
(Feldgarden et al. 2021). The latter can also be used to identify acid, biocide, metal,
and stress resistance and virulence genes (Feldgarden et al. 2021). Moreover, mobile
genetic elements (plasmids, transposons, phages, pathogenicity islands), which often
carry resistance or virulence genes and are transmissible between bacterial hosts, can
be classified. This allows to investigate the epidemiology of plasmid-mediated
antibiotic resistance and virulence (Orlek et al. 2017). To further analyze genomes,
genome annotation programs are available to predict genes and get a deeper insight
into the microbial gene content, genomic organization, and metabolic traits (Ruiz-
Perez et al. 2021).

Users can choose to install bioinformatics tools locally, if they have a suitable
computer infrastructure available. However, there are also possibilities to use
web-based typing and characterization tools as provided by the Center of Genomic
Epidemiology (CGE) (https://www.genomicepidemiology.org/) or the Pathosystems
Resource Integration Center (PATRIC) (https://www.patricbrc.org/).
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9.4.2.2 WGS-Based Salmonella Outbreak Detection
Thanks to the high resolution and rapid data provision of WGS methods, outbreaks
can be analyzed in a much higher discriminatory manner and quicker as with
previously applied subtyping methods, like phage typing or pulsed-field gel electro-
phoresis (PFGE). This helps to carry out intervention in a more targeted and rapid
way (U.N., Food and Agriculture Organization 2016). To determine the phyloge-
netic relationship of isolates based on WGS data, two main approaches exist:
(a) reference-based mapping approach with subsequent variant identification and
(b) whole or core genome multilocus sequence typing (wg/cgMLST) (Fig. 2).

In the reference-based mapping approach, sequencing reads are aligned against a
reference genome to identify single nucleotide polymorphisms (SNPs). By align-
ment of sequence reads of different isolates against the same reference genome and
comparison of the detected SNP positions, distance matrices can be calculated and/or
phylogenetic trees can be constructed to investigate the relatedness of different
Salmonella isolates (WHO 2018) (Fig. 3).

In cgMLST, de novo assembled WGS data is used to determine the allelic
variation of a predefined set of genes from the Salmonella core genome. Based on
the allelic differences of the analyzed isolates, a distance matrix can be calculated
and a phylogenetic tree can be inferred (Schürch et al. 2018; Alikhan et al. 2018).

Both, SNP analysis and cgMLSTcan be applied for Salmonella outbreak analysis
by individual laboratories using available commercial or open source software. Due
to their different approaches, each method comes with its own advantages: Fitted
with the best possible reference genome for the data set, the mapping-based

Fig. 2 Bioinformatic analysis of sequence data: De novo assembly and reference-based mapping
are exemplary bioinformatics approaches for the determination of phylogenetic relationships
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approach enables the highest possible resolution by including intergenic regions into
the analysis. However, an interlaboratory comparison with SNP-based analysis is
more difficult as well as time and computing intensive to achieve. The cgMLST
approach on the other hand offers a sufficiently high (but not so in depth as the SNP
approach) resolution for outbreak analyses and comes (usually) with the advantage
of a common nomenclature (likewise to STs) and easier data sharing possibilities due
to the stable core genome set.

WGS is already used for Salmonella outbreak analysis by government agencies in
several countries on routine basis (Uelze et al. 2021a; Brown et al. 2019; Gymoese
et al. 2017; Simon et al. 2018).

In order to take the full advantage offered by WGS, the data must be placed in an
international context to perform real-time outbreak investigation in a global manner.
Therefore, different public online platforms and surveillance networks have been
established. The GenomeTrakr network and the NCBI Pathogen Detection Browser
use SNP-based approaches, which allow participating laboratories to compare their
Salmonella isolate data to the international NCBI pathogen detection database,
which already includes data for more than 400,000 Salmonella isolates (Timme
et al. 2019) (https://www.ncbi.nlm.nih.gov/pathogens/isolates/#taxgroup_name:
“Salmonella enterica” 18.03.2022). Similarly, Enterobase allows international out-
break investigation based on cgMLST by providing a public and stable Salmonella
cgMLST scheme, a public allele database and a Salmonella isolate database includ-
ing already more than 300,000 Salmonella isolates (Alikhan et al. 2018) (https://
enterobase.warwick.ac.uk/, 18.03.2022).

9.4.2.3 WGS-Based Salmonella Surveillance and Source Tracking
Moreover, WGS-based Salmonella surveillance allows to globally monitor the
emergence and spread of Salmonella lineages (Li et al. 2021; Rantsiou et al. 2018)
and thus the emergence and spread of novel serovars (Meinen et al. 2019) or of
multidrug-resistant or highly virulent Salmonella lineages (EFSA et al. 2019).

As WGS data offers numerous of characteristic markers of an organism and
enables phylogenetic differentiation in depth, the data can be used to trace the

Fig. 3 Schematic SNP-based phylogenetic tree of Salmonella Infantis from human, animal and
food samples. Isolates SA-0007 from human and SA-0008 from pork are indistinguishable
(0 SNPs)
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transmission routes of foodborne bacterial pathogens and develop source attribu-
tion models extending classical source attribution approaches. So far, only few
pilot and benchmarking studies in this field were conducted (Merlotti et al. 2020;
Munck et al. 2020; Sévellec et al. 2020). However, these source attribution models
for Salmonella are promising for future development in the context of identifying
contamination source in the food chain (Brown et al. 2021; EFSA 2019; Rantsiou
et al. 2018).
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Abstract

Yersinia enterocolitica and Yersinia pseudotuberculosis can cause enteric
yersiniosis among humans and animals. The infection is typically acquired
through contaminated food or water. Common symptoms among humans are
diarrhea, abdominal pain, and fever, but sometimes sequelae such as joint pain
and skin rash occur. Yersiniosis is usually self-limiting and no treatment with
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antimicrobials is needed. Animals are often asymptomatic carriers of pathogenic
Yersinia. Yersiniosis usually occurs in animals under stress. Y. enterocolitica and
Y. pseudotuberculosis differ clearly from each other both phenotypically and
genotypically. Y. enterocolitica species consists of a very heterogeneous group
of bacteria and not all strains are pathogenic. Y. pseudotuberculosis strains show
only little variation in their biochemical reactions and correctly identified strains
are considered pathogenic. Several plasmid and chromosomal encoded virulence
factors are needed for Yersinia pathogenicity, and all pathogenic strains carry a
virulence plasmid, which is essential for the bacteria to multiply and disseminate
in the host. Isolation and identification of enteropathogenic Yersinia, especially
from non-human sources, is challenging and time-consuming.

Keywords

Yersinia enterocolitica · Yersinia pseudotuberculosis · Yersiniosis, virulence,
detection, transmission

10.1 Introduction

Yersinia enterocolitica and Yersinia pseudotuberculosis are two species belonging to
the enteropathogenic Yersinia spp. They cause enteric yersiniosis, which was the
fourth most frequently reported foodborne bacterial enteritis in the EU in 2019, with
a stable trend in 2015–2019 (EFSA and ECDC 2021). Both species have animal
reservoirs and a fecal-oral transmission route (Fredriksson-Ahomaa et al. 2018). The
infection is usually acquired through contaminated food, especially raw or
undercooked meat or vegetables. It can also be acquired through contact with
infected humans or animals. Diarrhea, abdominal pain, and fever are common
symptoms. Sequelae as joint pain and skin rash occur occasionally (Rosner et al.
2013; Rivas et al. 2021). Isolation and identification of Yersinia spp. is challenging
and time-consuming (Fredriksson-Ahomaa et al. 2018). The pathogenicity of
Y. enterocolitica strains vary from nonpathogenic to highly pathogenic, thus the
detection of virulence markers is also necessary for determining the clinical signif-
icance of isolated strains.

10.2 Yersinia enterocolitica and Yersinia pseudotuberculosis

10.2.1 Characteristics

10.2.1.1 The Genus Yersinia Includes Two Enteropathogenic Yersinia
spp.

The genus Yersinia is classified in the Yersiniaceae family of the order Enterobac-
teriaceales (Adeolu et al. 2016). The taxonomy is constantly evolving, and
25 Yersinia spp. have been reported at the time of writing (Le Guern et al. 2020).
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The genus Yersinia includes a heterogeneous group of gram-negative, oxidase-
negative, and facultative anaerobic rod-shaped bacteria that do not possess a capsule
or spores. Y. enterocolitica and Y. pseudotuberculosis are the two Yersinia species
that can cause an enteric infection in humans and animals. They are zoonotic
bacterial pathogens that can be transmitted from animals to humans through a
fecal-oral route (Laukkanen-Ninios et al. 2014). Y. enterocolitica and
Y. pseudotuberculosis differ clearly from each other, especially genotypically
(McNally et al. 2016). Y. pseudotuberculosis is genetically closely related to the
highly virulent agent of plague, Yersinia pestis, which is transmitted from animals to
humans by fleas or in aerosols.

10.2.1.2 Not All Y. enterocolitica Strains Are Considered Pathogenic
The Y. enterocolitica species consists of a very heterogeneous group of bacteria: it
comprises over 30 serotypes based on variation of the O antigen dependent on cell
wall lipopolysaccharides (Wauters et al. 1991) and six biotypes (1A, 1B 2–5) based
on biochemical reactions (Wauters et al. 1987). Certain biotype and serotype com-
binations have been associated with human and animal infections. Bioserotype
4/O:3 (phylogroup 3), which has a worldwide distribution, is the most common
type associated with human disease, followed by bioserotypes 2/O:5,27 (phylogroup
4) and 2/O:9 (phylogroup 5) (Reuter et al. 2015; Hunter et al. 2019; Rivas et al.
2021). Infections due to bioserotype 3/O:3 have frequently been reported, especially
in China (Duan et al. 2017). Bioserotype 1B/O:8, which is the most highly patho-
genic type, has mainly been found in Northern America (Savin et al. 2018). In recent
years, this pathogenic type has also been identified in human yersiniosis in Europe,
especially in Poland (Radziszewski et al. 2019). Biotype 1B (phylogroup 2) strains
have been associated with high pathogenicity and strains of biotypes 2–5 with
moderate or low pathogenicity (Reuter et al. 2015). All pathogenic strains carry
the virulence plasmid. Strains belonging to biotype 1A (phylogroup 1) are usually
regarded as nonpathogenic because they lack the most important virulence genes.
Discussions have been raised of the potential pathogenicity of certain biotype 1A
strains (Huovinen et al. 2010). However, no clear difference between
Y. enterocolitica 1A strains isolated from humans with and without diarrhea could
be found in Switzerland (Stephan et al. 2013).

10.2.1.3 Two Clear Lineages Exist Among Y. pseudotuberculosis Strains
The genetic diversity of Y. pseudotuberculosis strains is quite limited (Laukkanen-
Ninios et al. 2011). Two lineages with different geographical locations have been
observed: European and Asian clades (Seecharran et al. 2017). Only little variation
occurs in their biochemical reactions. The strains can be divided into four biotypes
using melibiose, raffinose, and citrate (Tsubokura and Aleksić 1995). Biotyping has
been rarely used, and it correlates quite poorly with the pathogenicity and geographical
distribution of the strains (Reinhardt et al. 2018). Y. pseudotuberculosis strains can be
classified into 21 serotypes according to their varying lipopolysaccharide O-antigen
structure: O:1–O:15 and three subtypes (a–c) in O:1 and O:2, and two subtypes (a and
b) in O:4 and O:5 (Seecharran et al. 2017). Most of the strains in humans belong to
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only a few serotypes: O:1a, O:1b, and O:3 in Europe and in the Far East, also O:4b and
O:5b (Amphlett 2016). Correctly identified Y. pseudotuberculosis strains are consid-
ered pathogenic (Le Guern et al. 2016; Fredriksson-Ahomaa et al. 2018). High-
pathogenic Y. pseudotuberculosis strains, mostly originating from the Far East, can
cause a systemic infection called Far East scarlet-like fever (FESLF).

10.2.1.4 Enteropathogenic Yersinia Strains Can Grow at Low
Temperatures

Yersinia bacteria are able to grow at temperatures ranging from 4 �C to 43 �C;
however, slow growth has been reported to occur even below 4 �C (Yehualaeshet
et al. 2013; Keto-Timonen et al. 2018). The optimal temperature for growth and
metabolic activity is around 30�C. The ability to grow at low temperatures allows
Y. enterocolitica and Y. pseudotuberculosis to multiply in refrigerated foods. Yersinia
strains typically tolerate freezing for a prolonged time and even repeated cycles of
freezing and thawing (Bhaduri 2005). However, Yersinia is heat-sensitive and can
thus be easily destroyed by heat treatment (Bursová et al. 2017). Pasteurization at
72 �C for 15–20 s kills Yersinia bacteria. As a facultative anaerobic bacterium,
Yersinia can multiply under both aerobic and anaerobic conditions, and under a
modified atmosphere. Pathogenic Y. enterocolitica has been shown to grow well on
pig cheek meat in a modified atmosphere with high oxygen (70% O2) and carbon
dioxide (30% CO2) concentrations during cold storage at 6�C, even in the presence
of large numbers of lactic acid bacteria (Fredriksson-Ahomaa et al. 2012). Yersinia
bacteria are also able to grow over a wide pH range (pH 4–10). Alkalotolerance of
Yersinia has been used to separate Yersinia strains from background organisms by
enrichment broth treatment with potassium hydroxide (0.5%) before streaking onto
agar plates (Hallanvuo et al. 2019).

10.2.2 Virulence

10.2.2.1 Several Plasmid and Chromosomal Encoded Virulence Factors
Are Needed for Yersinia Pathogenicity

Several virulence factors have been identified among Y. enterocolitica and
Y. pseudotuberculosis strains, some of which are common in both species
(Table 1). The most important factor is the presence of an approximately 70-kb
plasmid, which is termed pYV (plasmid for Yersinia virulence) and is present in
pathogenic Yersinia spp., including Y. enterocolitica and Y. pseudotuberculosis
(Moorman and Cohen 2021). However, Y. enterocolitica strains belonging to biotype
1A do not carry pYV and are thus considered nonpathogenic (Reuter et al. 2014).
This virulence plasmid is essential for bacterial replication in host tissue, and
Yersinia strains without pYV are rapidly eliminated from the gut. In addition to
pYV-encoded virulence factors, chromosomal encoded factors are also needed for
pathogenicity.
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10.2.2.2 Y. enterocolitica and Y. pseudotuberculosis Can Be Divided into
Different Groups Correlating with Pathogenicity

Y. enterocolitica strains can be divided into six phylogroups (PGs), which correlate
with the biotypes and pathogenicity (Reuter et al. 2015). High-pathogenic strains
belong to PG2 and biotype 1B, and they all carry the high-pathogenicity island (HPI)
in their chromosomes (Table 1). Low-pathogenic strains belong to PG3–6, including
biotypes 2–5, and nonpathogenic strains belong to PG1and biotype 1A.
Y. pseudotuberculosis strains, which are considered pathogenic, can be divided
into five genetic groups (G1–3, G4–5) based on the presence of three key virulence
factors: pYV, HPI, and the Y. pseudotuberculosis – derived mitogen (YPM) toxin
(Amphlett 2016). The most common clinical genetic group in Europe is G2. These
strains carry pYV and a complete HPI (Table 2). High-pathogenic strains, which
belong to G3, can cause a systemic infection associated with FESLF, mainly
reported in Japan and Russia. Most FESLF strains synthesize the superantigen
toxin YPMa, which is seldom detected in European strains. FESLF strains have
lost the HPI, and they often carry an additional pVM82 plasmid (Timchenko et al.
2016).

10.2.2.3 Virulence Factors Encoded by the pYV Virulence Plasmid Are
Essential for Pathogenicity

The pYV encodes the Ysc-Yop type 3 secretion system (T3SS), which allows
pathogenic Yersinia to escape phagocytosis (Tan et al. 2016). Yersinia outer proteins
(Yops), which are necessary for downregulating antibacterial responses, are trans-
located directly from the bacterial cytosol into the target cell cytosol by the T3SS
(Grabowski et al. 2017). The T3SS is a molecular syringe (injectisome) that delivers
Yop cytotoxic effector proteins into the host cell (Berger et al. 2021; Moorman and
Cohen 2021). The expression of T3SS genes are controlled primarily by temperature
and calcium concentration (Bancerz-Kisiel et al. 2018). With this system, Yersinia
can replicate extracellularly in lymphatic tissue and encounter the immune defenses
of the host. Additionally, pYV encodes the non-fimbrial, outer-membrane protein
YadA (Yersinia adhesin A) (Mühlenkamp et al. 2015). This protein is a multi-
functional protein that, e.g., promotes the attachment of bacteria to the intestinal

Table 1 Virulence factors present in Y. enterocolitica and Y. pseudotuberculosis strains

Species pYV

Chromosomal

Inv Ail YstA YstB HPI MyfA PsaA YPM

Y. enterocolitica

Biotype 1A � + � � + � � � �
1B + + + + � + + � �
2–5 + + + + � � + � �

Y. pseudotuberculosis

+ + + � � +a � + +b

a Serotypes O:1 (complete HPI) and O:3 (truncated HPI)
b Found frequently in Far Eastern strains, which also often carry a large plasmid called pVM82
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brush border. In Y. enterocolitica, YadA also confers resistance to human serum
(Chung and Bliska 2016). YadA is optimally expressed at 37 �C. The pYV-encoded
proteins VirF of Y. enterocolitica and LcrF of Y. pseudotuberculosis, respectively, are
important thermo-activated transcriptional regulators that activate Yops production
(Grabowski et al. 2017). Both yadA and virF genes are frequently used as targets to
detect and identify pathogenic Yersinia strains (Petsios et al. 2016).

10.2.2.4 Chromosomally Encoded Virulence Factors Are Also Needed
Two chromosomal genes, inv and ail, are important for mammalian cell invasion
(Tan et al. 2016). The inv gene codes for an outer-membrane invasion (Inv) protein,
which plays an important role in promoting the entry into epithelial M cells of the
ileum during initial stages of infection. All Yersinia spp. have inv homologs, but they
are only functional in pathogenic strains (Tan et al. 2016). Epithelial cell penetration
of Y. enterocolitica is also enhanced by the outer membrane attachment invasion
locus (Ail) protein encoded by the ail gene. In Y. pseudotuberculosis, Ail is the
primary serum resistance factor (Chung and Bliska 2016). The ail gene is suggested
to be laterally transferred from Y. pseudotuberculosis to Y. enterocolitica (Tan et al.
2016). It is generally found only in pathogenic Y. enterocolitica strains belonging to
biotypes 1B and 2–5. Some strains of biotype 1A have been shown to carry ail
homologs, and these ail homologs have also sporadically been detected in
Y. kristensenii strains (Joutsen et al. 2020). The yst gene in the chromosome of
Y. enterocolitica encodes a heat-stable enterotoxin called Yersinia stable toxin (Yst),
which may play a role in diarrhea (Bancerz-Kisiel et al. 2018). YstA is produced by
pathogenic Y. enterocolitica strains belonging to biotypes 1B and 2–5, and most
biotype 1A strains produce YstB; however, not all yst-positive strains produce
enterotoxins (Bancerz-Kisiel et al. 2018). The HPI pathogenicity island, which is a
large integrative and conjugative element, can generally only be found in the
chromosome of Y. enterocolitica biotype 1B strains and Y. pseudotuberculosis O:1
and O:3 strains (McNally et al. 2016). However, it is truncated in
Y. pseudotuberculosis O:3 strains. HPI codes the yersiniabactin, which is a
siderophore facilitating iron uptake. Some Y. pseudotuberculosis strains can also

Table 2 Distribution of pYV, HPI, and YPM among Y. pseudotuberculosis strains of different
genetic groups

Genetic
group

Presence of

Pathogenicity O-serotype
Geographical
distributionpYV HPI YPM

G1 + Complete YPMa High 1, 3, 5 Far East

G2 + Complete � Medium 1 Europe

1, 3, 5, 13, 14 Far East

G3 + � YPMa High,
systemic

4 Europe

1–7, 10 Far East

G5 + Truncated YPMc Low 3 Europe, Far East

G6 + � � Medium 1–3, 5 Europe

1–7, 10, 11, 13 Far East
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synthesize the superantigen toxin YPM, which plays an important role in systemic
infections (Amphlett 2016). Additionally, Y. enterocolitica strains elaborate a
mucoid Yersinia factor (Myf) and Y. pseudotuberculosis strains elaborate the pH6
antigen (Psa), which are surface (fimbrial) structures with high sequence similarity
(Pakharukova et al. 2016). The Psa is an adhesin, which has an important role in the
pathogenesis of Y. pseudotuberculosis infections by inhibiting the phagocytosis
when the function of MyfA in the Y. enterocolitica infection is still unknown.

10.3 Yersiniosis – The disease

10.3.1 Pathogenesis

10.3.1.1 Y. enterocolitica and Y. pseudotuberculosis Are Transmitted
Through the Intestinal Tract

Yersiniosis due to Y. enterocolitica or Y. pseudotuberculosis is usually acquired
through oral ingestion of contaminated food or water. Enteropathogenic Yersinia
strains produce urease, which is vital for bacteria to survive in acidic environments
(Righetto et al. 2020). This is important during an infection, where Yersinia must
survive the low pH of the stomach. Yersinia binds to the mucus layer that covers the
epithelial cells, preferably in the terminal ileum. It attaches to M cells, which overlay
the Peyer’s patches and are specialized in the uptake of intestinal antigens (Bancerz-
Kisiel et al. 2018). Subsequently, Yersinia penetrates the tissue. Attachment and
invasion of the M cells are mediated by chromosomal determinants, including the
Inv and Ail proteins, and the pYV-encoded YadA. After penetration of the intestinal
epithelium, Yersinia colonizes the Peyer’s patches. Subsequently, Yersinia may
spread via the lymphatic system or the blood into the mesenteric lymph nodes and
to the internal organs, such as the spleen and liver, where they may form micro-
abscesses (Drechsler-Hake et al. 2016). The survival ability within these tissues is
dependent on the pYV-encoded Yops, which downregulate the antibacterial response
(Grabowski et al. 2017). The multiplication of Yersinia in the Peyer’s patches may
cause severe abdominal pain that may be confused with appendicitis (Bottone 2015).
Y. enterocolitica and Y. pseudotuberculosis are resistant to human serum. In
Y. enterocolitica, serum resistance requires the YadA adhesin when Ail is the
primary serum resistance factor in Y. pseudotuberculosis (Chung and Bliska 2016).
Most infections are usually localized and self-limiting due the host’s inflammatory
response, which finally leads to elimination of the pathogen.

10.3.1.2 Some Patients Develop Post-Infective Reactive Arthritis (ReA)
ReA is a form of peripheral spondyloarthritis that can develop after an intestinal
infection. In Yersinia-triggered ReA, the primary infection is in the gut; however,
how the intestine-joint connection operates in the disease remains unclear (Silva
et al. 2020). The synovial fluid from the affected joints of patients is usually culture-
negative but contains bacterial antigens in the joint (Granfors et al. 1989). Most
individuals with post-infective ReA are positive for human leukocyte antigen
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HLA-B27 (Vasala et al. 2014). It seems that HLA-B27-positive individuals are more
prone to develop severe symptoms and to show a more prolonged disease course
than HLA-B27-negative patients.

10.3.2 Yersiniosis in Humans

10.3.2.1 Intestinal Symptoms Are Variable
Yersiniosis due to Y. enterocolitica and Y. pseudotuberculosis is mostly an uncom-
plicated enteric disease with diarrhea and abdominal pain (Borud et al. 2020; Rivas
et al. 2021). Fever and blood in the feces may also occur. The incubation period
typically ranges from 3 days to approximately 1 week, and symptoms may persist for
weeks (Espenhain et al. 2019; Borud et al. 2020). The minimal infectious dose is
unknown. The severity of the infection depends on the age and immunity of the
infected person, the virulence of the strain, and the infection dose. Acute diarrhea,
which may be bloody, and high fever occur most frequently in infants and children
under 5 years of age (Rivas et al. 2021). Abdominal pain in the right lower quadrant
due to mesenteric lymphadenitis and terminal ileitis is a common symptom in older
children and adolescents. The abdominal pain resembles the symptoms of appendi-
citis and may lead to unnecessary surgery (Rosner et al. 2013).

10.3.2.2 Extraintestinal Sequels May Occur
In some cases, Yersinia infections may lead to extraintestinal complications such as
joint pain (ReA), skin rash (erythema nodosum), and conjunctivitis/iritis (Rosner
et al. 2013). Y. pseudotuberculosis has also been implicated in the etiology of
Kawasaki diseases, which is a febrile vasculitis (Horinouchi et al. 2015). ReA is
the most common sequelae of enteric yersiniosis, occurring especially among adults
(Borud et al. 2020). ReA, which typically develops 1 week to 1 month after primary
infection, usually affects the knees, ankles, elbows, and wrists. Symptoms may last
for several months. ReA is usually self-limiting and only rarely remains chronic
(Leirisalo-Repo and Suoranta 1988). A skin rash with painful red lesions along the
trunk and legs may also occur 2 weeks after infection. The symptoms typically
resolve themselves spontaneously within 1 month (Rivas et al. 2021).

10.3.2.3 Far East Scarlet-Like Fever (FESLF) Is a Rare and Poorly
Investigated Disease

FESLF is an acute disease caused by certain Y. pseudotuberculosis strains (Amphlett
2016). Typical symptoms are severe fever and a rash that covers the body, particu-
larly the face, neck, toes, and hands (Timchenko et al. 2016). A raspberry-like
tongue is an additional manifestation. Gastrointestinal manifestations are variable,
and abdominal pain mimicking appendicitis is common. Many patients also develop
hepatic lesions (Amphlett 2016). The disease typically lasts around 2 weeks, after
which the rash and jaundice also disappear. FESLF has mainly been reported in the
Far East. Incidence is seasonal, increasing in winter. It is mostly associated with
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serotype O:1b (ST2 sequence type), which circulates among rodents (Timchenko
et al. 2016).

10.3.2.4 Systemic Infections Are Rare
Septicemic and systemic infections are mainly associated with immunocompro-
mised individuals or in patients with underlying disease such as diabetes mellitus,
liver cirrhosis, or hemochromatosis (Guinet et al. 2011; Amphlett 2016). During
sepsis, Yersinia spreads preferentially to the liver, spleen, kidneys, and lungs, where
they can form small tuberculosis-like abscesses. Transfusion-associated sepsis due to
asymptomatic bacteremia in blood donors has also been reported (Rivas et al. 2021).
Severe sepsis and rapid septic shock are typical symptoms, and older age is more
often associated with a fatal outcome.

10.3.2.5 Yersiniosis Is Usually Self-Limiting and No Treatment
with Antimicrobials Is Needed

Treatment is only warranted in severe cases such as in systemic infections and sepsis,
(Guinet et al. 2011). Antimicrobials should also be considered for patients who are
immunocompromised and for patients with iron overload. Most Y. enterocolitica strains
produce β-lactamases and are thus resistant to penicillins, aminopenicillins, and first-
generation cephalosporins (Bonardi et al. 2016; Peng et al. 2018). Third-generation
cephalosporin, trimethoprim-sulfamethoxazole, tetracyclines, and fluoroquinolones are
the antimicrobials of choice for severe infections (Guinet et al. 2011). Y. pseudotuber-
culosis is usually sensitive to all antimicrobials active against gram-negative bacteria;
however, multiresistant strains have also been reported despite being rare (Cabanel et al.
2017). Multidrug-resistant strains are shown to be resistant to β-lactams, streptomycin,
tetracycline, chloramphenicol, and gentamicin. Also, colistin resistance occurs among
Y. pseudotuberculosis strains (Rivas et al. 2021).

10.3.3 Yersiniosis in Animals

10.3.3.1 Yersinia Infections Are Most Commonly Latent in Animals
Yersiniosis is quite a rare disease in animals. Animals are often asymptomatic carriers
of enteropathogenic Yersinia strains. Sporadic infections usually occur in animals
under stress, e.g., due to suboptimal weather, poor nutrition, host parasitism, and
young age (Stanger et al. 2018a; Ceccolini et al. 2020). Most common symptoms are
apathy, diarrhea, and weight loss, but also abortion and mastitis, and septicemia with
sudden death has been reported (Magistrali et al. 2015; Stoute et al. 2016). Enteroco-
litis and military necrotic foci in the liver, spleen, kidneys, and lungs are typical
postmortem findings (Stoute et al. 2016; Hammerl et al. 2021). Y. pseudotuberculosis
has been identified in sick animals more often than Y. enterocolitica, especially in wild
animals with clear symptoms (Le Guern et al. 2016). Zoo animals have also been more
frequently infected with Y. pseudotuberculosis than Y. enterocolitica (Hammerl et al.
2021). However, a clonal spread of Y. enterocolitica bioserotype 1B/O:8 in multiple
zoo species has recently been reported in the USA (Nebraska) (Hicks et al. 2020). The
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symptoms varied from mild clinical signs to death, while some animals were latent
without any signs. Y. enterocolitica has more commonly been found in asymptomatic
farm animals, especially in pigs, than Y. pseudotuberculosis (Le Guern et al. 2016;
Rivas et al. 2021). Y. enterocolitica strains belonging to pathogenic bioserotypes have
been isolated from dogs and cats with diarrhea (Stamm et al. 2013).

10.3.3.2 Outbreaks Due to Y. pseudotuberculosis Infections Are Common
in Zoo Animals

Several Y. pseudotuberculosis outbreaks have been reported in captive nonhuman
primates, large rodents, bats, and birds (Ceccolini et al. 2020; Hahn et al. 2021;
Hammerl et al. 2021). Lethargy and sudden death typically occur after a period of
stress, but sometimes clinical signs, such as diarrhea and anorexia, can be seen
(Ceccolini et al. 2020). Y. pseudotuberculosis can often be isolated from lung, heart,
kidney, liver, spleen, and intestine samples. Recently, an outbreak causing osteomy-
elitis in a male turkey flock in Finland was reported, and Y. pseudotuberculosis was
isolated from leg bone samples (Blomvall et al. 2021). Recurrent diarrhea outbreaks
caused by pathogenic Y. enterocolitica and Y. pseudotuberculosis have been
reported among weaned sheep in Australia (Stanger et al. 2018b). In Canada, a
Y. enterocolitica outbreak with a high mortality rate (19%) has been reported on an
alpaca farm (Ragno et al. 2019). In this study, Y. enterocolitica was isolated from the
intestine, liver, spleen, and kidneys.

10.4 Epidemiology

10.4.1 Incidence in Humans

10.4.1.1 Notification Rates in Europe Have Been Stable from 2015
to 2019

In 2019, yersiniosis was the fourth most common reported bacterial enteric infection
after campylobacteriosis, salmonellosis, and STEC infections in Europe (EFSA and
ECDC 2021). Y. enterocolitica was the most common species (99%) of the con-
firmed cases with species information. In total, 7048 confirmed human yersiniosis
cases (1.7 cases per 100 000 inhabitants) were reported by 20 European countries in
2019. The highest country-specific notification rates were reported in Finland,
Lithuania, and Czechia) (> 5 cases per 100 000 inhabitants). Due to inconsistency
of the surveillance systems in various countries, a comparison of yersiniosis inci-
dence between countries is only suggestive. In Europe, incidence is highest among
infants and children under 5 years of age. The majority of yersiniosis cases are
sporadic and domestically acquired, and no seasonal distribution has been reported
(EFSA and ECDC 2021).

10.4.1.2 The Incidence of Yersinia Infections Is Underestimated if
Culture Methods Only Are Used

The incidence of yersiniosis in the USA was 1.4 cases per 100 000 inhabitants in
2019 (Tack et al. 2020). It has increased significantly (158%) in 2019 compared with
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2016–2018. However, 57% of the cases were diagnosed using culture-independent
diagnostic methods (CIDM) such as PCR and antigen-based methods. One reason
for the high incidence rate may be that many laboratories have begun using PCR
methods to avoid problems with time-consuming and insensitive isolation methods
(Fredriksson-Ahomaa and Korkeala 2003). From 2015, diagnostic laboratories in
New Zealand have progressively introduced CIDM for fecal samples. This may have
influenced the incidence of human yersiniosis, which significantly increased
between 2015 and 2018. The current rate of yersiniosis in New Zealand is 24.1
cases per 100 000 inhabitants, which is very high compared to other industrialized
countries (Rivas et al. 2021). Introduction of PCR screening for fecal samples has
also significantly increased the annual incidence rate of yersinosis in England
(Clarke et al. 2020).

10.4.2 Foodborne Outbreaks

10.4.2.1 Foodborne Yersinia Infections Are Mainly Sporadic Infections
and Outbreaks Are Rare

Foodborne yersiniosis is mostly caused by Y. enterocolitica (EFSA and ECDC
2021). Although Y. pseudotuberculosis is a rare cause of sporadic human foodborne
infections, it has caused several foodborne outbreaks in Finland, Japan, and Russia.
During past years, several foodborne Y. enterocolitica outbreaks have been reported
in Nordic countries (Table 3).

10.4.2.2 Y. enterocolitica O:3 Outbreaks Have Recently Been Linked
to Vegetables in Nordic Countries

In Sweden, a Y. enterocolitica O:3 (ST18) outbreak with 53 cases was linked to
imported iceberg lettuce in 2021 (https://www.foodsafetynews.com/2021/03/
yersinia-outbreak-linked-to-imported-iceberg-lettuce/). In 2020, pre-cut lettuce was
associated with Y. enterocolitica O:3 outbreaks in Norway (Promed, Archive num-
ber: 20201227.8050413). The most common symptoms were diarrhea, fever, and
abdominal pain, which lasted 1–3 weeks. A Y. enterocolitica O:3 cross-border
outbreak was identified in Denmark and Sweden in 2019 (Espenhain et al. 2019).
This outbreak was confirmed with whole-genome sequencing (WGS) and the
sequence type was ST18, which is a typical type found in pigs. Imported fresh
spinach was identified as the vehicle by combining epidemiological and trace-back
investigations. Symptoms such as fever, diarrhea, and abdominal pain in the right
lower part of the abdomen occurred after an incubation period of 3–7 days. Earlier in
the same year, another Y. enterocoliticaO:3 outbreak was linked to imported spinach
in Sweden. Outbreaks due to serotype O:9 have also been reported (Table 3). Three
Y. enterocolitica O:9 outbreaks have been reported in Norway, all linked to fresh
produce. The largest Y. enterocolitica O:9 outbreak, which was linked to mixed
salad, was reported in military camps in 2014 (MacDonald et al. 2016). In total,
133 cases with identical genotypes were found. The same year, sushi was linked to
an outbreak caused by Y. enterocolitica O:9 (ST12) in New Zealand (Strydom et al.
2019). Outbreaks due to serotype O:8, which is a quite rare serotype and is regarded
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highly pathogenic, have been reported in Japan and the USA (Table 3). The two US
outbreaks were associated with pasteurized milk, which was most probably contam-
inated after pasteurization (Longenberger et al. 2014; Gruber et al. 2021).

10.4.2.3 Y. pseudotuberculosis Outbreaks Have Been Associated
with Vegetables and Raw Milk

A large Y. pseudotuberculosis outbreak was reported in New Zealand in 2014. In
total, 220 laboratory-confirmed cases were infected by a novel Y. pseudotuberculosis
O:1 clone belonging to sequence type ST42 (Williamson et al. 2016). The case-
control study implicated contaminated carrots and lettuce as the most probable
infection source. In Finland, an outbreak of Y. pseudotuberculosis O:1 infection
with 55 cases was reported in 2014 (Pärn et al. 2015). The same strain was found in
humans and raw milk, which was also associated with the outbreak using a case-
control study. In Finland, Y. pseudotuberculosis infection is a notifiable disease, and
outbreaks cause large variation in the annual incidence. Most cases are sporadic, but
ten outbreaks were reported between 1997 and 2008 (Rimhanen-Finne et al. 2009).
These outbreaks were caused by serotypes O:1 and O:3 and were linked to contam-
inated carrots and iceberg lettuce. Several large Y. pseudotuberculosis outbreaks
linked to raw vegetables (cabbage, onions, and carrots) have been reported in Russia
(Tseneva et al. 2012). Outbreaks have been registered mostly in schools and day-care

Table 3 Reported outbreaks due to Y. enterocolitica (YE) and Y. pseudotuberculosis (YP) during
the past decade

Year of outbreak Country

Serotype
of causing
agent Confirmed

cases
Suspected
sourcesYE YP

2021 Norway O:3 15 Unknown

2021 Sweden O:3 53 Iceberg lettuce

2020 Norway O:3 10 Mixed salad

2020 Norway O:3 23 Spinach

2019 Sweden O:3 30 Spinach

2019 Denmark + Sweden O:3 20+37 Spinach

2019 USA
(Pennsylvania)

O:8 48 Milk

2018 Norway O:9 18 Mixed salad

2016 New Zealand O:9 24 Sushi

2014 Finland O:1 55 Raw milk

2014 New Zealand O:1 220 Vegetables

2014 Norway O:9 133 Mixed salad

2013 Japan O:8 52 Salad

2012 Japan O:8 39 Unknown

2011 Norway O:9 21 Mixed salad

2011 USA
(Pennsylvania)

O:8 109 Milk
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centers. The number of children hospitalized has been large. Multiple FESLF out-
breaks due to serotypes O:1b and O:3 have also been linked to contaminated
vegetable (Timchenko et al. 2016). The vegetables have probably been contaminated
by rodents. Incidences are highest in winter, possibly due to the need to store
vegetables for a prolonged period, with a subsequent higher risk of being contam-
inated by rodents (Amphlett 2016). In Japan, surface water has also been linked to
outbreaks (Tsubokura et al. 1989).

10.4.3 Prevalence in Animals

10.4.3.1 Nonpathogenic Y. enterocolitica Are Common in Animals
Numerous works have been carried out to study the presence of enteropathogenic
Yersinia in a variety of animals, including farm, pet, wild, and zoo animals
(Fredriksson-Ahomaa et al. 2018). Y. enterocolitica strains have frequently been
isolated from animal sources; however, these strains mainly belong to biotype 1A,
regarded as nonpathogenic (Joutsen et al. 2017; Lucero-Estrada et al. 2020). Human
pathogenic Y. enterocolitica strains have mostly been found in slaughtered fattening
pigs (Laukkanen-Ninios et al. 2014; Morka et al. 2018).

10.4.3.2 Y. enterocolitica of Bioserotype 4/O:3 Is Frequently Isolated
from Pigs

Pigs are asymptomatic carriers of human pathogenic Yersinia strains. High sero-
prevalence (60–90%) of enteropathogenic Yersinia has been reported in pigs at
slaughter (Bonardi et al. 2016; Lorencova et al. 2016; Felin et al. 2019).
Y. enterocolitica belonging to bioserotype 4/O:3, the most common type associated
with human disease, has mainly been identified in pigs (Råsbäck et al. 2018). This
pathogenic type has frequently been isolated from the oral cavity of pigs at slaughter
in Europe, especially from the tonsils, but also from the submaxillar lymph nodes
and intestinal content (Laukkanen-Ninios et al. 2014; Fois et al. 2018). It has also
been isolated from surface swabs of pig carcasses and edible offal at the slaughter-
house. Y. pseudotuberculosis has also been isolated from the tonsils and feces of pigs
at slaughter, but much more rarely than Y. enterocolitica (Laukkanen-Ninios et al.
2014; Bonardi et al. 2016).

10.4.3.3 Y. enterocolitica O:9 Has Sporadically Been Found in Ruminants
Y. enterocolitica O:9, which is the second most frequently reported serotype among
human Yersinia infections in many countries, has mainly been isolated from rumi-
nants, cattle, and deer but also from sheep and goats (Le Guern et al. 2016; Rivas
et al. 2021). Y. enterocolitica O:9-positive animals can give false-positive results for
Brucella when using serological tests (O’Grady et al. 2016). Y. enterocolitica
bioserotype 5/O:3, which is a rare pathogenic type mainly associated with hares,
has quite recently been isolated from Finnish sheep at slaughter (Joutsen et al. 2016).
High seroprevalences of Y. enterocolitica and Y. pseudotuberculosis in sheep and
Y. enterocolitica in goats were recently reported in Pakistan (Ullah et al. 2019).
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10.4.3.4 Dogs and Cats Are a Source of Human Pathogenic
Y. enterocolitica Strains

Human pathogenic Y. enterocolitica strains have sporadically been isolated from
dogs and cats in Europe (Stamm et al. 2013). Dogs were shown to excrete patho-
genic Y. enterocolitica more frequently in their feces than cats. The most dominant
Y. enterocolitica type in dogs in Europe is biotype 4, followed by biotypes 2 and
3 (Stamm et al. 2013; Le Guern et al. 2016). Bioserotype 3/O:3, which is the
dominant type among human infections in China, is the dominant type found in
the tonsils and feces of dogs in China (Wang et al. 2014). Y. pseudotuberculosis has
more frequently been detected in cats than in dogs in France (Le Guern et al. 2016).
In China, Y. pseudotuberculosis strains of various serotypes have been found in dog
tonsils and feces.

10.4.3.5 Y. pseudotuberculosis Is a Common Finding in Wildlife
Y. pseudotuberculosis has mostly been isolated from wildlife, especially from birds,
rodents, and lagomorphs, which are therefore considered the most important reservoirs
of this pathogen (Le Guern et al. 2016). Y. pseudotuberculosis of various serotypes has
also been isolated from wild boar tonsils (Reinhardt et al. 2018; Sannö et al. 2018).
Pathogenic Y. enterocolitica has quite rarely been found in wild animals (Joutsen et al.
2017). However, in Sweden, pathogenic Y. enterocolitica was isolated from the tonsils
of hunted wild boars (Sannö et al. 2018). A high seroprevalence (>50%) of entero-
pathogenic Yersinia has also been reported in wild boars in Europe, indicating that
wild boars are an important reservoir of Y. enterocolitica and Y. pseudotuberculosis
(Arrausi-Subiza et al. 2015; Lorencova et al. 2016; Fredriksson-Ahomaa et al. 2020).
High pathogenic Y. enterocolitica 1B/O:8 and Y. pseudotuberculosis have recently
been reported in deer in Japan (Takahashi et al. 2020). In Belgium, Y. enterocolitica
bioserotypes, 2/O:5,27 and 3/O:1,2,3, which are very seldom identified in human
infection, have been reported in brown rats (Rouffaer et al. 2017). Bioserotype 4/O:3,
the most common Y. enterocolitica type found in human infections and pigs, has been
isolated from brown rats near pig farms in Sweden (Backhans et al. 2011). The
genotypes of rat and pig strains were indistinguishable, indicating that rats may spread
this pathogen within a farm.

10.4.4 Prevalence in Food and Water

10.4.4.1 A High Prevalence of Y. enterocolitica Has Been Detected
in Pork Products by PCR

Pathogenic Y. enterocolitica strains have frequently been detected by PCR in pork
products, but also sporadically in game meat, dairy products, vegetables, and surface
water (Cheyne et al. 2010; Fredriksson-Ahomaa 2017; Bonardi et al. 2018;
Verbikova et al. 2018). Using culture methods, most of the Y. enterocolitica isolates
found in food and water have belonged to nonpathogenic biotype 1A. Pathogenic
Y. enterocolitica, mainly belonging to bioserotype 4/O:3, has been isolated from
pork, especially from pig head meat and tongues in Europe (Laukkanen-Ninios et al.
2014). In China, pathogenic Y. enterocolitica bioserotype 3/O:3 (ST135), which is a
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typical bioserotype in pigs in China, was quite recently isolated for the first time
from raw chicken (Peng et al. 2018). Y. pseudotuberculosis has only rarely been
found in meat. It has more commonly been isolated from vegetables (Tseneva et al.
2012) but also from surface water (Fukushima et al. 1995; Le Guern et al. 2016).
Recently, Y. pseudotuberculosis was isolated from raw milk associated in a
Y. pseudotuberculosis outbreak in Finland (Castro et al. 2019).

10.4.5 Transmission Routes

10.4.5.1 Several Transmission Routes Exist for Enteropathogenic
Yersinia

Both Y. enterocolitica and Y. pseudotuberculosis are primarily transmitted fecal-
orally from animal reservoirs to humans through contaminated food and water, but
direct animal contact is also a possible transmission route (Fig. 1). Transmission of
enteropathogenic Yersinia may also occur directly from human to human or indi-
rectly by blood transfusion.

10.4.5.2 Consumption of Pork Is a Significant Risk Factor for Sporadic
Y. enterocolitica Infections

In a recent review, pork consumption and occupational contact with pigs were
significantly associated with sporadic Y. enterocolitica infections (Guillier et al.
2020). In the same study, untreated water was also a risk factor for sporadic yersiniosis.
Consumption of raw minced pork has been identified as the main risk factor for
sporadic Y. enterocolitica in Germany using a population-based case-control study
(Rosner et al. 2012). Raw pork consumption may play an important role in countries
such as Belgium, Germany, and the Netherlands, where raw minced pork with pepper
and onion is a delicacy that can be purchased as ready-to-eat food from butcher shops.
However, in most countries, transmission is more likely to occur via cross-
contamination of cooked pork or foods not normally harboring Y. enterocolitica.

Human ↔ Human

Farm animalsWild animals Pets

Meat, milk

Water, soil

Vegetables

Fig. 1 Transmission routes of enteropathogenic Yersinia
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10.4.5.3 Y. pseudotuberculosis Is Transmitted by Contaminated
Vegetables

Both fresh produce and untreated surface water are important infection sources for
Y. pseudotuberculosis infections. Wildlife feces may have contaminated the vegeta-
bles during storage, or the vegetables have already been contaminated at the farm
through contaminated irrigation water or soil (Rimhanen-Finne et al. 2009).
Untreated drinking water from wells, springs, and streams contaminated with wild-
life feces has been associated with Y. pseudotuberculosis infections in Japan
(Tsubokura et al. 1989).

10.4.5.4 Enteropathogenic Yersinia Can Be Transmitted to Humans
via Pets

Companion animals, such as dogs and cats, are suspected sources of human yersiniosis
through close contact, especially for young children (Boqvist et al. 2009). In China,
indistinguishable Y. enterocolitica bioserotype 3/O:3 strains have been found in
humans, dogs, and pigs, indicating a link between human infections, dogs, and pigs
(Wang et al. 2014). Pathogenic Y. enterocolitica 4/O:3 may be transmitted to dogs and
cats via raw pork and offal (Fredriksson-Ahomaa et al. 2001).

10.4.5.5 Human-to-Human Transmission Has Rarely Been Reported
Enteropathogenic Yersinia can be transmitted from human-to-human either by direct
contact or indirectly through blood transfusion. Direct transmission may occur when
basic hygiene and handwashing habits are inadequate (Ong et al. 2012). Transmis-
sion of Y. enterocolitica from chitterlings (prepared pig intestine, which is a tradi-
tional dish in African-American households) to infants occurs through contact with
their caretakers preparing chitterlings (Jones et al. 2003). Indirect transmission may
occur by transfusion of contaminated blood products (Guinet et al. 2011). A blood
donor with subclinical bacteremia is the most likely source of Yersinia contamination
(Rivas et al. 2021).

10.5 Detection and Typing

10.5.1 Detection Methods

10.5.1.1 Culturing Is Still Commonly Used to Find Enteropathogenic
Yersinia from Various Sample Types

The isolation of enteropathogenic Yersinia is time-consuming, especially when
samples with low levels of Yersinia and high levels of other bacteria are studied
(Fredriksson-Ahomaa and Korkeala 2003; Petsios et al. 2016). Isolation methods for
food and environmental samples are based on (1) direct culturing on selective agar
media, (2) a short selective enrichment step before culturing on agar plates, and/or
(3) cold enrichment at 4�C for 2–3 weeks (Hallanvuo et al. 2019; Weagant and
Feng 2017). Direct culturing on selective agar plates without any pre-enrichment is
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usually successful only for samples containing a large number of Yersinia, such as
clinical samples from humans and animals with acute yersiniosis. The most widely
used commercially available selective agar plate is CIN (cefsulodin-igasan-novobi-
ocin) agar (Petsios et al. 2016). In parallel to CIN agar, commercially available
chromogenic agar is used for Y. enterocolitica isolation (Hallanvuo et al. 2019). No
chromogenic agar for Y. pseudotuberculosis is currently available commercially, and
a low-selective MacConkey agar is therefore used along with CIN (Weagant
and Feng 2017). The isolation of Y. pseudotuberculosis is very challenging because
it grows slowly, thus being easily overgrown by other bacterial species present in
the sample.

10.5.1.2 PCR Is Increasingly Used to Screen for the Presence
of Pathogenic Yersinia in Various Sample Types

PCR is a very practical method that is both cost- and time-effective to screen for the
presence of pathogenic Yersinia before culturing. There is still no sensitive and
accurate isolation method available for detecting enteropathogenic Yersinia in food
and environmental samples, thus several PCR methods have been designed for this
purpose (Petsios et al. 2016). Currently, PCR is also used to screen for the presence
of enteropathogenic Yersinia in the fecal samples of humans (Clarke et al. 2020). The
ail gene located in the chromosome of Y. enterocolitica and Y. pseudotuberculosis is
the most commonly used target in the PCR methods. The chromosomal ail gene is
preferred over the virulence genes located on the pYV plasmid because pYV may be
lost during culturing, giving a false-negative result. However, false-positive results
are possible using ail because it has also been detected in nonpathogenic
Y. enterocolitica and Y. kristensenii strains (Joutsen et al. 2020). PCR methods are
rapid and have a superior sensitivity compared to culture methods; however, they
may also detect nonviable bacteria and do not yield bacterial isolates that are
essential for further epidemiological studies. Therefore, isolation methods should
be used together with PCR.

10.5.1.3 MALDI-TOF (Matrix-Assisted Laser Desorption/Ionization-Time
of Flight) Is Used for Rapid Identification of Yersinia

Commercially available identification kits, especially the API 20E test, have been
widely used for identifying Y. enterocolitica and Y. pseudotuberculosis (Petsios et al.
2016). However, tests based on biochemical reactions easily misidentify Yersinia
spp. (Fredriksson-Ahomaa et al. 2018). Identification of Yersinia spp. using
MALDI-TOF has increased recently. It is a rapid and accurate method that provides
protein profiles for identifying Yersinia at the species and subspecies levels (Stephan
et al. 2011). However, rare and untypical strains cannot be identified if the protein
profiles are missing from the database (Morka et al. 2018). Also, PCR methods using
species- and virulence-specific genes are commonly used for rapid and accurate
identification of enteropathogenic Yersinia.
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10.5.1.4 Serological Tests Are Used to Screen the Prevalence
of Yersiniosis in Animal Reservoirs

There are several commercial serological tests available to detect anti-Yersinia
antibodies in humans and animals (Dalby et al. 2017; Wielkoszynski et al. 2018;
Ullah et al. 2019). Serological tests are very practical for monitoring yersiniosis in
animal reservoirs and for estimating the prevalence of pathogenic Yersinia in
livestock at the herd level, as these tests are not as expensive and time-consuming
as traditional culture methods (Vanantwerpen et al. 2017; Felin et al. 2019). Sero-
logical testing can be performed from the serum or muscle fluid, which can conve-
niently be collected at the slaughterhouse. Serological diagnosis is not equivalent to
classical microbiological detection of the organism, as the serological response is
delayed with respect to the time of infection. Serological tests are also valuable when
Yersinia has not been isolated from an asymptomatic patient and when clinical
symptoms indicate a previous infection. The diagnosis is especially important for
diagnosing sequelae after gastroenteritis, such as arthritis.

10.5.2 Typing Methods

10.5.2.1 Biotyping Is Still Used to Assess the Potential Pathogenicity
of the Y. enterocolitica Isolates

Phenotyping methods based on biotyping and serotyping are still used for charac-
terization of Y. enterocolitica isolates (Fredriksson-Ahomaa et al. 2018). The poten-
tially pathogenic Y. enterocolitica isolates can be identified by the pyrazinamidase
test, which is one of the key tests included in the biotyping scheme (Hallanvuo et al.
2019). Information of biotype and/or serotype alone often lacks the discriminatory
power needed to differentiate Y. enterocolitica isolates that belong to the same
bioserotype. Therefore, in addition to bio- and serotyping, more discriminatory
typing methods are needed. Correctly identified Y. pseudotuberculosis isolates are
considered pathogenic. However, Y. similis and Y. wautersii are impossible to
differentiate from Y. pseudotuberculosis using biochemical tests, and they may
also share the same serotypes (Savin et al. 2014). Therefore, the presence of certain
virulence genes in presumptive Y. pseudotuberculosis isolates should be studied.

10.5.2.2 Whole-Genome Sequencing (WGS) Is Replacing Other Typing
Methods

Bacterial WGS can now be obtained rapidly and affordably. Nowadays, WGS is
increasingly used for identifying Yersinia strains and in epidemiological studies,
including outbreak studies (Williamson et al. 2016; Fredriksson-Ahomaa et al. 2018;
Inns et al. 2018). Currently, two seven-gene multilocus sequence typing (MLST)
schemes are available for enteropathogenic Yersinia. The first one was designed for
identifying and typing Y. pseudotuberculosis isolates (Laukkanen-Ninios et al. 2011).
The newer scheme was a pan-Yersinia scheme for accurate identification of Yersinia
spp. (Hall et al. 2015). Increasingly, MLST based on core genes (cgMLST) is used for
more discriminatory typing (Inns et al. 2018; Hunter et al. 2019; Hammerl et al. 2021).
Currently, there are two databases for MLST and cgMLST typing of Yersinia isolates
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available online: EnteroBase (https://enterobase.warwick.ac.uk/species/index/yersinia)
(Zhou et al. 2020) and BIGSdb-Pasteur (https://bigsdb.pasteur.fr/yersinia/) (Savin et al.
2019). cgMLST is an accurate and reliable high-throughput typingmethod that is suited
for surveillance, outbreak studies and other epidemiological studies. In addition to
sequence types, i.e., serotypes, virulence and resistance genes can be derived from the
WGS data (Hammerl et al. 2021). Pulsed-field gel electrophoresis (PFGE) and multiple
locus variable-number tandem repeat analysis (MLVA), which have shown to be quite
discriminatory methods for Yersinia typing, are also used in epidemiological studies
(Saraka et al. 2017; Raymond et al. 2019; Strydom et al. 2019; Hammerl et al. 2021).
However, they may be replaced by WGS in the future.

10.6 Conclusions

Y. enterocolitica and Y. pseudotuberculosis are important pathogens that cause
enteric yersiniosis in humans and animals. These pathogens differ phenotypically
and genotypically from each other. However, while they cause a disease with similar
symptoms, their animal reservoirs and transmission routes may be different. PCR is
increasingly used to screen the presence of enteropathogenic Yersinia in human and
nonhuman samples usually combined with culture methods. Efforts should be made
to develop better and standardized isolation methods for these pathogens. Identifi-
cation of enteropathogenic Yersinia is challenging because Yersinia spp. are easily
misidentified. This can be overcome by using methods based on WGS, which
enables accurate identification of pathogenic Yersinia spp.
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Abstract

Enterohemorrhagic Escherichia coli (EHEC) are a pathogenic subgroup of Shiga
toxin-producing E. coli (STEC) that can cause severe intestinal disease and
hemolytic uremic syndrome (HUS) in humans, the latter of which is of significant
clinical concern. Cattle are the major reservoir of EHEC, where host-related
factors allow bacteria to persist asymptomatically for years. Of particular concern
are a small percentage of animals in herds that shed extremely high numbers of
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EHEC (�104 CFU/g of feces), termed “supershedders,” and are responsible for
the majority of EHEC spread and contamination in a farm environment. Another
transmission route is through the environment, where EHEC can express genet-
ically encoded factors of bacterial fitness, enabling the bacteria to remain viable in
bovine feces, soil, and water for weeks, up to several months. Contamination of
meat during slaughter or processing and contamination of plants via EHEC-
containing water or manure are major routes of entry into the food chain. The
predominant EHEC-serotype O157 as well as non-O157 strains caused several
hundred outbreaks in industrialized countries worldwide. Current and future
research efforts are focused on rapid outbreak identification, development of
therapeutics to treat HUS, and implementation of measures to reduce colonization
of herds as well as prevent spread from animal reservoirs.

Keywords

Enterohemorrhagic Escherichia coli (EHEC) · Shiga toxin-producing E. coli
(STEC) · Food-bornd outbreak · Transmission · Supershedder

11.1 Introduction

Most members of the species E. coli are part of the physiological flora in the
gastrointestinal tracts of humans and animals. In addition to these commensal
bacteria, there are pathogenic E. coli that cause extraintestinal and intestinal disease.
Intestinal pathogenic E. coli presently include seven pathogroups: enterotoxigenic E.
coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC),
enteropathogenic E. coli (EPEC), adherent invasive E. coli (AIEC), diffusely adher-
ent E. coli (DAEC), and enterohemorrhagic E. coli (EHEC) (Croxen et al. 2013).
Each pathotype is associated with unique epidemiological characteristics and spe-
cific forms of disease that cause significant morbidity and mortality. Zoonotic E. coli,
of which EHEC are the prototype, are a major cause of foodborne disease, thus
posing complex challenges to the food industry. Due to their public health relevance,
EHEC are intensively studied in human and veterinary medicine. Ongoing investi-
gations are addressing ecology of EHEC in animals, persistence and survival in the
environment, and how these factors affect entry into, or dissemination along, the
food chain. Other areas of research include the epidemiology of EHEC infections in
humans, diagnostics, pathogenic mechanisms of these bacteria, and treatment as
there is currently no specific therapy.

EHEC can cause a broad clinical spectrum of disease which includes watery or
bloody diarrhea and hemolytic uremic syndrome (HUS), a leading cause of acute
renal failure in children (Tarr et al. 2005). Since the first isolation of an EHEC
outbreak strain in the USA in 1982 (Riley et al. 1983), which was identified as E. coli
serotype O157:H7, EHEC has emerged as an important public health concern
worldwide. The large EHEC O104:H4 outbreak in Germany in 2011 with 3842
cases, 855 HUS patients, and 53 deaths demonstrates the significant impact of an
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EHEC outbreak on human health (RKI 2011) and also the challenges in source
tracing due to growing globalization of food production (Karch et al. 2012;
Kampmeier et al. 2018).

11.2 Expression of Shiga Toxins in EHEC

A key characteristic of the EHEC pathotype is the presence of bacteriophage-
encoded Shiga toxins (Stx). Stx, also known as verocytotoxins (VTs), are members
of a large family of cytotoxins that are characterized by a high degree of sequence
diversity. The Stx family is divided into two major branches, Stx1 and Stx2, and
many toxin subtypes and variants have been described (Karch et al. 2009; Bergan
et al. 2012; Scheutz et al. 2012). Classification of Stx subtypes is used not only for
taxonomic purposes, but also serves as an important clinical predictor, because Stx
found in strains associated with HUS differ from those Stx subtypes that are carried
by strains causing a milder course of disease (Scheutz et al. 2012). More specifically,
a significant association has been established between strains producing Stx2 and the
development of hemorrhagic colitis and HUS. The subtypes Stx2a, Stx2c, and Stx2d
are most relevant in human infection (Joseph et al. 2020), while Stx2e is associated
with edema disease of pigs, one of the rare veterinary clinical manifestations of
EHEC infections (Moxley 2000).

A sequence-based protocol for characterization of the Stx genes has been
described (Scheutz et al. 2012) and includes three levels of classification: types,
subtypes, and variants (see Table 1).

1. Types: The two major branches Stx1 and Stx2 share structure and function but are
not cross-neutralized with heterologous antibodies. The terms Stx1 and Stx2
should only be used when the subtype is unknown.

2. Subtypes: Currently the antigenically related members of Stx1 (Stx1a, Stx1c, and
Stx1d) and Stx2 (Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, and Stx2g) are
distinguished.

Table 1 Types, subtypes,
and variants of Shiga toxins
according to Scheutz et al.
(2012)

Types Subtypes Variants (examples)

Stx1 Stx1a Stx1a-O157-EDL933

Stx1c Stx1c-O174-DG131-3

Stx1d Stx1d-ONT-MHI813

Stx2 Stx2a Stx2a-O104-G5506

Stx2b Stx2b-O111-S-3

Stx2c Stx2c-O157-A75

Stx2d Stx2d-O91-B2F1

Stx2e Stx2e-O26-R107

Stx2f Stx2f-O128-T4-97

Stx2g Stx2g-O2-S86
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3. Variants: Variants include the subtype-specific prototypic toxins or related toxins
within a subtype (that differ by one or more amino acids from the prototype). The
variants are designated by toxin subtype, O-antigen group of the host E. coli
strain, followed by the strain name or number from which that toxin was initially
described, for example, Stx1a-O157-EDL933 or Stx2a-O104-G5506 (Scheutz
et al. 2012) (see Table 1). Nucleotide variants within a given Stx subtype are
italicized.

All Stx consist of a single A subunit and five identical B subunits (AB5). The A
subunit is the enzymatically active component, and the Stx B pentamer binds to
endothelial cellular ligand glycosphingolipids (GSLs): with high affinity to
globotriaosylceramide (Gb3Cer) and less effective binding to globotetraosyl-
ceramide (Gb4Cer) (Müthing et al. 2009). Stx1 and Stx2 share identical binding
specificity (Müthing et al. 2009). After binding to the cell surface, the AB5-Gb3Cer
complex is internalized by various endocytic mechanisms and routed from the early
endosomes through the trans-Golgi-network and the Golgi stacks to the endoplasmic
reticulum (Sandvig et al. 2010; Bauwens et al. 2013). Moreover, evidence suggests
that Stx (like other ribosome-inactivating proteins) not only remove adenine moie-
ties from rRNA, but also efficiently depurinate DNA. Stx genes are found within the
genomes of temperate bacteriophages, which are mobile elements that can easily
integrate at specific sites in the bacterial chromosome. In vitro and in vivo studies
have demonstrated that most EHEC can lose the Stx-encoding gene by bacterio-
phage excision during infection, isolation, or subculture, resulting in stx-negative
isolates (Mellmann et al. 2009). This finding is also important for the diagnostics of
EHEC infections: If stool samples from patients, especially those suffering from
HUS, which usually develops>7 days after the onset of infection, lack the detection
of stx, EHEC-associated HUS still cannot be ruled out.

A close genetic relationship between stx-positive and stx-negative EHEC O157:
H7 isolates has been recently described using next-generation sequencing (NGS).
The loss of stx genes poses an additional diagnostic challenge, since routine detec-
tion of EHEC relies on the identification of stx genes. This could potentially lead to
misidentification, with the therapeutic and epidemiologic consequences that this
entails (Ferdous et al. 2015; Bielaszewska et al. 2007; Mellmann et al. 2005).

11.3 Epidemiology of EHEC in Animals

Several studies have demonstrated that cattle are the main reservoir of human patho-
genic EHEC O157:H7, in addition to many pathogenic non-O157 EHEC serotypes
(Naylor et al. 2005a). These bacteria have adapted to an oral-fecal cycle in cattle,
where EHEC colonization begins with ingestion and subsequent entrance to the rumen
and gastrointestinal tract, but they generally do not have a pathogenic effect on adult
animals. Systemic disease similar to that observed in humans does not occur in cattle
due to the absence of Stx receptors in bovine endothelial cells; however, EHEC may
cause diarrhea and enterocolitis in calves (Dean-Nystrom et al. 1997). Although
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certain non-O157 serogroups (O26, O111, O118) (Naylor et al. 2005a) have been
reported to cause disease in young calves, their role in diarrheal disease among these
animals remains controversial, as EHEC has been more commonly detected in healthy
calves than in symptomatic ones (Kolenda et al. 2015). Prevalence among cattle varies
widely and may be due to several circumstances including the geographical region,
animal age, or the specific farm conditions (Ferens and Hovde 2011). Published
prevalence rates vary dramatically, from 0% to 36% among animals studied in
different countries and farm types (Naylor et al. 2005a), with highest prevalence
values described in Africa and North America (Islam et al. 2014). Studies have also
shown that EHEC prevalence is related to the type of farm (i.e., beef, dairy, or mixed)
and may be influenced by factors such as cattle movement, hygiene management, diet,
husbandry, as well as the type of specimen analyzed (Menrath et al. 2010; Cobbaut
et al. 2009; Ferens and Hovde 2011; Islam et al. 2014). While cattle are the major
known reservoir of EHEC, other minor reservoirs include sheep, goats, pigs, horses,
dogs, poultry, and deer (Naylor et al. 2005a).

The persistence of EHEC O157:H7 in cattle may be due to its ability to colonize a
particular niche within the lower gastrointestinal tract (Grauke et al. 2002). Tissue
tropism for the colon has been demonstrated by immunofluorescent detection of
microcolonies on the lymphoid follicle-dense mucosa at the terminal rectum within
3–5 cm proximal to the recto-anal junction (Grauke et al. 2002; Naylor et al. 2003,
2005b). A correlation between recto-anal junction colonization and supershedder
status has been described (Cobbold et al. 2007; Low et al. 2005). Supershedding is
thought to be caused, in part, by an impaired innate and adaptive immune response in
rectal tissue due to the downregulation of relevant genes. EHEC’s ability to form a
biofilm on the bovine intestinal epithelium may be an additional factor contributing to
the supershedding phenomenon as portions of the biofilm may detach during defeca-
tion, allowing for the sporadic shedding of high numbers of bacteria (Munns et al.
2015). Furthermore, several fimbrial and afimbrial proteins expressed by EHEC O157
and non-O157 strains likely play a role in ruminant reservoir persistence (Farfan and
Torres 2012). In studies that used bovine terminal rectal primary epithelial cells, the
H7 flagellum was demonstrated to act as an adhesin to bovine intestinal epithelium,
supporting its involvement in initiating colonization of the cattle reservoir (Mahajan
et al. 2009). Additionally, proteins such as EhaB, ELF, HCP, and UpaG have been
shown to enhance intestinal adhesion by binding to laminin, an extracellular matrix
protein (Segura et al. 2018). Stx may also play a role in colonization and persistence by
blocking bovine lymphocyte activation and thus suppressing the bovine host’s
immune response to the intestinal colonization (Moussay et al. 2006).

11.4 EHEC in the Environment

EHEC can survive in bovine feces for a long time making feces (or manure) a likely
vehicle for transmission to cattle, food, and the environment. Survival in feces can
range from 1 to 18 weeks depending on the temperature (5–25 �C) (Fukushima et al.
1999). Several factors contributing to a prolonged survival of specific EHEC O157:
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H7 strains have been identified, including biofilm-formation and the ability to
activate genes promoting bacterial fitness in adverse environmental conditions
(Segura et al. 2018). Entry of EHEC to the environment may occur directly through
deposit of feces onto land or through drainage runoff of fecal material in soil,
especially after heavy rainfalls (Thurston-Enriquez et al. 2005). Moreover, under
experimental conditions, EHEC can even survive for more than 1 year in various
manure-amended soils at different temperatures (Fremaux et al. 2008). Long-term
survival of EHEC in lake water (13 weeks) and in cold river water (27 days) has also
been demonstrated (Wang and Doyle 1998; Maule 2000). This extended persistence
in the environment likely plays a significant role in the colonization of cattle and
subsequent human infection (Fremaux et al. 2008).

EHEC O157:H7 is also able to colonize various types of plants and fruits. For
example, EHEC O157:H7 has been shown to form bacterial aggregates on apples
(Janes et al. 2005) as well as on the surface of lettuce leaves (Seo and Frank 1999;
Auty et al. 2005). Furthermore, studies have found EHEC in the internal inner tissues
of plants, including radishes, carrots, and lettuce (Itoh et al. 1998; Solomon et al.
2002). These subsurface localizations may be protective to the bacteria as they are
inaccessible to other competitive bacteria as well as surface treatments and washing.
The growth rate of EHEC in leafy vegetables, sprouts, and soil has been found to
depend on the type of plant; however, growth was detected irrespective of the
serotype or the Stx carriage (Merget et al. 2020). Once attached to food items,
EHEC can remain viable for long periods of time, such as up to 9 months at room
temperature in wheat flour (Forghani et al. 2018) and over 6 months in meat products
frozen at �18 �C, even surviving freeze-thaw cycles (Ro et al. 2015).

11.5 EHEC Infections in Humans

After ingestion of EHEC, a 3- to 12-day incubation period is typically followed by
development of watery diarrhea accompanied with abdominal cramping and pain.
Approximately 90% of patients with culture-positive infection will subsequently
suffer from bloody diarrhea resulting from a hemorrhagic colitis caused by EHEC
(Karch et al. 2005). About 1 week after the initial onset of diarrhea, HUS develops in
a variable proportion of cases, depending on the causative EHEC strain serotype and
Stx subtype (Tarr et al. 2005). HUS patients present with widespread thrombotic
microvascular lesions in the kidneys, the gastrointestinal tract, and other organs
(Richardson et al. 1988). Since EHEC infections are rarely bacteremic, that is,
bacteria do not penetrate the circulatory system and are not found in patient blood
cultures (Bielaszewska and Karch 2005), it is hypothesized that HUS results from
vascular endothelial injury by circulating Stx. According to the generally accepted
model of HUS pathogenesis, Stx is released by EHEC in the intestine, absorbed
across the gut epithelium into the circulation (Hurley et al. 2001; Müthing et al.
2009), and transported to small vessel endothelial cells.

HUS is the most common cause of acute renal failure in children, with a 1–4%
mortality rate (Spinale et al. 2013; Karch et al. 2005). While 70% of EHEC-infected
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patients were fully recovered within 5 years after diagnosis, the remaining 30% still
experienced hypertension (9%), neurological symptoms (4%), decreased glomerular
filtration rate (7%), and/or proteinuria (18%) (Rosales et al. 2012). The occurrence of
extra-renal sequelae has also been reported, including colonic strictures, diabetes
mellitus, cholelithiasis, and neurological disorders (Spinale et al. 2013). There is
currently no effective therapy, and antibiotic treatment is mostly discouraged, as
in vitro data suggested that antibiotics used in an early phase of the infection might
increase the release of Stx by EHEC bacteria and thus induce HUS (Wong et al.
2000; Davis et al. 2013). In children, the risk of HUS development associated with
antibiotic treatment has been shown to reach up to 25% (Wong et al. 2012). In a first
round of a meta-analysis including all available studies, the association between
antibiotics and the development of HUS was initially questioned with a pooled Odds
Ratio (OR) of 1.33 (95% confidence interval [CI], 0.89–1.99). The re-analysis,
however, focusing only on studies with less bias risks and appropriate
HUS-definitions, yielded a significant association with an OR of 2.24 (95% CI,
1.45–3.46) (Freedman et al. 2016). In contrast to cattle, EHEC O157:H7 colonizes
humans only for a limited time of about 4 weeks (Karch 1996) (Fig. 1). Moreover, in
cattle many different EHEC O157:H7 subtypes can co-exist in a single animal
(Jacob et al. 2011), while human patients are infected mostly by a distinct O157:
H7 subtype.

EHEC O157:H7 is the most prevalent EHEC serotype identified as causative of
sporadic HUS cases (Tarr et al. 2005; Karch et al. 2005), though non-O157:H7
EHEC (especially O26:H11, O103:H2, O111:H8, O145:H28/H25 and sorbitol-
fermenting (SF) O157:H�) represent a significant portion of EHEC infections
leading to HUS complications (Karch et al. 2005; Mellmann et al. 2008;
Bielaszewska et al. 2013). In Europe, O26 is the serotype most commonly associated
with HUS development, accounting for 39% of all cases, followed by O157 with
23% (EFSA/ECDC 2021). Although EHEC strains are often considered as a
pathogroup, there may be important differences between serotypes (CDC 2006).

SF EHEC O157:H� represent a significant serotype in Europe which has not yet
been detected in North America. These strains are characterized by a specific

Fig. 1 Schematic illustration of EHEC O157:H7 infection in cattle and humans. In contrast to
cattle, EHEC O157:H7 colonizes humans only for a limited time of about 4 weeks. Moreover,
whereas in cattle many different EHEC O157:H7 subtypes can co-exist in a single animal, human
patients are infected mostly by a distinct O157:H7 subtype. Different EHEC O157:H7 subtypes are
indicated by different colors
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combination of their phenotypic and virulence characteristics that differentiates them
from classical non-SF EHEC O157:H7, including the ability to ferment sorbitol
overnight and produce β-D-glucuronidase (Karch and Bielaszewska 2001; Bauwens
et al. 2017). The sfp gene cluster, which encodes fimbriae and mediates mannose-
resistant hemagglutination, has been identified on the large plasmid of SF STEC
O157:H� and is notably absent in EHEC O157:H7 (Brunder et al. 2001).

The minimum infectious dose of EHEC in humans is extremely low, with
approximately 10–50 bacteria needed for colonization (Teunis et al. 2004). In meat
implicated as an outbreak source in the USA in 1993, there were less than 700 EHEC
O157:H7 bacterial cells per hamburger patty prior to cooking (Tuttle et al. 1999).
Moreover, a high degree of tolerance to acid and drying enables EHEC to survive
even in food items that rarely cause foodborne illness (e.g., apple cider, semi-dry
fermented sausage). Nonmeat products such as cookie dough, flour, and soy nut
butter have also been identified as sources of EHEC outbreaks, demonstrating the
complexity of transmission chains between animals and humans (Neil et al. 2012;
Hassan et al. 2019; Crowe et al. 2017). Three principal routes of transmission of
EHEC infection have been identified: (1) contaminated food and contaminated water
used for drinking or swimming, (2) person-to-person transmission, and (3) direct
animal contact. The latter was described for contact in petting zoos, on farms, and
within homes (e.g., housing domesticated sheep, goats, and other small animals like
cats and dogs) (Crump et al. 2002; Karch et al. 2005; Neil et al. 2012).

11.6 EHEC Outbreaks

EHEC is the cause of hundreds of outbreaks worldwide (Griffin et al. 1988; Michino
et al. 1999; Karch et al. 1999; Tack et al. 2021). Examples of large outbreaks caused
by EHEC O157:H7 and non-O157 are described in Tables 2 and 3, respectively.

After its discovery in 1982 as the causative agent of two unprecedented outbreaks
related to consumption of undercooked meat in the United States (Riley et al. 1983),
EHEC O157:H7 increasingly became acknowledged as a public health threat. As
observed in these early outbreaks, consumption of raw or undercooked food items of
bovine origin, particularly ground beef (hamburger), is a common mode of EHEC
O157:H7 transmission. Moreover, contaminated sprouted seeds, fruits, and leafy
greens, such as radish sprouts, lettuce, spinach, strawberries, as well as contaminated
water have been implicated in transmitting EHEC O157:H7 (Kintz et al. 2019;
Saxena et al. 2015).

One of the largest outbreaks occurred in 1996 in Sakai City, Japan (Watanabe
et al. 1996; Michino et al. 1999), where thousands were affected, mostly school
children. White radish sprouts served during school lunches were the most probable
vehicle of the infection. In the winter of 1992–1993, the largest outbreak of EHEC
O157:H7 in the United States affected 501 persons in four western states including
Washington, Idaho, Nevada, and California (Bell et al. 1994) where 45 persons,
mostly children, developed HUS and three children died. Hamburgers from a single
fast-food restaurant chain were identified as the vehicle of the infection (Bell et al.
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1994). The largest outbreak caused by EHEC O157:H7 contaminated drinking water
occurred in Canada in 2000. Approximately 2300 people became seriously ill and
seven died. In Europe, a large EHEC O157:H7 outbreak occurred in Central
Scotland in 1996; 345 people contracted an infection after consuming meat from a
single butcher’s shop and 16 died (Dundas et al. 2001). Foodborne transmission of
EHEC O157:H7 also plays an important role in healthcare facilities, as shown by an
outbreak in Japan associated with consumption of contaminated pickles from one
manufacturer, affecting a total of 94 residents in 10 different nursing homes (Tabuchi
et al. 2015). Similarly, outbreaks in childcare facilities have also been reported
(Kanayama et al. 2015).

Non-O157 EHEC strains representing a wide range of serotypes have caused
numerous large outbreaks, with the largest to-date occurring in Germany in 2011
associated with EHEC O104:H4 contaminated fenugreek sprouts (RKI 2011; Karch
et al. 2012). Here, the proportion of patients who developed HUS was significantly
higher than in O157-associated outbreaks (Tables 2 and 3). Similarly, 40% of
86 individuals affected by an EHEC O111 outbreak in 2015 in Japan involving
raw meat consumption became severely ill with HUS (Yahata et al. 2015).

11.7 Future Strategies and Unresolved Issues

Advances in rapid alert systems for the early detection of EHEC outbreaks have
created greater awareness for both the public and the clinical community. Moreover,
an increasing number of clinical microbiological laboratories routinely screen for
EHEC by detection of Stx-encoding genes and/or toxin production in cases of

Table 2 Example of outbreaks caused by EHEC O157:H7

Year Country Cases/HUS/deathsa Source Reference

1982 USA 47/0/0 Hamburgerb Riley et al. (1983)

1992–1993 USA 501/45/3 Hamburgerb Bell et al. (1994)

1996 Scotland 345/34/16 Meatb Dundas et al. (2001)

1996 Japan >6000/n.a./2 Radish sprouts Watanabe et al. (1996)

2000 Canada ~2300/28/7 Drinking waterb Hrudey et al. (2003)

2005 Sweden 135/11/0 Lettuce Söderström et al. (2008)

2006 USA 199/31/3 Spinachb CDC (2006)

2006 USA 77/7/0 Iceberg lettuce Sodha et al. (2011)

2011 USA 15/4/2 Strawberriesb Laidler et al. (2013)

2012 Japan 107/2/5 Pickled cabbage Tabuchi et al. (2015)

2015 USA 19/2/0 Rotisserie chicken saladb CDC (2015)

2017 USA 32/9/0 SoyNut Butterb CDC (2017)

2020 USA 40/4/0 Leafy greens CDC (2020)

n.a. not available
aTotal number of cases identified/number of HUS cases/number of deaths
bStrain isolated from the source
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bloody diarrhea or clinical HUS. Diagnosed cases are now legally required to be
reported in nearly every country. New high-resolution techniques including NGS are
becoming more accessible, which enable the rapid identification of outbreaks at the
earliest stages (Mellmann et al. 2011). In recent years, new approaches that integrate
NGS data and epidemiological information to establish national genomic surveil-
lance networks have been implemented in countries such as the USA, England, and
Germany to keep track of EHEC cases, enhancing outbreak detection (FDA 2021;
Jenkins et al. 2019; WWU/RKI/FZB 2021). With strain linkage analyses, common
sources of infection can be identified accurately and rapidly. Moreover, microevo-
lutionary models of important non-O157 EHEC could already be developed
(Eichhorn et al. 2018). This is especially important nowadays when foodborne
outbreaks less frequently follow the “church picnic” model, in which small isolated

Table 3 Examples of outbreaks caused by non-O157 EHEC

Year Serotype Country Cases/HUS/deathsa Source Reference

1994 O104:H21 USA 18/0/0 Past. cow milk CDC (1995)

1995 O111:H� Australia n.a./20/1 Sausageb,c Paton et al.
(1996)

1999 O111:H8 USA 55/2/0 Salad bar Brooks et al.
(2004)

2001 O26:H11 Germany 11/0/0 Beef Werber et al.
(2002)

2004 O111:H� USA 27/0/0 Apple cider Schaffzin et al.
(2012)

2006 O103:H25 Norway 17/10/1 Mutton sausageb Schimmer
et al. (2008)

2007 O26:H11 Denmark 20/0/0 Beef sausageb Ethelberg
et al. (2009)

2007 O145 and
O26

Belgium 12/5/0 Ice creamb De Schrijver
et al. (2008)

2009 O145:H28 Norway 16/0/0 Sheep Wahl et al.
(2011)

2010 O145:H� USA 33/3/0 Romanian lettuceb CDC (2010)

2011 O104:H4 Germany 3842/855/53 Fenugreek sprouts RKI (2011)

2011 O111 Japan 86/34/5 Raw beef d Yahata et al.
(2015)

2016 O26 USA 60/0/0 Mexican grill restaurants,
ingredient not identified

CDC (2016)

2019 O26 USA 21/0/0 Flourb CDC (2019)

2019 O26 France 16/14/0 Raw cow milk cheese Jones et al.
(2019)

2021 O121 USA 16/1/0 Cake mixb CDC (2021)

n.a. not available
aTotal number of cases identified/number of HUS cases/number of deaths
bStrain isolated from the source
c“Mettwurst,” German sausage made from raw minced pork
d“Yukhoe,” Korean raw beef dish
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clusters of illness can easily be identified with case interviews and more frequently
result from the dissemination of (industrially produced) vehicles that are contami-
nated by relatively low levels of pathogens. In a globalized world, food safety has
also gained a global dimension. Livestock and food production crosses regional and
national borders, which facilitates large-scale EHEC outbreaks across vast geograph-
ical areas. In this context, NGS is a valuable tool to understand complex transmission
chains (Fung et al. 2018; Jagadeesan et al. 2019).

Another area where considerable efforts are being expended is improvement of
farming practices and environmental factors that affect colonization of animals with
EHEC. EHEC transmits readily between ruminants in the farm setting and wild
animals can represent important vectors. For many years, the cattle industry and
researchers have focused on improving the safety of meat products after slaughter.
Post-slaughter antiseptic treatments of carcasses and HACCP policies in slaughter
plants have been shown to significantly reduce meat contamination (Elder et al.
2000). Alternatively, probiotic bacteria could contribute to colonization control in
cattle by producing metabolites that are inhibitory to EHEC. The addition of
probiotics, such as Lactobacillus acidophilus (Sargeant et al. 2007; Stephens et al.
2007; Peterson et al. 2007; Younts-Dahl et al. 2005) and Propionibacterium
freudenreichii (Sargeant et al. 2007), to animal feeds has been shown to effectively
reduce fecal EHEC O157 shedding. Environmental contamination has been attained
by applying soil solarization, with studies describing a >3.0-log reduction of EHEC
O157 after 6 weeks of soil treatment (Berry and Wells 2012).

Due to the widespread distribution of EHEC O157 and non-O157 in cattle, its
control will require intervention at the individual farm level. Vaccination approaches
could be useful in controlling EHEC colonization among cattle, thus reducing the
risk of human infection. Statistical models estimate that a vaccine efficacy of 60%
would be required to effectively reduce infection rates in a herd (Wood et al. 2006).
While use of these vaccines could reduce the risk of EHEC in cattle by 50%, this
translates to approximately 85% reduction in human cases (Matthews et al. 2013).
Different vaccine candidates have been developed, including compounds based on
antibodies against Stx, as well as bacterial components such as proteins, peptides,
DNA, and polysaccharides (Rojas-Lopez et al. 2018). Furthermore, plant-based
vaccines have shown to effectively reduce EHEC shedding in animal models
(Miletic et al. 2017). Two vaccines against EHEC O157:H7, which have been
approved for use in cattle in Canada and the USA, have demonstrated a significant
decrease in EHEC colonization and fecal load (O’Ryan et al. 2015). These vaccines
have not yet been widely accepted by farmers, however, due to several factors
including burden of responsibility and lack of economic return as vaccinated cattle
has no added value over unvaccinated animals in the market (Matthews et al. 2013;
Smith 2014). Still, more research is needed to develop viable strategies targeting the
different factors that contribute to EHEC transmission (cattle, food, person-to-person
spread, etc.) to work towards better control of EHEC.

Further research is also needed to address effective therapies for humans upon
EHEC infection. Experimental investigations have focused on the use of Stx recep-
tor analogs and Stx-specific antibodies. Pharmacokinetic and clinical factors,

11 Enterohemorrhagic E. coli (EHEC): Environmental-Vehicle-Human Interface 365



limitations with extrapolation of results from research in animal models to human
cases, and the low availability of patients for phase III clinical trials continue to
significantly hinder the development of EHEC-specific therapeutic agents (Mühlen
and Dersch 2020).

References

Auty M, Duffy G, O’Beirne D, McGovern A, Gleeson E, Jordan K (2005) In situ localization of
Escherichia coli O157:H7 in food by confocal scanning laser microscopy. J Food Prot 68:482–
486

Bauwens A, Betz J, Meisen I, Kemper B, Karch H, Müthing J (2013) Facing glycosphingolipid-
Shiga toxin interaction: dire straits for endothelial cells of the human vasculature. Cell Mol Life
Sci 70:425–457

Bauwens A, Marejková M, Middendorf-Bauchart B, Prager R, Kossow A, Zhang W, Karch H,
Mellmann A, Bielaszewska M (2017) Sorbitol-fermenting enterohemorrhagic Escherichia coli
O157:H(�) isolates from Czech patients with novel plasmid composition not previously seen in
German isolates. Appl Environ Microbiol 16:83

Bell BP, Goldoft M, Griffin PM, Davis MA, Gordon DC, Tarr PI, Bartleson CA, Lewis JH, Barrett
TJ, Wells JG et al (1994) A multistate outbreak of Escherichia coli O157:H7-associated bloody
diarrhea and hemolytic uremic syndrome from hamburgers. The Washington experience. JAMA
272:1349–1353

Bergan J, Dyve Lingelem AB, Simm R, Skotland T, Sandvig K (2012) Shiga toxins. Toxicon 60:
1085–1107

Berry ED, Wells JE (2012) Soil solarization reduces Escherichia coli O157:H7 and total
Escherichia coli on cattle feedlot pen surfaces. J Food Prot 75:7–13

Bielaszewska M, Karch H (2005) Consequences of enterohaemorrhagic Escherichia coli infection
for the vascular endothelium. Thromb Haemost 94:312–318

Bielaszewska M, Köck R, Friedrich AW, von Eiff C, Zimmerhackl LB, Karch H, Mellmann A
(2007) Shiga toxin-mediated hemolytic uremic syndrome: time to change the diagnostic para-
digm? PLoS One 2:e1024

Bielaszewska M, Mellmann A, Bletz S, Zhang W, Köck R, Kossow A, Prager R, Fruth A, Orth-
Höller D, Marejková M, Morabito S, Caprioli A, Piérard D, Smith G, Jenkins C, Curová K,
Karch H (2013) Enterohemorrhagic Escherichia coli O26:H11/H�: a new virulent clone
emerges in Europe. Clin Infect Dis 56:1373–1381

Brooks JT, Bergmire-Sweat D, Kennedy M, Hendricks K, Garcia M, Marengo L, Wells J, Ying M,
Bibb W, Griffin PM, Hoekstra RM, Friedman CR (2004) Outbreak of Shiga toxin-producing
Escherichia coli O111:H8 infections among attendees of a high school cheerleading camp. Clin
Infect Dis 38:190–198

Brunder W, Khan AS, Hacker J, Karch H (2001) Novel type of fimbriae encoded by the large
plasmid of sorbitol-fermenting enterohemorrhagic Escherichia coli O157:H(�). Infect Immun
69:4447–4457

CDC (1995) Outbreak of acute gastroenteritis attributable to Escherichia coli serotype O104:H21 –
Helena, Montana, 1994. MMWR Morb Mortal Wkly Rep 44:501–503

CDC (2006) Update on multi-state outbreak of E. coli O157:H7 infections from Fresh spinach
[online]. Available: http://www.cdc.gov/ecoli/2006/september/updates/100606.htm. Accessed
6 Oct 2006

CDC (2010) Investigation update: multistate outbreak of human E. coli O145 infections linked to
shredded Romaine lettuce from a single processing facility [online]. Available: http://www.cdc.
gov/ecoli/2010/ecoli_o145/index.html?s_cid¼ccu051010_006. Accessed 4 Oct 2014

CDC (2015) Multistate outbreak of Shiga toxin-producing Escherichia coli O157:H7 infections
linked to Costco Rotisserie Chicken Salad (final update) [online]. Available: https://www.cdc.
gov/ecoli/2015/o157h7-11-15/index.html. Accessed 9 Sept 2021

366 C. L. Correa-Martinez et al.



CDC (2016) Multistate outbreaks of Shiga toxin-producing Escherichia coli O26 infections linked
to Chipotle Mexican Grill restaurants (final update) [online]. Available: https://www.cdc.gov/
ecoli/2015/o26-11-15/index.html. Accessed 9 Sept 2021

CDC (2017) Multistate outbreak of Shiga toxin-producing Escherichia coli O157:H7 infections
linked to I.M. Healthy Brand SoyNut Butter (final update) [online]. Available: https://www.cdc.
gov/ecoli/2017/o157h7-03-17/index.html. Accessed 9 Sept 2021

CDC (2019) Outbreak of E. coli infections linked to flour [online]. Available: https://www.cdc.gov/
ecoli/2019/flour-05-19/index.html. Accessed 9 Sept 2021

CDC (2020) Outbreak of E. coli infections linked to leafy greens [online]. Available: https://www.
cdc.gov/ecoli/2020/o157h7-10-20b/index.html. Accessed 9 Sept 2021

CDC (2021) E. coli outbreak linked to cake mix [online]. Available: https://www.cdc.gov/ecoli/
2021/o121-07-21/index.html. Accessed 9 Sept 2021

Cobbaut K, Berkvens D, Houf K, De Deken R, De Zutter L (2009) Escherichia coli O157
prevalence in different cattle farm types and identification of potential risk factors. J Food
Prot 72:1848–1853

Cobbold RN, Hancock DD, Rice DH, Berg J, Stilborn R, Hovde CJ, Besser TE (2007) Rectoanal
junction colonization of feedlot cattle by Escherichia coli O157:H7 and its association with
supershedders and excretion dynamics. Appl Environ Microbiol 73:1563–1568

Crowe SJ, Bottichio L, Shade LN, Whitney BM, Corral N, Melius B, Arends KD, Donovan D,
Stone J, Allen K, Rosner J, Beal J, Whitlock L, Blackstock A, Wetherington J, Newberry LA,
Schroeder MN, Wagner D, Trees E, Viazis S, Wise ME, Neil KP (2017) Shiga toxin-producing
E. coli infections associated with flour. N Engl J Med 377:2036–2043

Croxen MA, Law RJ, Scholz R, Keeney KM, Wlodarska M, Finlay BB (2013) Recent advances in
understanding enteric pathogenic Escherichia coli. Clin Microbiol Rev 26:822–880

Crump JA, Sulka AC, Langer AJ, Schaben C, Crielly AS, Gage R, Baysinger M, Moll M,
Withers G, Toney DM, Hunter SB, Hoekstra RM, Wong SK, Griffin PM, Van Gilder TJ
(2002) An outbreak of Escherichia coli O157:H7 infections among visitors to a dairy farm. N
Engl J Med 347:555–560

Davis TK, McKee R, Schnadower D, Tarr PI (2013) Treatment of Shiga toxin-producing
Escherichia coli infections. Infect Dis Clin N Am 27:577–597

De Schrijver K, Buvens G, Possé B, Van den Branden D, Oosterlynck O, De Zutter L, Eilers K,
Piérard D, Dierick K, Van Damme-Lombaerts R, Lauwers C, Jacobs R (2008) Outbreak of
verocytotoxin-producing E. coli O145 and O26 infections associated with the consumption of
ice cream produced at a farm, Belgium, 2007. Euro Surveill 13:8041

Dean-Nystrom EA, Bosworth BT, Cray WC Jr, Moon HW (1997) Pathogenicity of Escherichia coli
O157:H7 in the intestines of neonatal calves. Infect Immun 65:1842–1848

Dundas S, Todd WT, Stewart AI, Murdoch PS, Chaudhuri AK, Hutchinson SJ (2001) The central
Scotland Escherichia coli O157:H7 outbreak: risk factors for the hemolytic uremic syndrome
and death among hospitalized patients. Clin Infect Dis 33:923–931

EFSA/ECDC (2021) The European Union One Health 2019 zoonoses report. EFSA J 19:e06406
Eichhorn I, Semmler T, Mellmann A, Pickard D, Anjum MF, Fruth A, Karch H, Wieler LH (2018)

Microevolution of epidemiological highly relevant non-O157 enterohemorrhagic Escherichia
coli of serogroups O26 and O111. Int J Med Microbiol 308:1085–1095

Elder RO, Keen JE, Siragusa GR, Barkocy-Gallagher GA, Koohmaraie M, Laegreid WW (2000)
Correlation of enterohemorrhagic Escherichia coli O157 prevalence in feces, hides, and car-
casses of beef cattle during processing. Proc Natl Acad Sci U S A 97:2999–3003

Ethelberg S, Smith B, Torpdahl M, Lisby M, Boel J, Jensen T, Nielsen EM, Mølbak K (2009)
Outbreak of non-O157 Shiga toxin-producing Escherichia coli infection from consumption of
beef sausage. Clin Infect Dis 48:e78–e81

Farfan MJ, Torres AG (2012) Molecular mechanisms that mediate colonization of Shiga toxin-
producing Escherichia coli strains. Infect Immun 80:903–913

FDA (2021) Whole genome sequencing (WGS) program [online]. Available: https://www.fda.gov/
food/science-research-food/whole-genome-sequencing-wgs-program. Accessed 1 Mar 2022

Ferdous M, Zhou K, Mellmann A, Morabito S, Croughs PD, de Boer RF, Kooistra-Smid AM,
Rossen JW, Friedrich AW (2015) Is Shiga toxin-negative Escherichia coli O157:H7

11 Enterohemorrhagic E. coli (EHEC): Environmental-Vehicle-Human Interface 367



enteropathogenic or enterohemorrhagic Escherichia coli? Comprehensive molecular analysis
using whole-genome sequencing. J Clin Microbiol 53:3530–3538

Ferens WA, Hovde CJ (2011) Escherichia coli O157:H7: animal reservoir and sources of human
infection. Foodborne Pathog Dis 8:465–487

Forghani F, den Bakker M, Futral AN, Diez-Gonzalez F (2018) Long-term survival and thermal
death kinetics of enterohemorrhagic Escherichia coli serogroups O26, O103, O111, and O157 in
wheat flour. Appl Environ Microbiol 84:e00283-18

Freedman SB, Xie J, Neufeld MS, Hamilton WL, Hartling L, Tarr PI, Nettel-Aguirre A, Chuck A,
Lee B, Johnson D, Currie G, Talbot J, Jiang J, Dickinson J, Kellner J, MacDonald J, Svenson L,
Chui L, Louie M, Lavoie M, Eltorki M, Vanderkooi O, Tellier R, Ali S, Drews S, Graham T,
Pang XL (2016) Shiga toxin-producing Escherichia coli infection, antibiotics, and risk of
developing hemolytic uremic syndrome: a meta-analysis. Clin Infect Dis 62:1251–1258

Fremaux B, Prigent-Combaret C, Vernozy-Rozand C (2008) Long-term survival of Shiga toxin-
producing Escherichia coli in cattle effluents and environment: an updated review. Vet Micro-
biol 132:1–18

Fukushima H, Hoshina K, Gomyoda M (1999) Long-term survival of Shiga toxin-producing
Escherichia coli O26, O111, and O157 in bovine feces. Appl Environ Microbiol 65:5177–5181

Fung F, Wang HS, Menon S (2018) Food safety in the 21st century. Biomed J 41:88–95
Grauke LJ, Kudva IT, Yoon JW, Hunt CW, Williams CJ, Hovde CJ (2002) Gastrointestinal tract

location of Escherichia coli O157:H7 in ruminants. Appl Environ Microbiol 68:2269–2277
Griffin PM, Ostroff SM, Tauxe RV, Greene KD, Wells JG, Lewis JH, Blake PA (1988) Illnesses

associated with Escherichia coli O157:H7 infections. A broad clinical spectrum. Ann Intern
Med 109:705–712

Hassan R, Seelman S, Peralta V, Booth H, Tewell M, Melius B, Whitney B, Sexton R, Dwarka A,
Vugia D, Vidanes J, Kiang D, Gonzales E, Dowell N, Olson SM, Gladney LM, Jhung MA, Neil
KP (2019) A multistate outbreak of E. coli O157:H7 infections linked to soy nut butter.
Pediatrics 144:e20183978

Hrudey SE, Payment P, Huck PM, Gillham RW, Hrudey EJ (2003) A fatal waterborne disease
epidemic in Walkerton, Ontario: comparison with other waterborne outbreaks in the developed
world. Water Sci Technol 47:7–14

Hurley BP, Thorpe CM, Acheson DW (2001) Shiga toxin translocation across intestinal epithelial
cells is enhanced by neutrophil transmigration. Infect Immun 69:6148–6155

Islam MZ, Musekiwa A, Islam K, Ahmed S, Chowdhury S, Ahad A, Biswas PK (2014) Regional
variation in the prevalence of E. coli O157 in cattle: a meta-analysis and meta-regression. PLoS
One 9:e93299

Itoh Y, Sugita-Konishi Y, Kasuga F, Iwaki M, Hara-Kudo Y, Saito N, Noguchi Y, Konuma H,
Kumagai S (1998) Enterohemorrhagic Escherichia coliO157:H7 present in radish sprouts. Appl
Environ Microbiol 64:1532–1535

Jacob ME, Almes KM, Shi X, Sargeant JM, Nagaraja TG (2011) Escherichia coli O157:H7 genetic
diversity in bovine fecal samples. J Food Prot 74:1186–1188

Jagadeesan B, Gerner-Smidt P, Allard MW, Leuillet S, Winkler A, Xiao Y, Chaffron S, Van Der
Vossen J, Tang S, Katase M, McClure P, Kimura B, Ching Chai L, Chapman J, Grant K (2019)
The use of next generation sequencing for improving food safety: translation into practice. Food
Microbiol 79:96–115

Janes ME, Kim KS, Johnson MG (2005) Transmission electron microscopy study of enterohe-
morrhagic Escherichia coli O157:H7 in apple tissue. J Food Prot 68:216–224

Jenkins C, Dallman TJ, Grant KA (2019) Impact of whole genome sequencing on the investigation
of food-borne outbreaks of Shiga toxin-producing Escherichia coli serogroup O157:H7,
England, 2013 to 2017. Euro Surveill 24:1800346

Jones G, Lefèvre S, Donguy MP, Nisavanh A, Terpant G, Fougère E, Vaissière E, Guinard A,
Mailles A, de Valk H, Fila M, Tanné C, Le Borgne C, Weill FX, Bonacorsi S, Jourdan-Da
Silva N, Mariani-Kurkdjian P (2019) Outbreak of Shiga toxin-producing Escherichia coli
(STEC) O26 paediatric haemolytic uraemic syndrome (HUS) cases associated with the con-
sumption of soft raw cow’s milk cheeses, France, March to May 2019. Euro Surveill 24:
1900305

368 C. L. Correa-Martinez et al.



Joseph A, Cointe A, Mariani Kurkdjian P, Rafat C, Hertig A (2020) Shiga toxin-associated
hemolytic uremic syndrome: a narrative review. Toxins 12:67

Kampmeier S, Berger M, Mellmann A, Karch H, Berger P (2018) The 2011 German enterohe-
morrhagic Escherichia coli O104:H4 outbreak-the danger is still out there. Curr Top Microbiol
Immunol 416:117–148

Kanayama A, Yahata Y, Arima Y, Takahashi T, Saitoh T, Kanou K, Kawabata K, Sunagawa T,
Matsui T, Oishi K (2015) Enterohemorrhagic Escherichia coli outbreaks related to childcare
facilities in Japan, 2010–2013. BMC Infect Dis 15:539

Karch H (1996) Control of enterohaemorrhagic Escherichia coli infection: the need for a network
involving microbiological laboratories and clinical and public health institutions. Eur J Clin
Microbiol Infect Dis 15:276–280

Karch H, Bielaszewska M (2001) Sorbitol-fermenting Shiga toxin-producing Escherichia coli
O157:H(�) strains: epidemiology, phenotypic and molecular characteristics, and microbiolog-
ical diagnosis. J Clin Microbiol 39:2043–2049

Karch H, Bielaszewska M, Bitzan M, Schmidt H (1999) Epidemiology and diagnosis of Shiga
toxin-producing Escherichia coli infections. Diagn Microbiol Infect Dis 34:229–243

Karch H, Tarr PI, Bielaszewska M (2005) Enterohaemorrhagic Escherichia coli in human medicine.
Int J Med Microbiol 295:405–418

Karch H, Mellmann A, Bielaszewska M (2009) Epidemiology and pathogenesis of enterohae-
morrhagic Escherichia coli. Berl Munch Tierarztl Wochenschr 122:417–424

Karch H, Denamur E, Dobrindt U, Finlay BB, Hengge R, Johannes L, Ron EZ, Tønjum T,
Sansonetti PJ, Vicente M (2012) The enemy within us: lessons from the 2011 European
Escherichia coli O104:H4 outbreak. EMBO Mol Med 4:841–848

Kintz E, Byrne L, Jenkins C, Mc CN, Vivancos R, Hunter P (2019) Outbreaks of Shiga toxin-
producing Escherichia coli linked to sprouted seeds, salad, and leafy greens: a systematic
review. J Food Prot 82:1950–1958

Kolenda R, Burdukiewicz M, Schierack P (2015) A systematic review and meta-analysis of the
epidemiology of pathogenic Escherichia coli of calves and the role of calves as reservoirs for
human pathogenic E. coli. Front Cell Infect Microbiol 5:23

Laidler MR, Tourdjman M, Buser GL, Hostetler T, Repp KK, Leman R, Samadpour M, Keene WE
(2013) Escherichia coli O157:H7 infections associated with consumption of locally grown
strawberries contaminated by deer. Clin Infect Dis 57:1129–1134

Low JC, McKendrick IJ, McKechnie C, Fenlon D, Naylor SW, Currie C, Smith DG, Allison L,
Gally DL (2005) Rectal carriage of enterohemorrhagic Escherichia coli O157 in slaughtered
cattle. Appl Environ Microbiol 71:93–97

Mahajan A, Currie CG, Mackie S, Tree J, McAteer S, McKendrick I, McNeilly TN, Roe A, La
Ragione RM, Woodward MJ, Gally DL, Smith DG (2009) An investigation of the expression
and adhesin function of H7 flagella in the interaction of Escherichia coli O157:H7 with bovine
intestinal epithelium. Cell Microbiol 11:121–137

Matthews L, Reeve R, Gally DL, Low JC, Woolhouse ME, McAteer SP, Locking ME, Chase-
Topping ME, Haydon DT, Allison LJ, Hanson MF, Gunn GJ, Reid SW (2013) Predicting the
public health benefit of vaccinating cattle against Escherichia coliO157. Proc Natl Acad Sci U S
A 110:16265–16270

Maule A (2000) Survival of verocytotoxigenic Escherichia coliO157 in soil, water and on surfaces.
Symp Ser Soc Appl Microbiol 2000:71s–78s

Mellmann A, Bielaszewska M, Zimmerhackl LB, Prager R, Harmsen D, Tschäpe H, Karch H
(2005) Enterohemorrhagic Escherichia coli in human infection: in vivo evolution of a bacterial
pathogen. Clin Infect Dis 41:785–792

Mellmann A, Bielaszewska M, Köck R, Friedrich AW, Fruth A, Middendorf B, Harmsen D,
Schmidt MA, Karch H (2008) Analysis of collection of hemolytic uremic syndrome-associated
enterohemorrhagic Escherichia coli. Emerg Infect Dis 14:1287–1290

Mellmann A, Bielaszewska M, Karch H (2009) Intrahost genome alterations in enterohemorrhagic
Escherichia coli. Gastroenterology 136:1925–1938

Mellmann A, Harmsen D, Cummings CA, Zentz EB, Leopold SR, Rico A, Prior K,
Szczepanowski R, Ji Y, Zhang W, McLaughlin SF, Henkhaus JK, Leopold B,

11 Enterohemorrhagic E. coli (EHEC): Environmental-Vehicle-Human Interface 369



Bielaszewska M, Prager R, Brzoska PM, Moore RL, Guenther S, Rothberg JM, Karch H (2011)
Prospective genomic characterization of the German enterohemorrhagic Escherichia coli O104:
H4 outbreak by rapid next generation sequencing technology. PLoS One 6:e22751

Menrath A, Wieler LH, Heidemanns K, Semmler T, Fruth A, Kemper N (2010) Shiga toxin
producing Escherichia coli: identification of non-O157:H7-Super-Shedding cows and related
risk factors. Gut Pathog 2:7

Merget B, Dobrindt U, Forbes KJ, Strachan NJC, Brennan F, Holden NJ (2020) Variability in
growth responses of non-O157 EHEC isolates in leafy vegetables, sprouted seeds and soil
extracts occurs at the isolate level. FEMS Microbiol Lett 367:30

Michino H, Araki K, Minami S, Takaya S, Sakai N, Miyazaki M, Ono A, Yanagawa H (1999)
Massive outbreak of Escherichia coli O157:H7 infection in schoolchildren in Sakai City, Japan,
associated with consumption of white radish sprouts. Am J Epidemiol 150:787–796

Miletic S, Hünerberg M, Kaldis A, MacDonald J, Leuthreau A, McAllister T, Menassa R (2017) A
plant-produced candidate subunit vaccine reduces shedding of enterohemorrhagic Escherichia
coli in ruminants. Biotechnol J 12:405

Moussay E, Stamm I, Taubert A, Baljer G, Menge C (2006) Escherichia coli Shiga toxin 1 enhances
il-4 transcripts in bovine ileal intraepithelial lymphocytes. Vet Immunol Immunopathol 113:
367–382

Moxley RA (2000) Edema disease. Vet Clin North Am Food Anim Pract 16:175–185
Mühlen S, Dersch P (2020) Treatment strategies for infections with Shiga toxin-producing

Escherichia coli. Front Cell Infect Microbiol 10:169
Munns KD, Selinger LB, Stanford K, Guan L, Callaway TR, McAllister TA (2015) Perspectives on

super-shedding of Escherichia coli O157:H7 by cattle. Foodborne Pathog Dis 12:89–103
Müthing J, Schweppe CH, Karch H, Friedrich AW (2009) Shiga toxins, glycosphingolipid diver-

sity, and endothelial cell injury. Thromb Haemost 101:252–264
Naylor SW, Low JC, Besser TE, Mahajan A, Gunn GJ, Pearce MC, McKendrick IJ, Smith DG,

Gally DL (2003) Lymphoid follicle-dense mucosa at the terminal rectum is the principal site of
colonization of enterohemorrhagic Escherichia coli O157:H7 in the bovine host. Infect Immun
71:1505–1512

Naylor SW, Gally DL, Low JC (2005a) Enterohaemorrhagic E. coli in veterinary medicine. Int J
Med Microbiol 295:419–441

Naylor SW, Roe AJ, Nart P, Spears K, Smith DGE, Low JC, Gally DL (2005b) Escherichia coli
O157:H7 forms attaching and effacing lesions at the terminal rectum of cattle and colonization
requires the LEE4 operon. Microbiology 151:2773–2781

Neil KP, Biggerstaff G, MacDonald JK, Trees E, Medus C, Musser KA, Stroika SG, Zink D, Sotir
MJ (2012) A novel vehicle for transmission of Escherichia coli O157:H7 to humans: multistate
outbreak of E. coli O157:H7 infections associated with consumption of ready-to-bake commer-
cial prepackaged cookie dough – United States, 2009. Clin Infect Dis 54:511–518

O’Ryan M, Vidal R, del Canto F, Carlos Salazar J, Montero D (2015) Vaccines for viral and
bacterial pathogens causing acute gastroenteritis: part II: vaccines for Shigella, Salmonella,
enterotoxigenic E. coli (ETEC) enterohemorragic E. coli (EHEC) and Campylobacter jejuni.
Hum Vaccin Immunother 11:601–619

Paton AW, Ratcliff RM, Doyle RM, Seymour-Murray J, Davos D, Lanser JA, Paton JC (1996)
Molecular microbiological investigation of an outbreak of hemolytic-uremic syndrome caused
by dry fermented sausage contaminated with Shiga-like toxin-producing Escherichia coli. J Clin
Microbiol 34:1622–1627

Peterson RE, Klopfenstein TJ, Erickson GE, Folmer J, Hinkley S, Moxley RA, Smith DR (2007)
Effect of Lactobacillus acidophilus strain NP51 on Escherichia coli O157:H7 fecal shedding
and finishing performance in beef feedlot cattle. J Food Prot 70:287–291

Richardson SE, Karmali MA, Becker LE, Smith CR (1988) The histopathology of the hemolytic
uremic syndrome associated with verocytotoxin-producing Escherichia coli infections. Hum
Pathol 19:1102–1108

Riley LW, Remis RS, Helgerson SD, McGee HB, Wells JG, Davis BR, Hebert RJ, Olcott ES,
Johnson LM, Hargrett NT, Blake PA, Cohen ML (1983) Hemorrhagic colitis associated with a
rare Escherichia coli serotype. N Engl J Med 308:681–685

370 C. L. Correa-Martinez et al.



RKI (2011) Abschlussbericht zum EHEC/HUS-Ausbruch [online]. Available: https://www.rki.de/DE/
Content/InfAZ/E/EHEC/EHEC_O104/EHEC-Abschlussbericht.pdf?__blob¼publicationFile.Accessed
9 Sept 2011

Ro EY, Ko YM, Yoon KS (2015) Survival of pathogenic enterohemorrhagic Escherichia coli
(EHEC) and control with calcium oxide in frozen meat products. Food Microbiol 49:203–210

Rojas-Lopez M, Monterio R, Pizza M, Desvaux M, Rosini R (2018) Intestinal pathogenic
Escherichia coli: insights for vaccine development. Front Microbiol 9:440

Rosales A, Hofer J, Zimmerhackl LB, Jungraithmayr TC, Riedl M, Giner T, Strasak A, Orth-
Höller D, Würzner R, Karch H (2012) Need for long-term follow-up in enterohemorrhagic
Escherichia coli-associated hemolytic uremic syndrome due to late-emerging sequelae. Clin
Infect Dis 54:1413–1421

Sandvig K, Bergan J, Dyve AB, Skotland T, Torgersen ML (2010) Endocytosis and retrograde
transport of Shiga toxin. Toxicon 56:1181–1185

Sargeant JM, Amezcua MR, Rajic A, Waddell L (2007) Pre-harvest interventions to reduce the
shedding of E. coli O157 in the faeces of weaned domestic ruminants: a systematic review.
Zoonoses Public Health 54:260–277

Saxena T, Kaushik P, Krishna Mohan M (2015) Prevalence of E. coli O157:H7 in water sources: an
overview on associated diseases, outbreaks and detection methods. Diagn Microbiol Infect Dis
82:249–264

Schaffzin JK, Coronado F, Dumas NB, Root TP, Halse TA, Schoonmaker-Bopp DJ, Lurie MM,
Nicholas D, Gerzonich B, Johnson GS, Wallace BJ, Musser KA (2012) Public health approach
to detection of non-O157 Shiga toxin-producing Escherichia coli: summary of two outbreaks
and laboratory procedures. Epidemiol Infect 140:283–289

Scheutz F, Teel LD, Beutin L, Piérard D, Buvens G, Karch H, Mellmann A, Caprioli A, Tozzoli R,
Morabito S, Strockbine NA, Melton-Celsa AR, Sanchez M, Persson S, O’Brien AD (2012)
Multicenter evaluation of a sequence-based protocol for subtyping Shiga toxins and standard-
izing Stx nomenclature. J Clin Microbiol 50:2951–2963

Schimmer B, Nygard K, Eriksen HM, Lassen J, Lindstedt BA, Brandal LT, Kapperud G, Aavitsland
P (2008) Outbreak of haemolytic uraemic syndrome in Norway caused by stx2-positive
Escherichia coli O103:H25 traced to cured mutton sausages. BMC Infect Dis 8:41

Segura A, Auffret P, Bibbal D, Bertoni M, Durand A, Jubelin G, Kérourédan M, Brugère H, Bertin Y,
Forano E (2018) Factors involved in the persistence of a Shiga toxin-producing Escherichia coli
O157:H7 strain in bovine feces and gastro-intestinal content. Front Microbiol 9:375

Seo KH, Frank JF (1999) Attachment of Escherichia coli O157:H7 to lettuce leaf surface and
bacterial viability in response to chlorine treatment as demonstrated by using confocal scanning
laser microscopy. J Food Prot 62:3–9

Smith DR (2014) Vaccination of cattle against Escherichia coli O157:H7. Microbiol Spectr 2:6
Söderström A, Osterberg P, Lindqvist A, Jönsson B, Lindberg A, Blide Ulander S, Welinder-

Olsson C, Löfdahl S, Kaijser B, De Jong B, Kühlmann-Berenzon S, Boqvist S, Eriksson E,
Szanto E, Andersson S, Allestam G, Hedenström I, Ledet Muller L, Andersson Y (2008) A large
Escherichia coli O157 outbreak in Sweden associated with locally produced lettuce. Foodborne
Pathog Dis 5:339–349

Sodha SV, Lynch M, Wannemuehler K, Leeper M, Malavet M, Schaffzin J, Chen T, Langer A,
Glenshaw M, Hoefer D, Dumas N, Lind L, Iwamoto M, Ayers T, Nguyen T, Biggerstaff M,
Olson C, Sheth A, Braden C (2011) Multistate outbreak of Escherichia coli O157:H7 infections
associated with a national fast-food chain, 2006: a study incorporating epidemiological and food
source traceback results. Epidemiol Infect 139:309–316

Solomon EB, Yaron S, Matthews KR (2002) Transmission of Escherichia coli O157:H7 from
contaminated manure and irrigation water to lettuce plant tissue and its subsequent internaliza-
tion. Appl Environ Microbiol 68:397–400

Spinale JM, Ruebner RL, Copelovitch L, Kaplan BS (2013) Long-term outcomes of Shiga toxin
hemolytic uremic syndrome. Pediatr Nephrol 28:2097–2105

Stephens TP, Loneragan GH, Karunasena E, Brashears MM (2007) Reduction of Escherichia coli
O157 and Salmonella in feces and on hides of feedlot cattle using various doses of a direct-fed
microbial. J Food Prot 70:2386–2391

11 Enterohemorrhagic E. coli (EHEC): Environmental-Vehicle-Human Interface 371



Tabuchi A, Wakui T, Yahata Y, Yano K, Azuma K, Yamagishi T, Nakashima K, Sunagawa T,
Matsui T, Oishi K (2015) A large outbreak of enterohaemorrhagic Escherichia coli O157,
caused by low-salt pickled Napa cabbage in nursing homes, Japan, 2012. Western Pac Surveill
Response J 6:7–11

Tack DM, Kisselburgh HM, Richardson LC, Geissler A, Griffin PM, Payne DC, Gleason BL (2021)
Shiga toxin-producing Escherichia coli outbreaks in the United States, 2010–2017. Microor-
ganisms 9:1529

Tarr PI, Gordon CA, Chandler WL (2005) Shiga-toxin-producing Escherichia coli and haemolytic
uraemic syndrome. Lancet 365:1073–1086

Teunis P, Takumi K, Shinagawa K (2004) Dose response for infection by Escherichia coli O157:H7
from outbreak data. Risk Anal 24:401–407

Thurston-Enriquez JA, Gilley JE, Eghball B (2005) Microbial quality of runoff following land
application of cattle manure and swine slurry. J Water Health 3:157–171

Tuttle J, Gomez T, Doyle MP, Wells JG, Zhao T, Tauxe RV, Griffin PM (1999) Lessons from a large
outbreak of Escherichia coli O157:H7 infections: insights into the infectious dose and method
of widespread contamination of hamburger patties. Epidemiol Infect 122:185–192

Wahl E, Vold L, Lindstedt BA, Bruheim T, Afset JE (2011) Investigation of an Escherichia coli
O145 outbreak in a child day-care centre – extensive sampling and characterization of eae- and
stx1-positive E. coli yields epidemiological and socioeconomic insight. BMC Infect Dis 11:238

Wang G, Doyle MP (1998) Survival of enterohemorrhagic Escherichia coli O157:H7 in water. J
Food Prot 61:662–667

Watanabe H, Wada A, Inagaki Y, Itoh K, Tamura K (1996) Outbreaks of enterohaemorrhagic
Escherichia coli O157:H7 infection by two different genotype strains in Japan, 1996. Lancet
348:831–832

Werber D, Fruth A, Liesegang A, Littmann M, Buchholz U, Prager R, Karch H, Breuer T,
Tschäpe H, Ammon A (2002) A multistate outbreak of Shiga toxin-producing Escherichia
coli O26:H11 infections in Germany, detected by molecular subtyping surveillance. J Infect Dis
186:419–422

Wong CS, Jelacic S, Habeeb RL, Watkins SL, Tarr PI (2000) The risk of the hemolytic-uremic
syndrome after antibiotic treatment of Escherichia coli O157:H7 infections. N Engl J Med 342:
1930–1936

Wong CS, Mooney JC, Brandt JR, Staples AO, Jelacic S, Boster DR, Watkins SL, Tarr PI (2012)
Risk factors for the hemolytic uremic syndrome in children infected with Escherichia coliO157:
H7: a multivariable analysis. Clin Infect Dis 55:33–41

Wood JC, McKendrick IJ, Gettinby G (2006) A simulation model for the study of the within-animal
infection dynamics of E. coli O157. Prev Vet Med 74:180–193

WWU/RKI/FZB (2021) Microbial genomic surveillance (miGenomeSurv) [online]. Available:
https://www.medizin.uni-muenster.de/migenomesurv/home.html. Accessed 1 Mar 2022

Yahata Y, Misaki T, Ishida Y, Nagira M, Watahiki M, Isobe J, Terajima J, Iyoda S, Mitobe J,
Ohnishi M, Sata T, Taniguchi K, Tada Y, Okabe N (2015) Epidemiological analysis of a large
enterohaemorrhagic Escherichia coli O111 outbreak in Japan associated with haemolytic
uraemic syndrome and acute encephalopathy. Epidemiol Infect 143:2721–2732

Younts-Dahl SM, Osborn GD, Galyean ML, Rivera JD, Loneragan GH, Brashears MM (2005)
Reduction of Escherichia coli O157 in finishing beef cattle by various doses of Lactobacillus
acidophilus in direct-fed microbials. J Food Prot 68:6–10

372 C. L. Correa-Martinez et al.



Listeriosis: The Dark Side of Refrigeration
and Ensiling 12
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Abstract

In contrast to most pathogenic bacteria, Listeria monocytogenes is psychrotrophic,
capable of multiplying at low temperatures. In an era when food production and food
storage heavily rely on refrigeration, this ability to grow (albeit slowly) in a cold
environment has opened a new ecological niche for L. monocytogenes. Because of
the severity of certain clinical manifestations (infections of the central nervous
system, septicemia, and abortion), the high case-fatality rate (approximately 20%
of cases), and the long incubation time, human listeriosis is now a zoonosis of major
public health concern. L. monocytogenes causes invasive illness mainly in certain
well-defined high-risk groups, including immunocompromised persons, pregnant
women, neonates, and the elderly. However, listeriosis can occur in otherwise healthy
individuals, particularly during an outbreak. The evolvement of silage as a dominant
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feed for ruminants constitutes another key factor, responsible for the emergence of
listeriosis as a relevant animal disease. L. monocytogenes has been isolated from
numerous species of mammals, birds, fish, crustaceans, and insects. Nevertheless, the
primary habitats of L. monocytogenes are considered to be the soil and decaying
vegetable matter, in which it survives and grows saprophytically.

Keywords

Listeria monocytogenes · Epidemiology of Listeriosis · Listeriosis in Humans
and Animals

12.1 Introduction

The genus Listeria is presently composed of 21 species: L. monocytogenes,
L. ivanovii, L. seeligeri, L. welshimeri, L. grayi, L. innocua, L. marthii,
L. rocourtiae, L. weihenstephaniensis, L. fleishmanii, L. floridensis, L. aquatica,
L. cornellensis, L. riparia, L. grandensis, L. booriae, L. newyorkensis,
L. costaricensis, L. goaensis, L. thailandensis, and L. valentina (Leclercq et al.
2010; Bertsch et al. 2012; Den Bakker et al. 2014; Weller et al. 2015; Núñez-
Montero et al. 2018; Doijad et al. 2018; Leclercq et al. 2019; Nwaiwu 2020; Quereda
et al. 2020). Although Listeria spp. are basically environmental bacteria, two
species—L. monocytogenes and L. ivanovii—are pathogenic for animals and
humans. In the genus, L. monocytogenes is the most commonly isolated member
responsible for listeriosis in humans and animals. Occasional human infections are
also due to L. ivanovii, which is mainly responsible for abortion in sheep. In contrast
to most pathogenic bacteria, listeria are psychrotrophic, capable of multiplying at
low temperatures as applied in refrigeration. In an era when food production and
food storage heavily rely on refrigeration, this ability to grow (albeit slowly) at low
temperatures has opened a new ecological niche to a pathogen that previously had
mediocre relevance only. Industrialized food manufacturing also constitutes an
ecological niche due to the ability of L. monocytogenes to form biofilms for
colonization of surfaces (Jemmi and Stephan 2006). Not only surfaces but also
raw materials seem to play a role in contamination of finished products. Molecular
analyses have shown that some clonal types are stable over time and are persisting in
food and food-related environment (Andrade et al. 2020). The evolvement of silage
as a dominant feed for ruminants during the mid-twentieth century constitutes
another key factor, responsible for the emergence of listeriosis as a relevant animal
disease. H.P.R. Seeliger even dubbed this zoonosis a “man-made disease”
(Allerberger et al. 1997).

Listeria monocytogenes is a facultative anaerobic, rod-shaped Gram-positive
bacterium that is motile when cultured at 20 �C and immotile when grown at
36 �C (Figs. 1 and 2). It is able to produce severe sepsis, meningoencephalitis, and
a wide variety of focal infections in animals and in humans. L. monocytogenes, the
causative agent of listeriosis, was discovered in 1927 by Murray and Pirie, working
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independently of each other on outbreaks among laboratory rabbits and guinea pigs
(Rocourt 1999). The first-documented case on human listeriosis involved a soldier
who suffered from meningitis at the end of World War I (McLauchlin 1997).
L. monocytogenes was not considered a significant animal pathogen until the late
1970s and early 1980s when it was recognized as a major foodborne pathogen (Paoli
et al. 2005). Because of the severity of certain clinical manifestations (infections of

Fig. 1 Transmission electron
microscopy image of
L. monocytogenes grown in
liquid culture at 20 �C
showing flagellated bacteria.
The bar is 1 μm in size. (Image
gratuity: S. Richter)

Fig. 2 Transmission electron
microscopy image of
L. monocytogenes grown in
liquid culture at 36 �C
showing bacteria without
flagellae. The bar is 1 μm in
size. (Image gratuity:
S. Richter)
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the central nervous system, septicemia, and abortion), the high case-fatality rate
(up to 30% of cases), and the long incubation time, human listeriosis is now a
zoonosis of major public health concern (LeMonnier and Natas 2012; Halbedel et al.
2020). Outbreaks in humans were associated with the consumption of a wide range
of foods such as contaminated coleslaw, soft cheese, ready-to-eat meat products like
jellied pork or cold cuts, fish and seafood products, chocolate milk, ice cream, rice
salad, corn salad, (frozen) vegetables, sprouts, precut celery and melons (Allerberger
2007; Pichler et al. 2011; Szymczak et al. 2020). It is now recognized that most cases
of listeriosis, both sporadic cases and common-source outbreak cases, are caused by
L. monocytogenes-contaminated food or feed. Although rare, infection can also be
transmitted directly from infected animals to humans as well as between humans and
between animals.

12.2 Pathogenicity

Although Murray recognized the oral route of infection in his original isolation of
L. monocytogenes in the 1930s, the key to recognizing the organism as a food-borne
pathogen came nearly 60 years later, when an outbreak of listeriosis was epidemi-
ologically linked to the consumption of contaminated coleslaw (Paoli et al. 2005).

L. monocytogenes has the capacity to cross three important barriers in humans:
intestinal epithelium, blood–brain barrier, and placenta (Chen et al. 2009). After
ingestion of L. monocytogenes-contaminated food or feed, bacteria pass through the
stomach and cross the intestinal barrier, presumably via M cells. Entry into mam-
malian cells is mediated by surface invasion proteins such as internalin A (InlA),
internalin B (InlB), and internalin C (InlC) (Lee et al. 2012b). The listerial protein
internalin (InlA) mediates bacterial adhesion and invasion of enterocytes in the
human intestine through specific interaction with its host cell receptor E-cadherin,
an adhesion molecule located at adherens junctions between epithelial cells (Lecuit
et al. 2001). E-cadherin was identified as InlA receptor in 1996 (Mengaud et al.
1996). The importance of InlA for the entry of L. monocytogenes into nonphagocytic
cells was demonstrated in 1991, when L. monocytogenes InlA was shown to confer
to L. innocua the ability to enter human Caco-2 cells, cells originating from a human
epithelial colorectal adenocarcinoma (Cossart et al. 2003). Internalin B (InlB) is
another surface protein of L. monocytogenes. It contributes to invasion into a wider
range of cell types such as endothelial cells, hepatocytes, and fibroblasts owing to the
ubiquitous nature of its receptor, the hepatocyte growth factor receptor Met (Lee
et al. 2012b). InlB is responsible for internalization into Vero cells (originating from
African green monkey kidneys), HeLa cells (originating from a human cervical
adenocarcinoma), and CHO cells (originating from Chinese hamster ovary) (Lecuit
et al. 1997). Internalin C (InlC) contributes to cell-to-cell dissemination between
polarized epithelial cells by decreasing cortical tension at apical junctions (Rajabian
et al. 2009) and damps the host’s immune system in preventing the proinflammatory
pathway via NF-kB (Matle et al. 2020).
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The intestine is the primary port of entry for L. monocytogenes, but questions
about the exact mechanisms by which L. monocytogenes transgresses the intestinal
barrier remain, and clear differences among host species exist (Hoelzer et al. 2012).
In host species deficient of functional E-cadherin such as mice, L. monocytogenes is
thought to translocate through the intestinal wall by gaining access into M cells,
phagocytic cells in the Peyer’s patches of the ileum. In species such as humans or
guinea pigs that possess functional E-cadherin, L. monocytogenes is thought pri-
marily to invade the epithelium of the intestinal villi, followed by bacterial replica-
tion in the underlying lamina propria. L. monocytogenes then rapidly translocates
across the intestinal barrier, without a need for bacterial replication in the intestinal
wall (Hoelzer et al. 2012).

After crossing the intestinal barrier, Listeria spp. are—within minutes of oral
inoculation—transported by lymph or blood to the mesenteric lymph nodes, the
spleen, and the liver. L. monocytogenes and L. ivanovii are facultative intracellular
pathogens, which are able to replicate in macrophages and a variety of non-
phagocytic cells, such as epithelial and endothelial cells, and in hepatocytes. After
entering these cells, listeria escape early from the phagocytic vacuole, multiply in the
host cell cytosol, and then move through the cell by induction of actin polymeriza-
tion. The bacteria then protrude into cytoplasmic evaginations, and these pseudopod-
like structures are phagocytosed by the neighboring cells (Schmid and Hensel 2004).
When listeria enter cells, they not only trigger actin and membrane rearrangements,
but they also use clathrin (Lebreton et al. 2011).

All major virulence factors of L. monocytogenes and L. ivanovii are involved in a
single process: the cell-to-cell spread. By this function, the pathogen can avoid
extracellular environments and can escape humoral efforts of the immune system
during their dissemination in the host. In Listeria species, four virulence gene clusters
have been identified to date and termed Listeria pathogenicity islands 1, 2, 3, and
4 (LIPI-1, LIPI-2, LIPI-3 and LIPI-4). Listeria pathogenicity island 1 (LIPI-1) refers to
a genomic region flanked by prs and ldh and harboring several well-known virulence
genes (prfA, plcA, hly, mpl, actA, plcB) in a 9-kb gene cluster (Vazquez-Boland et al.
2001). LIPI-1 was identified in L. monocytogenes, L. seeligeri, and L. ivanovii. The hly
gene encodes the pore-forming listeriolysin O (LLO), a thiol-activated hemolysin,
which is able to lyse erythrocytes and other cells in a cholesterol-dependent manner.
LLO is an essential virulence factor of L. monocytogenes, and its inactivation leads to
avirulence. It has been shown that LLO has several modes of action-promoting
infection and evasion of the immune system, including the support of internalization
of L. monocytogenes into phagosomes as well as disruption of the phagocytic vacuole
for release of bacteria into the cytoplasm, which enables intracellular replication
(Matereke and Okoh 2020, Maury et al. 2017). Ribet et al. showed that
L. monocytogenes is able to dampen the host response by decreasing the
SUMOylation level of proteins critical for infection (Ribet et al. 2010). Also this
event is triggered by the bacterial virulence factor LLO.

A second island of 22 kb was termed LIPI-2. LIPI-2 is specific for L. ivanovii and
may play a role in the tropism of this pathogen for ruminants (Gonzalez-Zorn et al.
2000). LIPI-3 contains the eight-gene cluster (llsA, llsG, llsH, llsX, llsB, llsY, llsD,
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and llsP) encoding listeriolysin S (LLS), a bacteriocin-like modified peptide
exhibiting hemolytic and cytotoxic activities (Clayton et al. 2011). In contrast to
LIPI-1, which is found in all strains of L. monocytogenes as well as in other Listeria
species, LIPI-3 is present only in a subset of L. monocytogenes lineage I (Lee et al.
2012b). LIPI-4, a cluster of six genes annotated as cellobiose family
phosphotransferase system (PTS)—identified through whole-genome sequencing
(Matle et al. 2020)—confers hypervirulence (Hurley et al. 2019). Selective tropism
of L. monocytogenes for CNS and fetal-placental infections is associated with LIPI-4
that enhances invasion, leading to CNS and maternal-neonatal (MN) listeriosis
(Maury et al. 2016).

European-wide cluster analyses of food and human isolates demonstrated a high
degree of EU-wide dissemination of certain strains, but not all widespread food
isolates match with any human cases, indicating a virulence variation among
L. monocytogenes strains (ECDC, ELiTE. 2021).

12.3 Epidemiology of Listeriosis in Animals

L. monocytogenes has been isolated from numerous species of mammals, birds, fish,
crustaceans, and insects. Nevertheless, the primary habitats of L. monocytogenes are
considered to be the soil and decaying vegetable matter, in which it survives and
grows saprophytically (Bille 2007).

Animal models have played fundamental roles in elucidating the pathophysiology
and immunology of human listeriosis (Lecuit 2007). Such tests include intraperito-
neal inoculation of mice, inoculation of the chorioallantoic membranes of embryo-
nated eggs, and inoculation of the conjunctivae of rabbits (Anton test). Data derived
from animal studies helped to characterize the importance of cell-mediated immunity
in controlling infection, allowed evaluation of antimicrobial treatments for listerio-
sis, and contributed to quantitative assessments of the public health risk associated
with L. monocytogenes contaminated food commodities (Hoelzer et al. 2012).
However, data about species-specific differences have raised severe concern about
the validity of most traditional animal models of listeriosis (Disson et al. 2008).

Even though L. monocytogenes can infect a wide variety of animal species,
listeriosis is primarily a clinical disease of ruminants. Sheep appear to be particularly
susceptible to infection, but listeriosis is also common in a variety of other poly-
gastric species, and L. monocytogenes has for instance been isolated from cattle,
goats, llamas, alpacas, deer, reindeer, antelopes, water buffalos, and moose (Hoelzer
et al. 2012). Listeriosis represents one of the most common etiologies for enceph-
alitis among adult ruminants. Ruminants affected by encephalitis generally show
marked neurological symptoms including ataxia, circling, opisthotonus, and paral-
ysis of cranial nerves, combined with hyperthermia, anorexia, and depression. Large
epidemics of third trimester abortions, typically manifested as stillbirth, as well as
atypical manifestations such as conjunctivitis have also repeatedly been described
(Ryser and Marth 2007). With the exception of neonates and young ruminants,
septicemia is unusual, but can result in mastitis, gastroenteritis, hepatitis, or
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pneumonitis. Notably, in a given affected herd, listeriosis usually exhibits a single
clinical manifestation (Ryser and Marth 2007).

Clinical listeriosis is relatively rare in most monogastric mammals such as dogs,
cats, horses, and pigs, but appears more common in rodents and lagomorpha.
Listeriosis in monogastric mammals is predominantly manifested as septicemia.
Abortion, meningoencephalitis, and other manifestations such as conjunctivitis are
also possible, but their relative frequency differs by animal species. Large outbreaks
of listeriosis have been reported among colonies of captive rodents and lagomorpha,
including chinchillas, rabbits, rats, and guinea pigs (Ryser and Marth 2007). Con-
taminated feed such as silage or sugar beets was implicated as the outbreak vehicle in
many of these outbreaks, and coprophagy may have contributed to some of these
events (Ryser and Marth 2007). In a pregnant primate model, oral administration of
L. monocytogenes resulted in stillbirth with isolation of the bacterium from placental
and fetal tissues (Smith et al. 2003).

Among ruminants, listeriosis occurs seasonally with the highest incidence in
winter and spring, and appears strongly associated with ingestion of spoiled silage,
although cases do occur where silage feeding has not been used (Ryser and Marth
2007; Sanaa et al. 1993). Silage is high-moisture fodder that can be fed to ruminants.
It is fermented and stored in a process called ensiling, and is usually made from grass
crops, using the entire green plant (not just the grain) [http://en.wikipedia.org/wiki/
Silage]. The ensiled product retains a much larger proportion of its nutrients than if
the crop had been dried and stored as hay. Silage undergoes anaerobic fermentation,
which starts about 48 hours after the silo is filled. While properly produced silage is
largely free of listeria, spoiled silage, often at the end of the silage-feeding period,
can harbor high numbers of L. monocytogenes. Poor quality is often due to insuffi-
cient herbage quality or to contamination by soil or feces. The change to production
of silage in polythene bales (“big bales”) corresponded to increases in ovine listeri-
osis in the United Kingdom (McLauchlin 2011). According to McLauchlin, the “big
bale” method is more prone to spoilage and growth of L. monocytogenes: High
numbers are often associated with sites where the damage to the bags has occurred or
at the tied end. Figure 3 gives the number of listeriosis cases diagnosed in farm
ruminants submitted for necropsy to the Institutes for Veterinary Disease Control of
the Austrian Agency for Health and Food Safety, based on data from 2007 to 2020
by month of reporting, again showing strong seasonality for animal listeriosis. The
peak in the numbers of animal listeriosis in winter (goats) and in spring (cattle and
sheep) may reflect a seasonal decrease in the quality of silage used for feed.

Animals may also be asymptomatic intestinal carriers and can shed the organism
in significant numbers, contaminating the environment (Ho et al. 2007). The
European Union summary report on trends and sources of zoonoses, zoonotic
agents, and food-borne outbreaks in 2010 lists the following rates of fecal carriage
of L. monocytogenes: cattle 5.5%; pigs 0.0%; sheep 7.0%; goats 10.5%; fowl (Gallus
gallus) 0.4%; water buffalo 3.7%; and wild rodents 5.3% (EFSA 2012). As observed
in 2009, the highest proportions of positive findings were found in decreasing order
in goats, sheep, and cattle. In comparison to 76 cattle- and 39 sheep isolates of
L. monocytogenes, L. ivanovii was cultured from only one cattle and two sheep
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(Allerberger 2007). The 2001 report also reported rates of fecal carriage of
L. monocytogenes for horses (fecal carriage rate: 2.1%), red deer (8.3%); farmed
rabbit (0.7%), cats (0.7%), and dogs (0.0%) (Allerberger 2007).

In most countries, listeriosis in animals is not a notifiable disease. In Europe,
listeriosis in animals is notifiable only in Germany, Finland, Sweden, and Norway.
Usually, surveillance in animals is based on clinicopathological observations.

12.4 Epidemiology of Listeriosis in Humans

The large majority of listeriosis cases (sporadic and outbreak-related) are caused by
food-borne transmission, which—according to Scallan et al. (2011)—accounts for
99% of human cases. In neonatal infections, L. monocytogenes can be transmitted
from mother to child in utero, during passage through the infected birth canal or
possibly via ascending infections from vaginal colonization. There are rare reports of
nosocomial transmission in the nursery attributed to contaminated material or
patient-to-patient transmission via healthcare workers (Hof and Lampidis 2001;
Roberts et al. 1994; Heymann 2015). Hospital cross-infection between newborn
infants occurs, usually originating form an infant born with congenital listeriosis.
There is little evidence for cross-infection or person-to-person transmission outside
the neonatal period. Rarely listeriosis may be transmitted by direct contact with
infected animals or animal material. Usually, such local infections present as cuta-
neous lesions on the upper arms or wrists of farmers or veterinarian one to four days
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Fig. 3 Number of listeriosis cases in farm ruminants (n ¼ 434), diagnosed by bacterial isolation
and/or morphologically at the Austrian Agency for Health and Food Safety from 2007 till 2012
stratified by month of reporting
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after attending bovine abortions but not in association with sheep (McLauchlin
2011).

Invasive illness mainly manifests in certain well-defined high-risk groups, includ-
ing immunocompromised persons, pregnant women, neonates, and the elderly.
However, listeriosis can occur in otherwise healthy individuals, particularly during
an outbreak.

Investigation of several outbreaks has demonstrated that all epidemic listeriosis
was caused by food-borne transmission of L. monocytogenes. Outbreaks of listeri-
osis have been associated with the ingestion of raw milk, soft cheeses, contaminated
vegetables, and ready-to-eat meat products such as paté. Also the sporadic cases of
listeriosis mostly result from food-borne transmission. In several cases, by tracing a
strain of L. monocytogenes isolated from a patient to a food item in the patient’s
refrigerator, and then to the retail source, public health officials were even able to
provide microbiological confirmation of foodborne transmission of sporadic listeri-
osis (Pinner et al. 1992; Huhulescu 2012). Eating soft cheeses or food purchased
from store delicatessen counters and eating undercooked chicken have been shown
to increase the risk of sporadic listeriosis (Schuchat et al. 1992; Pinner et al. 1992).

Figure 4 presents the number of human invasive L. monocytogenes isolates
registered at the Austrian National Reference Centre from 2015 to 2020, showing
up- and downturns during the year. The European Union One Health Zoonoses
Report 2019 observed high summer peaks followed by smaller winter peaks over a
five-year period (2010–2019) (EFSA 2021), whereas only one clear slight seasonal
peak during the late summer into the fall was described elsewhere (Wagner and
MacLauchlin 2008, McLauchlin 2011; Feng et al. 2013).

In 2019, 28 member states reported 2621 confirmed invasive human cases of
listeriosis. The overall EU notification rate was 0.46 cases per 100,000 population,
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Fig. 4 Number of L. monocytogenes isolates (n ¼ 220) from invasive cases registered at the
Austrian National Reference Centre, based on data from the years 2015 to 2020 (by month of receipt
of isolate)
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with the highest country-specific notification rates observed in Estonia (1.59 cases per
100,000 population) followed by Sweden and Denmark (1.10 and 1.05 cases per
100,000 population, respectively). After an increasing trend over a long period, the EU
trend of confirmed listeriosis cases remained stable from 2015 on. Particularly, the
proportion of elderly has steadily increased over the last ten years until 2017, espe-
cially in those aged over 84. The proportion of cases in this age group slightly
decreased in 2018 till 2019. Nevertheless, according to the European Union One
Health Zoonoses Report, the notification rate in 2019 was highest in those aged over
65, covering 64.5% of all reported cases. Looking at the data of each reporting
member state, ongoing statistically significant increasing trends in listeriosis notifica-
tion rates from 2015 to 2019 were noted in Estonia, Poland, and Portugal. Statistically
significant decreasing trends from 2015 to 2019 were noted in Greece (EFSA 2021).

The reason for the increased incidence and the upsurge in septicemia cases remain
unknown. It has been hypothesized, however, that the higher incidence of listeriosis
might be related to higher exposure to L. monocytogenes (Gillespie et al. 2006;
Goulet et al. 2008). Increasing use of acid inhibitors (H2 receptor antagonists) was
also postulated to contribute to increased vulnerability to L. monocytogenes infection
(Gillespie et al. 2009).

Sisó et al. studied the incidence of listeriosis during pregnancy over a 25-year
period based on data compiled in a tertiary referral hospital in Spain. Whereas
between 1985 and 2000 the incidence remained almost constant at 0.24%, an
increasing incidence was observed from then on, reaching 0.86% during the last
years until 2010 (Sisó et al. 2012). According to their findings, a four-fold increase in
listeriosis rate during pregnancy has occurred in recent years in Spain. No such
increase has been reported for pregnancy-associated cases from other countries. In
Austria in 2020, listeriosis occurred in 3 of approximately 83,000 deliveries (0.04%).

Despite the high contamination rates of certain food, listeriosis is a relatively
rare disease compared to other common food-borne illnesses such as campylobac-
teriosis or salmonellosis. However, because of its high case fatality rate of approx-
imately 20%, human listeriosis ranks among the most frequent causes of food-
borne death (Allerberger and Wagner 2010). Listeriosis has the highest number of
fatal cases among food-borne diseases in the EU, with a continuous increase in
reported deaths among cases and has, with more than 90%, the highest proportion
of hospitalization among zoonoses under EU surveillance (EFSA 2021). There-
fore, besides the economic consequences, listeriosis remains of great public health
concern. The substantial burden of listeriosis in Europe is anticipated to increase in
line with the projected growth of the elderly population. The proportion of people
aged at least 65 is 20% by 2016 and expected to reach almost 30% by 2070
(European Commission 2018).

Control of listeriosis requires action from public health agencies and from the
food industry. Important control strategies from public health agencies include
developing and maintaining timely and effective disease surveillance programs, as
well as promptly investigating clusters of listeriosis cases. Routine characterization
of human, animal, food, and environmental isolates, and utilization of large-scale
subtype databases facilitate Europe-wide outbreak detection and control. Outbreak
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investigations provide a unique source of information to improve our understanding
of transmission of listeria and to identify gaps in industry and regulatory measures to
safeguard against contamination of the food and feed supply. In this respect, the
importance of isolating the pathogen as a prerequisite for an accurate epidemiolog-
ical investigation and ultimately stopping transmission cannot be overemphasized
(Cartwright et al. 2013; Lachmann et al. 2021).

12.5 Epidemiology of Listeria monocytogenes in Food

Listeria monocytogenes is a particularly important cause of illness, mainly found in
foods that are packaged and prepared commercially, rather than those prepared in the
home (Carpentier and Cerf 2011). During the last decades, consumer lifestyles have
changed with less time for food preparation and more ready-to-eat (RTE) and take-
away foods. Changes in food production and technology have led to the production
of foods with a long shelf life that are typical “listeria risk foods,” because the
bacteria have time to multiply, and the food does not undergo a listericidal process
such as cooking before consumption. Main factors propagating the incidence of
listeriosis are the high degree of centralization and consolidation of food production
and processing, the increased use of refrigerators as the primary means of preserving
food, and the above-mentioned changes in food consumption habits (increased
consumer demand for convenient food) (Swaminathan et al. 2007). Gillespie et al.
studied the food exposures of listeriosis cases aged �60 years reported in England
from 2005 to 2008 and compared them to those of market research panel members
representing the same population (i.e., residents of England aged �60 years) and
time period. Cases were more likely than panel members to report the consumption
of cooked meats (beef and ham/pork, but not poultry), cooked fish (specifically
smoked salmon) and shellfish (prawns), dairy products (most noticeably milk, but
also certain cheeses), and mixed salads. They were less likely to report the con-
sumption of other forms of seafood, dairy spreads, other dairy products, sandwiches,
and fresh vegetables. The diversity of high-risk food exposures reflects the ubiquity
of the microorganism in the environment and the susceptibility of those at risk, and
suggests that a wide variety of foods can give rise to listeriosis (Gillespie et al.
2010a, 2010b). In the United States, two case–control studies on risk factors for
sporadic listeriosis found that cases were most likely to have eaten melons, hummus
prepared in a commercial establishment, and soft cheeses or food purchases from
store delicatessen counters (Schuchat et al. 1992; Varma et al. 2007).

L. monocytogenes is widespread in nature and has been isolated from soil, dust,
food products for humans (both of animal and vegetable origin), feed, water, and
sewage, and it can be carried by almost any animal species, including asymptomatic
humans. The principal reservoir of the organism is said to be in soil, forage, water,
mud, livestock food, and silage (Heymann 2015). Due to this environmental ubiquity,
listeria strains are also frequently detected in food products. In addition, growth and
survival of these psychrotrophic bacteria are favored particularly due to the above-
mentioned increasing use of refrigeration in food production, food distribution, and
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food storage. Unlike most other food-borne pathogens, L. monocytogenes tends to
multiply in refrigerated foods that are contaminated. To understand why
L. monocytogenes may persist in food industry equipment and premises, notably at
low temperature, scientific studies have so far focused on adhesion potential, biofilm-
forming ability, resistance to desiccation, acid and heat, tolerance to increased suble-
thal concentration of disinfectants, or resistance to lethal concentrations. Carpentier
and Cerf postulated that the main factor associated with the presence of
L. monocytogenes in production plants is growth promotion (Carpentier and Cerf
2011). Good growth conditions can be found in so-called harborage sites, i.e., shelters
due to unhygienic design of equipment and premises or unhygienic or damaged
materials. These sites are hard to eliminate. Carpentier and Cerf stipulated that there
are no strains of L. monocytogenes with unique properties that lead to persistence, but
harborage sites in food industry premises and equipment where L. monocytogenes can
persist (Carpentier and Cerf 2011). In the European Union, foods that contain less than
100 colony-forming-units (cfu)/g are considered to pose a negligible risk for a healthy
human population (EFSA 2012). EU legislation defines different criteria for three
categories of foods (25 g samples) (European Commission 2005). In Europe, only
food products for vulnerable populations (e.g., infants) have to be entirely free from
L. monocytogenes. For food products enabling growth of L. monocytogenes, total
absence is required for products sampled at the production plant, and a level of
100 cfu L. monocytogenes per gram food is tolerated at the consumption stage. For
food products unable to support the growth (e.g., “hard cheese” or “fermented
sausages”) of L. monocytogenes, a limit of 100 cfu L. monocytogenes per gram food
is accepted, when sampled on the market during their shelf life. Foods were defined as
unable to support the growth of L. monocytogenes by pH � 4.4; aw � 0.92; pH �5.0
and aw � 0.94; and shelf life less than 5 days.

In the United States, regulations require food companies to guarantee zero
L. monocytogenes levels in all ready-to-eat products. The achievement of this
objective is probably impractical, and it is clearly unattainable for raw foods or
those which have not undergone a listericidal process (McLauchlin 2011).

Microbiological surveys have documented that L. monocytogenes may be present
in a wide range of retail foods (Schuchat et al. 1992; Pinner et al. 1992). Wagner et al.
studied samples of ready-to-eat (RTE) foodstuffs in Vienna, Austria, in 2007. They
found 4.8% of 946 samples collected from 103 supermarkets positive for
L. monocytogenes, with 5 smoked fish samples exceeding the tolerated limit of
100 cfu/g food (Wagner et al. 2007). Products showing the highest contamination
rates were fish and seafood (19.4%), followed by raw meat sausages (6.3%), soft
cheese (5.5%), and cooked meat products or patés (4.5%). Pulsed field gel electro-
phoresis (PFGE) typing of the collected L. monocytogenes isolates revealed a high
degree of diversity between the isolates. Also evidence from EU-wide routine food
safety investigations indicates that a substantial proportion of RTE products is con-
taminated by L. monocytogenes (EFSA 2021). No major changes compared with
previous years were recently detected in the proportions of RTE foods not in compli-
ance with the EU microbiological criteria. Once again the highest proportions exceed-
ing the limit were observed in RTE fish products and RTE meat products.
L. monocytogenes was detected in 2.8% of RTE meat products and meat preparations
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of beef tested in 2019, in 2.1% of RTE products and meat preparations of pork, in
0.9% respectively 1.6% of RTE products and meat preparations of meat from broilers
and turkeys, in 1.2% of soft and semisoft cheeses made from raw or low heat-treated
milk from cows, in 1.5% respectively 0.0% of soft and semisoft cheeses made from
raw or low heat-treated milk from sheep and goats, in 0.8% of hard cheeses made from
raw or low heat-treated milk from cows, in 2.7% respectively 3.5% of hard cheeses
made from raw or low heat-treated milk from sheep and goats, and in 4.4% respec-
tively 4.3% of RTE fish products and fishery products (EFSA 2021).

Painter et al. studied the attribution of deaths from food-borne diseases to food
commodities by using outbreak data (United States, 1998–2008) and found that
more deaths were attributed to poultry (19%) than to any other commodity, and that
most poultry-associated deaths were caused by listeria (Painter et al. 2013).

From 1998 to 2002, three large listeriosis outbreaks were linked to turkey
delicatessen meat contaminated in the processing plant after cooking (Gottlieb
et al. 2006; Mead et al. 2006; Olsen et al. 2005). However, pork paté (“rillettes”),
a beef meat dish and horse minced meat, were also involved in outbreaks (Goulet
et al. 1998; Smith et al. 2011; Goulet et al. 2013). A risk-ranking model for listeriosis
among RTE foods identified delicatessen meat as the highest risk food (FDA 2003).

Soft cheeses, especially soft cheeses made with unpasteurized milk (Mexican-
style), red smeared cheeses, brie, camembert, and sour milk curd cheese “Quargel”
were responsible for large outbreaks in Europe and in the United States (Pichler et al.
2011; Goulet et al. 1995; Johnson et al. 2010). In Australia, 29 cases (including three
fatal cases) were linked to brie, blue cheese, and camembert from one company in
2013 (Anonymous 2013).

Agricultural commodities are increasingly identified as a source of listeriosis out-
breaks: In the United States, sprouts caused an outbreak in 2009, and precut celery
caused an outbreak in 2010 (CDC 2012). A total of 147 persons infected with any of
five subtypes of L. monocytogenes were reported to the Centers for Disease Control
and Prevention from 28 states in connection within an outbreak associated with
cantaloupes (melons) in 2011, including 33 outbreak-associated deaths (CDC 2012).

Although fish and seafood are very often found to be contaminated with
L. monocytogenes, this food only occasionally was involved in outbreaks. Five cases
with gastroenteritis related to consumption of cold smoked trout were reported from
Finland (Miettinen et al. 1999). Shrimpwas implicated as food source in two pregnancy-
associated cases with bacteremia in the United States in 1989 (Riedo et al. 1994).

In China, an outbreak of gastroenteritis involving 82 cases was traced back to a
vacuum-sealed product of cooked, unshelled eggs served to children as a meal
during school break (Feng et al. 2013). In Italy, 1566 cases of listeria gastroenteritis
were traced to consumption of corn salad in 1997, and 14 cases to rice salad in 1993
(Salamina et al. 1996; Aureli et al. 2000).

The discovery of L. monocytogenes mainly in raw and RTE meat, poultry,
seafood, and dairy products has prompted numerous product recalls leading to
large financial losses for the industry and to numerous health scares. In the
European Union, a rapid alert system for food and feed (RASFF) was put in place
to provide food and feed control authorities with an effective tool to exchange
information about measures taken responding to serious risks detected in relation
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to food or feed. This exchange of information helps member states to act more
rapidly and to respond to a health threat caused by food or feed in a coordinated
manner. During the last two decades, RASFF messages with information concerning
listeria have increased by the factor of four. While in 2020, 137 notifications
concerned L. monocytogenes (2019:138, 2018:122, 2017: 92, 2016: 81, 2015: 99,
2014: 98, 2013: 72, 2012: 90, 2011: 107, 2010: 108, 2009: 85, 2008: 51, 2007: 37,
2006: 26, 2005: 117, 2004: 122, 2003: 58, 2002: 51, 2001: 36), only 33 alerts were
issued in the year 2000. This increase seems to reflect increased awareness about
listeria contamination as a potential public health risk. In 2020, fish, meat, and milk
products accounted for 85% (n ¼ 116) of the 137 RASFF notifications (Fig. 5).

12.6 Molecular Typing and Interpretation of Typing Results

12.6.1 Typing Methods

Typing of bacterial isolates is essential for active surveillance and outbreak investi-
gation. If a typing method shows isolates to be very similar to each other, transmis-
sion is likely, and we speak of “making” a cluster (“rule in”). If a typing method
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shows isolates to be different, transmission is unlikely, and we speak of “breaking” a
cluster (“rule out”). However, there are various caveats like occurrence of genetic
recombinations (falsely ruling out) and occurrence of epidemiologically independent
sources (falsely ruling in). Typing results can miss epidemiological relations due to
underdiscrimination and due to overdiscrimination. The resolution can be too crude
and too fine, so transmission chains can be overlooked. The challenge is to find a
typing method with a resolution that correlates with epidemiological events. In the
last years, molecular typing methods have become more and more important and
have displaced classical methods step by step.

Molecular typing refers to any technique and method that is used to characterize
microorganisms at the nucleotide level. It supports studies to trace back the source of
an outbreak and to identify new risk factors as the strains can be linked more
accurately to epidemiological and clinical data. All of this information can be
applied toward improving and better targeting existing infectious disease prevention
and control measures and thus presents a clear and immense benefit for the public
health and public health policies (Allerberger 2012).

Early studies identified two genomic divisions (“lineages”) by means of a variety
of genotyping tools (Lee et al. 2012b). An additional lineage, lineage III, was first
discovered in 1995 (Rasmussen et al. 1995). More recently, four lineages of
L. monocytogenes were proposed by dividing lineage III into two separate evolu-
tionary groups (den Bakker et al. 2010). Lineage I includes strains of serotypes 4b,
4d, 4e, 1/2b, and 3b. Serotype 4b is implicated in many outbreaks and sporadic cases
resulting in lineage I being overrepresented among clinical samples (Lee et al.
2012b). Lineage II encompasses serotypes 1/2a, 1/2c, 3a, and 3c. Isolates belonging
to this lineage are frequently found in foods and natural environments, although
serotype 1/2a is also frequently identified among clinical isolates and sometimes
implicated in outbreaks. Lineages III originally consisted of serotypes 4a and 4c. It
was divided into two subgroups, one subgroup with strains of serotype 4a and the
other with strains of serotype 4c (Doumith et al. 2004b). Even though these “new”
lineages III and IV have been implicated in occasional sporadic cases, they are
markedly less common in human listeriosis than strains of lineage I or II.

Molecular typing of L. monocytogenes splendidly complements traditional epi-
demiological surveillance by providing appropriate discriminatory analyses to foster
rapid and early detection of dispersed clusters or outbreaks and to facilitate detection
and investigation of transmission chains.

In the following, we would like to give an overview of the typing methods used
so far.

12.6.1.1 Serotyping
Serotyping was the first method available for subtyping L. monocytogenes isolates.
Serotyping is based on somatic (O) and flagellar (H) antigens. Published references
define 13 L. monocytogenes serotypes: 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c,
4d, 4e, and 7 (Allerberger 2003; Chen 2012). Serotypes are determined by reactivity
with antisera. Commercially available serotyping sera (available from BD Diagnos-
tics, USA, and Denka Seiken Co. Ltd., Japan) include a serotyping scheme for these
13 serotypes. Listeria handbooks do not agree on this issue; for example, the latest
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edition of “Listeria, Listeriosis, and Food Safety” (Graves et al. 2007) does not list
the L. monocytogenes serotype 4ab, whereas the “Handbook of Listeria mono-
cytogenes” (Chen and Knabel 2008) does. In light of our experience, we question
the existence of L. monocytogenes serotype 4ab. Taking into consideration the
significance of reliable and unambiguous serotyping, especially in epidemiological
tracking, an official revision of the L. monocytogenes serotyping scheme might be
advised. In epidemiological investigations, bacterial serotyping usually is unable to
estimate the relatedness of different isolates, as both invasive listeriosis and febrile
gastroenteritis are caused mostly by serotypes 1/2a, 1/2b, and 4b strains. Serotyping
of L. monocytogenes therefore has only limited practical value for investigating
chains of transmission.

Doumith et al. developed a PCR-based serotyping method. Their multiplex PCR
divides L. monocytogenes isolates into four groups employing primers annealing to
Listeria genus-specific prs and genes specific to serotype-associated phylogenetic
lineages of L. monocytogenes; this method can differentiate between strains of
serotype 1/2a or 3a, 1/2c or 3 c, 1/2b or 3b, and the serotype 4b complex (4b, 4d,
4e) (Doumith et al. 2004a). The prs primers are specific for the putative
phosphoribosyl pyrophosphate synthetase (prs) gene of Listeria spp.

Using whole-genome sequence (WGS) based methods, serogroup information
can be extracted directly from the sequence data (Hyden et al. 2016).

12.6.1.2 High-Resolution Melting Curve-PCR (HRM-PCR) Analysis
High-resolution melting (HRM) curve-PCR analysis for L. monocytogenes was
developed by Pietzka et al. (2011). Genomic bacterial DNA (gDNA) is extracted
from bacterial cells grown overnight at 37 �C on blood agar plates, and a 500-bp
fragment located in the virulence gene internalin B (inlB) is amplified for subsequent
HRM analysis. HRM curve analysis constitutes an inexpensive assay and represents
an improvement in typing relative to classical serotyping. This method provides a
rapid and powerful screening tool for simultaneous preliminary typing of up to
384 samples in approximately 2 hours.

12.6.1.3 Pulsed-Field Gel Electrophoresis (PFGE)
DNA macrorestriction analysis by pulsed field gel electrophoresis (PFGE) has been
the gold standard for typing of food-borne pathogens like Listeria, Salmonella,
Campylobacter, and Bacillus cereus for many years (Allerberger 2012).

Electrophoresis as an analytical method separates macromolecules such as
nucleic acid by their size, charge, conformation, and reactivity (Lee et al. 2012a).
Classical electrophoresis employs a steady electric field orientated in one direction.
This procedure, relying on a single paired electrode, permits the movement of DNA
molecules only to a maximal size of 50 kb (Fangman 1978). PFGE is able to separate
molecules as large as 12 Mb in size (Orbach et al. 1988). D.C. Schwartz and
C.R. Cantor developed this variation of agarose gel electrophoresis, which revolu-
tionized precise separation of DNA fragments greater than 40 to 50 kb. In PFGE, the
orientation of the electric field across the gel is changed periodically (“pulsed”)
rather than kept constant as it was in conventional agarose gel electrophoresis
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(Schwartz and Cantor 1984). This technology separates large fragments of
unsheared microbial chromosomal DNA obtained by embedding intact bacteria in
agarose gel plugs, enzymatically lysing the cell wall, and digesting the cellular
proteins. The intact DNA is digested with an infrequently cutting restriction enzyme.
Subsequent restriction fragment length polymorphism analysis allows differentiation
of clonal isolates from unrelated ones. PFGE relies on a direct current electric field
that changes orientation and intensity relative to the agarose gel. The rate of the
changes is called pulse time, and its duration is an important factor to determine what
molecular size range can be separated. The DNA molecules migrate through the
agarose gel in a zigzag way, responding to the changes of the electric field. For larger
molecules, the reorientation takes more time. They become trapped in the matrix if
the pulse time is too short (Birren et al. 1988). Figure 6 depicts the basic principles of
pulsed field gel electrophoresis (PFGE).

12.6.1.4 Amplified Fragment Length Polymorphism (AFLP)
Amplified fragment length polymorphism (AFLP) analysis was developed in the
early 1990s by Vos et al. and is a registered trademark of KeyGene (Vos et al. 1995).
It is based on PCR amplification of restriction fragments of a complete genomic
digest. AFLP represents a relatively simple, low-cost, rapid, and highly discrimina-
tory method which covers a larger portion of the genome than other typing tech-
niques. In principle, the method scans the genome for sequence polymorphisms

Fig. 6 Schematic principles of pulsed field gel electrophoresis (PFGE)
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producing DNA fragments, mainly between 50 base pairs and 700 base pairs in size.
The fragments are separated on a denaturing acrylamide gel. The presence and
absence of fragments produce a band pattern or AFLP profile comparable to bar
codes used for product identification in commerce (Rupptisch 2013). Here, it
determines a genetic fingerprint. For subsequent data analysis, the resulting AFLP
profile can be converted into a binary presence–absence (1/0) code, a process known
as “scoring” (Kück et al. 2012).

The national Listeria-reference laboratory for England and Wales had used fluo-
rescent Amplified Fragment Length Polymorphism (fAFLP) analysis with HindIII/
HhaI as subtyping method for L. monocytogenes since 2008. In fAFLP, the
L. monocytogenes genome is digested with a rare cutting restriction enzyme such as
HindIII and a more frequently cutting enzyme like HhaI. In a second step, adapters
containing about 15 bp are ligated to the restriction fragments. These adapters serve as
targets for two different primers, one of which has a fluorescent label. Usually, a
FAM-labeledHindIII and a nonlabeledHhaI primer are used. Both primers contain the
adapter sequence, the specific restriction site sequence, and one additional base pair on
the 30 end which extend into the restriction fragment. PCR amplifies only one fourth of
the fragments containing the corresponding additional base pair and only hybrid
fragments with two different restriction sites. Electrophoretic separation of amplicons
on a gel matrix is followed by visualization of the band pattern. While PFGE is known
to be a very time-consuming and work-intensive method (starting with a pure culture,
first results can be achieved within 3 to 4 days), fAFLP can be completed within 48 h
and is easier to perform. Roussel et al. analyzed 109 different L. monocytogenes
isolates by both methods (Roussel et al. 2013). The isolates were divided by fAFLP
and PFGE into three distinguished lineages. Strains known to be epidemiologically
associated with one another were found to have unique PFGE and fAFLP types.
fAFLP and PFGE divided the strains into 76 and 82 distinct profiles, or types,
respectively. The discriminatory index calculated was 0.993 and 0.996 for fAFLP
and PFGE, respectively. The authors concluded that the discriminatory ability of
fAFLP was similar to that of PFGE for the subtyping of L. monocytogenes isolates
and that, “as a less labour intensive technique, fAFLP may be a better method to use
than PFGE in investigating outbreaks of human listeriosis and tracking the source of
contamination in food processing facilities in real time.”

12.6.1.5 Multiple-Locus Variable Number Tandem Repeat Analysis
(MLVA)

The availability of whole-genome sequences had facilitated the discovery of variable
number tandem repeats (VNTRs), loci that contain short strings of nucleotides that
are repeated, from a few to many times, and which are scattered throughout the
bacterial genome. This has led to the birth of Multi-Locus Variable Number Tandem
Repeat (VNTR) Analysis (MLVA) (Lindstedt 2005). Different organisms show
variations in the number of these tandem repeated DNA sequences stashed in
different loci. These loci can be multiplexed via PCR and separated by capillary
gel electrophoresis. The size of the fragments varies according to the number of
repeats in each locus. Results are depicted by numerical codes, giving the number of
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alleles at each locus tested. These numbers consisting of integers are the MVLA
profile and can be compared to those in an existing profile database (Sperry et al.
2008; Jadhav et al. 2012). Murphy et al. called this approach “a valuable tool, which
has the capability to provide comparable results when compared with other more
established typing methods, including pulsed-field gel electrophoresis” (Murphy
et al. 2007). We consider MLVA less discriminatory than PFGE or AFLP.

12.6.1.6 Whole-Genome Sequencing
The “endpoint” of typing techniques is sequencing the whole genome, a method to
determine the complete DNA sequence of a single organism. To construct the
complete nucleotide sequence of a genome, multiple short sequence reads must be
assembled based on overlapping regions (de novo assembly), or comparisons with
previously sequenced “reference” genomes (resequencing). The emergence of
benchtop sequencers using next-generation sequencing (NGS) technology makes
bacterial whole-genome sequencing (WGS) feasible even in small research and
clinical laboratories.

The progress in technology from automated Sanger sequencing (first-generation
sequencing) to next-generation sequencing has revolutionized the field of molecular
epidemiology. Sequencing methods still become faster and more affordable from
year to year Ng and Kirkness 2010). According to this development, genome
sequencing has become the method of choice for characterization of Listeria
monocytogenes.

Regardless of the respective sequencing method, NGS can be divided into the
process of DNA extraction, library preparation, sequencing, and data interpretation
using bioinformatics tools (Hess et al. 2020).

Sequencing requires a high quality of DNA; therefore, high-molecular-weight
DNA has to be prepared. The first step after DNA extraction is the preparation of a
so-called library. Sequencing libraries are typically created by fragmenting DNA
followed by ligation of adapter sequences and index sequences on both ends (Giani
et al. 2020). During the sequencing steps, the library is loaded onto a flow cell, where
an amplification process takes place. Chemically modified nucleotides (containing
fluorescent tags) are used to bind to the DNA template strand. The fluorescent tag
indicates which nucleotide has been added. Short sequences with a defined range of
length, the so-called reads, are generated. These reads are overlapping and were set
together in an assembly process (de novo genome assembly). The added index
sequences allow a correct assembly of the generated reads. After sequencing, the
data can be analyzed using bioinformatics tools (Hess et al. 2020). Figure 7 depicts
the basic principles of the whole-genome sequencing process.

For the characterization of L. monocytogenes strains, high-resolution typing
schemes using WGS technology have been developed (Ruppitsch et al. 2015a;
Pightling et al. 2015; Kwong et al. 2016; Moura et al. 2016). Core genome
(cg) MLST scheme-based typing of L. monocytogenes represents an expansion of
the classical seven-gene MLST scheme (Salcedo et al. 2003) and is in all aspects
superior for tracking and source identification, as compared to PFGE and fAFLP
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(Schmid and Hensel 2004; Ruppitsch et al. 2015b). cgMLST-based typing results
can be easily shared between different laboratories all over the world.

Due to the high informative value and the good comparability of the results, the
European Centre for Disease Prevention and Control (ECDC) and the European
Food Safety Authority (EFSA) have recommended to introduce routine WGS-based
typing of human and nonhuman L. monocytogenes isolates across Europe (ECDC-
EFSA 2019).

12.6.2 Interpretation of Typing Results

Adequate molecular typing enables linking pathogen data from human, food, ani-
mal, and environmental sources (provided the discrimination correlates epidemio-
logically). If applied routinely in real time, molecular typing allows for an early
detection of national and international clusters and thus facilitates the early identi-
fication of potential sources of outbreaks (ECDC 2013). However, the use of
analytical studies to investigate outbreaks of listeriosis has had only mixed success
(McLauchlin 2011).

According to theWorld Health Organization (WHO), “foodborne illness is almost
100 % preventable” (WHO 2003). In order to achieve that position, an overview of
the sources of infection and transmission routes is essential. If thoroughly investi-
gated, food-borne outbreaks of listeriosis provide an opportunity to identify the food
vehicle involved and the factors in the food preparation and handling that contrib-
uted to the outbreak. Within the European Union, reporting on food-borne outbreaks
is mandatory under the framework of DIRECTIVE 2003/99/EC OF THE EURO-
PEAN PARLIAMENT AND OF THE COUNCIL of November 17, 2003, on the
monitoring of zoonoses and zoonotic agents. According to this directive, a food-
borne outbreak is defined as an incidence, observed under given circumstances, of
two or more human cases of the same disease and/or infection, or a situation in which
the observed number of cases exceeds the expected number and where the cases are
linked, or are probably linked, to the same food source.

While it is clear what constitutes a food-borne outbreak, there is no consensus on
criteria for defining a L. monocytogenes cluster as a possible food-borne outbreak.
Even the term cluster is still under controversial discussion: Within the European
Centre for Disease Prevention and Control, a cluster is considered for Listeria
monocytogenes having �7 cgMLST allelic differences from another or an outbreak
reference isolate. The cgMLST scheme should be either that of Moura et al. (2016),
Ruppitsch et al. (2015a), or a country respective cgMLST scheme.

In Austria (unlike in Germany or in Switzerland), medical laboratories have a
legal obligation to forward human L. monocytogenes isolates to the National Refer-
ence Centre. From 2009 to 2016, when PFGE was the gold-standard method
routinely used in Austria, more than 50% of human isolates yielded PFGE patterns
that fell into clusters (more than one isolate showing a unique PFGE pattern).

Lay persons often urge to define a possible food-borne outbreak by the occur-
rence of just two indistinguishable human isolates, ignoring the fact that many
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two-isolate clusters are due to chance and ignoring that any pregnancy-related pair of
isolates (mother/child isolates yield identical DNA fingerprinting patterns) would
incorrectly be deemed a possible food-borne outbreak. In contrast to the situation in
forensic human genetics, where—with the exception of monozygotic twins—indis-
tinguishable DNA sequences prove epidemiological relatedness, in bacteriology,
epidemiologically unrelated L. monocytogenes isolates can yield DNA fingerprint-
ing patterns or sequences indistinguishable from each other. Therefore, pure chance
yields pairs of epidemiologically unrelated human L. monocytogenes isolates with
PFGE patterns indistinguishable from each other or closely related DNA sequences
and pairs of contemporary isolates of human and of food origin, without any causal
relation. Figure 8 shows PFGE patterns of seven food isolates received by the
Austrian reference center for L. monocytogenes in 2012, isolates not linked to one
food or food producer. The occurrence of indistinguishable DNA sequences in
different food products—epidemiologically unrelated to each other or to human
cases—also hampers attribution of human illness to certain food. Since 2017,
WGS-based typing methods are routinely used in Austria, only a few human isolates
were assigned to a single cluster. This is mainly due to the superiority of WGS in
contrast to the former used PFGE fingerprinting technique.

While much has been learned about food sources for epidemic listeriosis, little is
known about food sources of sporadic listeriosis, which, in fact, represents the
majority of cases. In Austria, when�2 L. monocytogenes isolates show closely related
DNA sequences (�7 allelic differences, using the cgMLST by Ruppitsch et al. 2015a)
within the actual year, this cluster is evaluated. If these isolates were detected within
the last three to six months, the cluster is deemed a possible food-borne outbreak. If
already typed L. monocytogenes isolates from food or food-associated sources cluster
with patient isolates within a similar timeframe, the national Public Health
(PH) authority is informed. At the discretion of the national authority, the local
authorities are requested to check the food safety measures at the site of the related
producers. The occurrence of a phylogenetically related case of listeriosis within
3 months prompts epidemiological investigations including food exposure analysis,
tracing analyses, and targeted sampling of the incriminated food processor(s) to test
the hypothesis on the outbreak source. Clusters containing only nonhuman isolates are
reported quarterly to the national PH authority (Cabal et al. 2019).

An EFSA-ECDC collaboration on typing of listeria in RTE products and clinical
cases of human listeriosis started in 2010 called the European Listeria typing exercise
(ELiTE) (ECDC-EFSA 2021). This was a joint study of ECDC, EFSA, and the
European Union Reference Laboratory for Listeria monocytogenes hosted by the
French Agency for Food, Environmental and Occupational Health & Safety—
ANSES. This collaborative study was initiated in 2010 as a multisectoral, multicenter
exercise and was based on a dataset of certain RTE food isolates from the EU base line
study (BLS) and a dataset of human isolates collected from clinical cases around the
same time period as the food BLS. The molecular typing method mainly used in this
study was PFGE, which has been the gold-standard molecular typing method for
several food-borne pathogens for many years, with an improved discriminatory power
compared to phenotyping methods. At the time of the study, this method was still the
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best available standard method for L. monocytogenes genotyping. While the WGS
technique is currently the recommended method for real-time surveillance of listeriosis
and is increasingly used by reference laboratories, the EU public health and food safety
value of PFGE has been bridging the historical national and EU-wide PFGE databases
to WGS typing for the investigation of multicountry L. monocytogenes outbreaks
during the transition period. The results provided by this study contributed to a better
understanding of listeriosis epidemiology in the EU and helped to target effective

Producer A  meat spread

Producer B  cured ham

Producer C  ground beef

Producer D  convenience food

Producer E  poultry meat (cooked)

Producer F  turkey meat (frozen)

Producer G  milk

Fig. 8 Indistinguishable pulsed field gel electrophoresis (PFGE) patterns from seven different food
items from seven individual (geographically and economically unrelated) food producers in com-
parison with a contemporary isolate from a sporadic human case (source of infection unknown),
Austria 2012 (RTE ¼ ready to eat)
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control and preventive measures within both food safety and public health as the
presence of commonly circulating L. monocytogenes strains in food and humans has
been demonstrated. The study has been a good example of a successful joint scientific
exercise in the spirit of One Health.

12.7 Disease Symptoms in Both Animals and Humans

12.7.1 Disease Symptoms in Animals

In general, listeriosis in animals can be classified as six different forms (Selbitz
2011): (a) latent intestinal colonization with shedding via feces, (b) encephalitic
listeriosis, (c) septicemic form, (d) metrogenic form, (e) mastitis, and (f) ocular
manifestation. Table 1 summarizes the listeriosis cases in animals, submitted for
necropsy and diagnosed at the Institutes for Veterinary Disease Control of the
Austrian Agency for Health and Food Safety from 2007 to 2020 (total: 450). The
simultaneous incidence of several distinct forms (b–f) in one animal is possible, but
constitutes a rare event. Several factors influence the development of these manifes-
tations: site of bacterial entry (oral or nasal mucosa, eye, gastrointestinal mucosa,
navel), microbial virulence, host immune competence, and way of dissemination
(lympho-hematogenous or neurogenic) (Selbitz 2011). Therefore, incubation periods
can vary between a few days and 4 weeks.

The most frequent encephalitic form (and other organic manifestations as well)
can readily be diagnosed by histological examination with subsequent immunohis-
tochemical detection (i.e., avidin–biotin–peroxidase complex (ABC) technique) of
the pathogen. Suspicion of listerial infection is usually raised by typical morpholog-
ical features, in a high number of cases upon sole examination of H&E sections. In a
retrospective study of 178 encephalitis cases in ruminants, Bagó et al. (2001) found
morphological characteristics of listerial encephalitis in 52 cases, which were all
confirmed by immunohistochemistry. Moreover, immunohistochemical examination

Table 1 Cases of listeriosis in animals submitted for necropsy and diagnosed at the Institutes for
Veterinary Disease Control (Austrian Agency for Health and Food Safety) from 2007 to 2020 (total:
450)

Species Encephalitic form Abortion Septicemic form Mastitis

Cattle 137 39 2

Sheep 156 4 1

Goat 86 8 1

Alpaca 1

Wild-ruminants 7

Swine 1 2

Brown hare 2

Horse 1

Poultry 1 1

Total 388 52 8 2
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revealed two additional cases of listeriosis, formerly classified as nonpurulent
encephalitis of unknown etiology. These findings underline the value of immuno-
histochemistry in the diagnosis of encephalitic listeriosis. Figures 9 and 10 display
two histological features of listerial rhombencephalitis in ovine brain with different
detection intensity of L. monocytogenes (Bagó et al. 2001).

Ruminants are most frequently affected by the encephalitic form (Selbitz 2011)
with histological features of a characteristic, predominantly purulent rhombence-
phalitis and nonpurulent leptomeningitis. Symptoms include elevated temperature
(initially), depression, exaggerated forward or sideward stance, vestibular ataxia,
circling, paresis of cranial nerves (nervus facialis, nervus glossopharyngeus, nervus
trigeminus), salivation, strabismus, nystagmus, nasal and ocular discharge, reduced
pupillary reflex, reduced tongue movement, and head tilt (Schweizer et al. 2006;
Selbitz 2011; Weiss and Amtsberg 1995; Braun et al. 2002). Young animals during
dentition are particularly susceptible for neurogenic dissemination via the trigeminal
and glossopharyngeal nerves due to the increased vulnerability of the oral mucosa. The
metrogenic form is characterized by late abortions, premature delivery, and frailty of
the offspring displaying liver necrosis, abomasal erosions, and multifocal accumula-
tions of Listeria in parenchymatous organs of the fetus/neonates with or without
inflammatory reaction. Metritis or placentitis of the dame is rarely encountered
(Dennis 1975; Wagner et al. 2005; Weiss and Amtsberg 1995). The septicemic form
primarily affects juveniles (predominantly lambs) and is characterized by fever,

Fig. 9 Listeriosis in sheep, “purulent type inflammation.” Left: mononuclear perivascular cuffing;
Hematoxylin and eosin (H&E) staining; bar ¼ 250 μm; Right top: microabscess-like cluster of
neutrophils; H&E staining; bar¼ 150 μm; Right below: immunohistochemical staining of L. mono-
cytogenes (brown signals) in an microabscess; bar ¼ 25 μm. (Reprint by permission of
Österreichische Gesellschaft der Tierärzte (ÖGT))

12 Listeriosis: The Dark Side of Refrigeration and Ensiling 397



general discomfort, and diarrhea (Weiss and Amtsberg 1995). The pathomor-
phological findings are dominated by multifocal necrosis in parenchymatous organs
and occasionally fibrinopurulent meningitis. Listerial mastitis is a rare form that
usually presents with subclinical chronic interstitial mastitis resulting in parenchymal
atrophy (Winter et al. 2004). The ocular manifestation of listeriosis is characterized by
a granulomatous to purulent keratoconjunctivitis and uveitis/iridocyclitis (Evans et al.
2004; Selbitz 2011). The so-called exposition keratitis is interpreted as a result of
cranial nerve paresis and cannot be attributed to the infection itself. Special manifes-
tations like listerial gastroenteritis and granulomatous-suppurative lymphadenitis have
also been described (Fairley et al. 2012; Otter et al. 2004; Thompson et al. 2009).

In swine, listeriosis usually presents as abortion, septicemia of suckling and
fattening pigs as well as encephalitis. Fattening pigs frequently develop hemorrhagic
enteritis in the septicemic phase. Animals suffering from cerebral affection display
incoordination, torticollis, circling, tremor, and paresis of hind legs (Wendt and
Bickhardt 2001).

Listeria infection is occasionally detected in horses. Few cases of encephalitic
(Rütten et al. 2006), abortive (Welsh 1983), ocular (Evans et al. 2004), and septicemic
(Jose-Cunilleras and Hinchcliff 2001; Warner et al. 2012) forms have been reported.
The septicemic form is characterized by necrotizing hepatitis and typhlocolitis.

Listeriosis of dogs and cats is exceptionally rare: Septicemic form (Schroeder and
van Rensburg 1993; Weiss 2005), tonsillitis (Läikkö et al. 2004), cutaneous mani-
festation (Weiss 2005), and abortion (Sturgess 1989) have been described.

In poultry, septicemic listeriosis leading to acute death and encephalitic listeriosis
with central nervous system disturbances such as torticollis and drowsiness has
been described. Pathomorphologically, granulomatous, and purulent (heterophilic)

Fig. 10 Listeriosis in sheep, “nonpurulent type inflammation.” Mononuclear perivascular cuffing
and diffuse microgliosis; Hematoxylin and eosin (H&E) staining; bar ¼ 170 μm; Inset: immunhis-
tochemical detection of sporadic L. monocytogenes organisms (brown signals) inside an area of
microgliosis; interference contrast microscopy; bar ¼ 70 μm. (Reprint by permission of
Österreichische Gesellschaft der Tierärzte (ÖGT))
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inflammation of the central nervous system could be demonstrated (Kurazono et al.
2003; Ramos et al. 1988).

Lagomorpha and rodents are susceptible to listeriosis as well, usually develop-
ing septicemic, metritic, and ocular forms (Hoelzer et al. 2012; Peters and Scheele
1996; Selbitz 2011).

In addition, listeriosis has been reported in a multitude of wild mammalian
species, whereas the above-described courses of disease and lesions can be trans-
mitted to related genera of domesticated species (Hoelzer et al. 2012).

Recently, a very rare event of myocardial listeriosis in a red panda (Fig. 11) could
be detected by bacteriological examination and immunohistochemistry (Merbach
et al. 2019).

The increased frequency of raising/holding reptiles and amphibians as pets
draws additional attention to the zoonotic potential of listeria, as these animals
provide good examples for latent intestinal colonization of listeria with shedding
via feces (Weber et al. 1993). Nevertheless, some case reports about fatal clinical
disease, e.g., myocarditis in these species exist (Matt et al. 2019).

12.7.2 Disease Symptoms in Humans

L. monocytogenes is prevalent in many different foods for human consumption, and
exposure to this pathogen by the consumption of contaminated food would be consid-
ered fairly common. However, clinical disease is rare and mainly occurs among the
immunocompromised, the pregnant, and the elderly (age � 60 years). Clinical mani-
festations range from febrile gastroenteritis to more severe invasive forms including
sepsis, meningitis, rhombencephalitis, abortion, and perinatal infections.

Fig. 11 Myocardial
listeriosis in a red panda. Note
the acute myocardial necrosis
(*). In this case, we detected
listeria intralesionally by
immunohistochemistry.
(Image courtesy
Dr. S. Merbach)
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The median incubation period is estimated to be 3 weeks. Outbreak cases have
occurred 3 to 70 days following a single exposure to an implicated product (Heymann
2015). Noninvasive listeriosis (commonly manifested as febrile self-limited gastroen-
teritis) usually has a shorter incubation period, which ranges between six hours and ten
days (AmericanMedical Association et al. 2001). Invasive listeriosis generally needs a
much longer incubation period, usually about 20 to 30 days (Linnan et al. 1988).
Goulet et al. (2013) calculated the incubation period of listeriosis by reviewing
published literature on patients with a single exposure to a confirmed food source
contaminated by L. monocytogenes. For gastroenteritis cases, the median incubation
period was 24 hours with variation from 6 hours to 30 days. For invasive listeriosis, the
overall median incubation period was 8 days (range: 1–67 days); it differed signifi-
cantly by clinical form of the disease: pregnancy-related cases showed a median
incubation period of 27.5 days (range: 17–67 days), cases with central nervous system
(CNS) manifestation a median of 9 days (range: 1–14 days) and for bacteremia cases a
median of 2 days (range: 1–12 days).

Ten to twenty percent of clinical cases are pregnancy-associated (including
neonates within the first 3 weeks after birth), and the majority of the rest occurs in
nonpregnant immunocompromised individuals or in the elderly. While listeriosis
during pregnancy usually presents with flu-like symptoms, which can lead to
infection of the fetus causing abortion, premature birth, or stillbirth, in
nonpregnancy-associated cases, it mainly manifests as meningoencephalitis or sep-
ticemia. The onset of meningoencephalitis (rare in pregnant women) can be sudden,
with fever, intense headache, nausea, vomiting, and signs of meningeal irritation, or
may be subacute, particularly in an immunocompromised or an elderly host
(Heymann 2015; Tunkel et al. 2004).

Rhombencephalitis is an unusual form of listeriosis (Armstrong and Fung 1993).
This brain stem encephalitis occurs in previously healthy adults. It is analogous to
“circling disease” in sheep. Clinical features are biphasic: fever, headache, nausea,
and vomiting, lasting several days and then cerebellar signs: cranial nerve deficits
and hemiparesis. Cerebrospinal fluid shows increased protein and white blood cell
counts; culture is positive in only 50%.

Kasper et al. studied a total of 150 human cases of listeriosis reported in Austria
between 1997 and 2007 and found 9.3% to be pregnancy-associated (mother/child
illness considered as a single case) (Kasper et al. 2009). Among the 136 non-
pregnancy-associated cases, 55.2% were male and 44.9% female. Overall, 131 of
150 human cases (87%) had some type of risk factor or underlying disease associ-
ated with contracting listeriosis. The majority of cases (90.7%) were caused by
systemic infections, only 9.3% of cases were local infections. Among
nonpregnancy-associated cases, the 30-day all-cause fatality rate was 28.7%
(39/136) and among the pregnancy-associated cases 35.7% (5/14; miscarriage x3,
stillbirth x1, death in a newborn within 15 days of birth x1).

The widespread use of immunosuppressive medications for treatment of
malignancy and management of organ transplantation has expanded the immu-
nocompromised population at increased risk of listeriosis. The estimated risk for
contracting listeriosis is 300 to 1000 times higher for AIDS patients than for the
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general population. However, relatively few cases have been reported worldwide
among HIV-positive or AIDS patients; in Austria, listeriosis in HIV-positive
patients is a rare event (da Silva et al. 1992; Kasper et al. 2009). The preventive
dietary recommendations to avoid the high-risk foods in HIV-positive persons
and the repeated antimicrobial therapy for opportunistic infections may explain
the relatively low incidence rate of listeriosis in AIDS patients (Vazquez-Boland
et al. 2001).

L. monocytogenes can produce a wide variety of focal infections: conjunctivitis,
skin infection, lymphadenitis, hepatic abscess, cholecystitis, endocarditis, peritoni-
tis, splenic abscess, pleuropulmonary infection, joint infection, osteomyelitis, peri-
carditis, myocarditis, arteritis, tonsillitis, and endophthalmitis (Lorber 2010;
Guerrero et al. 2004, Allerberger et al. 1989; Allerberger et al. 1992; unpublished
data). Cutaneous listeriosis usually presents as papular or pustular lesions on the
arms or hands (of veterinarians). Cutaneous listeriosis is observed extremely rarely
and is most often acquired as an occupational hazard from infected animals
(McLauchlin and Low 1994; Regan et al. 2005; McLauchlin 2011).

In healthy adults, exposure to L. monocytogenes-contaminated food usually causes
only a short period of fecal shedding without illness. Foodborne transmission of
L. monocytogenes can also cause a self-limiting acute gastroenteritis (in immunocom-
petent persons). From the data available in normal hosts in Italy, Illinois (USA), and
Austria, it appears that febrile gastroenteritis in normal hosts requires the ingestion of a
high dose of several million bacteria (Aureli et al. 2000; Dalton et al. 1977; Pichler
et al. 2009). Majority of invasive listeriosis cases are caused by consumption of food
containing more than 2000 CFU (colony-forming units)/g. Growth of L. mono-
cytogenes during storage at costumer’s home is responsible for diseases in about one
third of cases (EFSA BIOHAZ Panel 2018). Grif et al. studied the incidence of fecal
carriage of L. monocytogenes in healthy volunteers (Grif et al. 2003). The PCR results
of the subjects indicated an incidence of five to nine exposures to L. monocytogenes
per person/year. On an average, the incidence of culture-confirmed fecal carriage in
healthy adults was two episodes of L. monocytogenes carriage per person/year. Fecal
shedding was of short duration (maximum four days). The discrepancy between PCR
results and the results from conventional culture could be explained by protective host
effects. In particular, secretion of gastric acid provides an important protective factor
against the passage of potentially pathogenic organisms. Cobb et al. have shown a
drastically increased prevalence of L. monocytogenes in the feces of patients receiving
long-term H2-antagonists compared to the prevalence in patients with normal gastric
secretion (Cobb et al. 1996).

12.8 Conclusion

Although invasive listeriosis occurs primarily in patients with underlying diseases,
there are also reports on a rise of listeriosis in previously health persons (Goulet et al.
1998). The mechanism of this appearance has not yet been elucidated. Mainly
affected from invasive listeriosis are elderly, immunocompromised individuals and
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pregnant women. After a long period of increasing rate of invasive listeriosis, cases
remained stable since 2015 but this trend placed listeriosis on place five of foodborne
diseases, still with the highest rate of hospitalization and death (EFSA 2021). Goulet
et al. hypothesized that the reduced salt content in ready-to-eat food (RTE) products
may contribute to the growth of the organism, if present as a contaminant, and
increase the likelihood of infection when these products are consumed by susceptible
individuals (Goulet et al. 2008). The food industry reduced the salt content of
selected products, such as RTE meat products, in response to recommendations in
2002 from food safety agencies, asking for a 20 % reduction in average salt intake,
spread over five years, in order to prevent disease attributable to hypertension-related
conditions. The influence of salt content in food on the general incidence of human
listeriosis is unclear.

Changes in the way food is produced and distributed have increased the potential
for widespread outbreaks involving many countries as a result of contamination of
widely distributed commercial food products. Results of the European Listeria
typing exercise (ELiTE) demonstrated a high degree of dissemination of certain
L. monocytogenes strains (ECDC-EFSA 2021).

In 2008, ECDC (European Centre for Disease Prevention and Control)
established a surveillance of invasive listeriosis and reporting to the European
Surveillance System (ECDC-EFSA 2021). A rapid alert system (RAFFS System)
allows prompt action and recall of contaminated products, and rapid exchange of
whole-genome sequencing data is an important mechanism for collaborative out-
break investigation.

The dose–response relationship of L. monocytogenes, which represents an essen-
tial component of risk assessment, is still a pivotal question (Hoelzer et al. 2012).
Presumably, it depends upon the serotype, concentration, virulence, and pathoge-
nicity of the involved strain and also on host risk factors (Vázquez-Boland et al.
2001). The infectious dose for systemic listeriosis has not yet been determined.
Recently, EFSA published a scientific opinion on L. monocytogenes contamination
of RTE foods and the risks for human health: The majority of invasive listeriosis
cases are attributable to ingestion of >10,000 cfu (EFSA BIOHAZ Panel 2018).

The emergence of human listeriosis is the result of complex interactions between
various factors that may reflect changes in social patterns. Gillespie et al. (2010a,
2010b) studied the association of human listeriosis with neighborhood deprivation
and found that listeriosis incidence was highest in the most deprived areas of
England when compared with the most affluent, and those affected were more likely
to purchase foods from small convenience stores or from local services (bakers,
butchers, fishmongers, and greengrocers) than were the general population. They
hypothesized that small businesses do not have access to the same level of food
safety expertise as do larger retail companies, that increased deprivation could be
associated with conditions where refrigeration may be inadequate or unavailable,
and that financial pressures may encourage individuals to store food longer than the
food product’s safe shelf-life. The exact role of changes in social patterns is still an
unresolved issue.
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Morvan et al. have analyzed the evolution of susceptibility to antibiotics in 4186
clinical isolates of L. monocytogenes through several decades and found the prev-
alence of resistant strains in humans at a stable low level of 1.3% (Morvan et al.
2010). Marco et al. tested the in vitro activity of 22 antimicrobial agents against
L. monocytogenes isolated in Spain (Marco et al. 2000) and found no increase in
resistance with sequential analysis over the study period. Yan et al. studied 2862
food-borne L. monocytogenes isolates and detected 28 resistant isolates, 11 of them
multiresistant, demonstrating the ability of L. monocytogenes to acquire antimicro-
bial resistance (2019). The question why L. monocytogenes, in contrast to all other
zoonotic agents, is not showing an increase in antimicrobial resistance to drugs
widely used in animal production and in human medicine remains unresolved.
Baquero et al. stated that rare exposure of L. monocytogenes population to antibiotics
as well as the large core genome and therefore limited need for acquisition of foreign
genes might play a role (2020).
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Abstract

Human brucellosis belongs to the most common bacterial zoonotic diseases
with about 500,000 reported cases per year and is one of the most widespread
zoonoses according to the World Health Organization. The disease is caused by
Brucella species, a highly contagious bacterial agent causing severe infection in
humans and economic loss in livestock. It is considered to be a bioterrorism
organism due to its low infectious doses of 10 to 100 bacteria and its ease of
transmission as an aerosol. Brucellosis is endemic worldwide but the Mediter-
ranean region has been particularly affected. The species of the genus Brucella
with the greatest importance as zoonotic pathogens are Brucella (B.) melitensis,
B. abortus, and B. suis. Some species are further subdivided into biovars. The
species differ in their animal host specificity and epidemiological occurrence
depending on the livestock or the prevalence of the corresponding wild animals
in the respective country. In addition, the species and, in the case of B. suis, even
the biovars differ in their pathogenicity und thereby in the clinical picture
caused in humans which is complex and often characterized by relapses or
chronification and termed by the syndrome Mediterranean fever, among others.
Since 2007, the genus Brucella has changed fundamentally. A series of new
“atypical” species and Brucella-like organisms have been described infecting
humans, rodents, amphibians, fish, and even reptiles, like the panther chame-
leon. The significance as a zoonosis of these rare species remains still unclear,
but first cases caused by atypical Brucella spp. in humans have been reported.
Diagnosis is based on the detection of the pathogen by means of cultivation and
the detection of genus-specific nucleic acids in patient or animal samples.
Unambiguous species differentiation and genotyping in case of outbreaks are
challenging due to the close relationship between the species and can be
achieved by multiplex PCRs, sequencing of single genes as well as by whole
genome sequencing. The serological diagnosis in humans and livestock is based
on the detection of antibodies against the Brucella lipopolysaccharide. It is
hampered by different lipopolysaccharide types among the species and by
cross-reactivities to other zoonotic Gram-negative bacteria. Prevention and
control in livestock are achieved by regular testing and vaccination with live
vaccines and in humans by avoiding contaminated food products and protection
from infected animals and their secretions.

Keywords

Brucellosis · Zoonosis · Mediterranean fever · Bioterrorism
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13.1 Introduction

Brucellosis is recognized as a significant public health challenge, with a major
economic and financial burden in countries where the disease remains endemic
like the Mediterranean region, the Middle East, parts of Central and South America,
Africa, and Asia. Over the last 10 years, the infection has re-emerged, with high
prevalence in sheep and goats in particular, in Eastern Europe, Central Asia, and
Eurasia and single autochthonous cases from countries officially free of bovine
brucellosis (Beauvais et al. 2017; Kracalik et al. 2016; Mailles et al. 2012; Gwida
et al. 2012a; Schaeffer et al. 2021). Economic losses from Brucella infections
include decreased productivity as a result of abortion, weak offspring, and decreased
milk production, as well as lost trade opportunities. The agent is highly contagious
for humans, and the disease, unless diagnosed and treated both promptly and
effectively, can become chronic, affecting multiple parts of the body. It is acquired
by ingestion of contaminated dairy foods and from occupational exposure to infected
live animals or carcasses during slaughter. Furthermore, B. melitensis, B. abortus,
and B. suis are on the CDC list of selected agents and toxins (http://www.
selectagents.gov) and are considered to be a bioterrorism organism due to its low
infectious doses of 10 to 100 bacteria. The latter is also responsible for laboratory
infections described for Brucella. Brucellosis is the most common bacterial
laboratory-acquired infection. Laboratory exposure is regularly reported from both
endemic and non-endemic countries, and up to 43% of exposed laboratory workers
may develop active infection (Traxler et al. 2013).

The bacteria causing brucellosis, Brucella, are small (0.5 to 0.7 � 0.6 to 1.5 μm),
nonmotile (with some exceptions among atypical species), facultative intracellular,
Gram-negative, nonspore-forming, rod-shaped bacteria. They are catalase positive,
oxidase variable, and most species show fast and strong urease activity. The optimal
temperature for growth is 37 �C (between 20 �C and 40 �C), and the optimal pH for
growth is 6.6 to 7.4, and it occurs within 48 to 72 h (Scholz et al. 2018). The bacteria
are named after Sir David Bruce, who first recognized the organism as causing
undulant fever in the 1850s in Malta during the Crimean War and was referred to as
Malta Fever. Isolates from all Brucella species should be regarded as potentially
pathogenic for man. In many countries, they are classified as risk group 3 agents,
requiring a biosafety level 3 (BSL3) containment for handling of bacterial cultures
(Scholz et al. 2018).

Based on the 16S rRNA gene sequence phylogeny the family Brucellaceae forms
a monophyletic cluster within the Alphaproteobacteria including all species of the
genera Brucella, Ochrobactrum, Paenochrobactrum, Pseudochrobactrum, and
Falsochrobactrum. The closest phylogenetic neighbour within the family
Brucellaceae are the members of the genus Ochrobactrum, specifically
Ochrobactrum intermedium, a saprophyte that occasionally infects humans. Nota-
bly, Ochrobactrum spp. share a wide series of serologically cross-reactive proteins
and exhibit 16S rRNA gene similarities of up to 98.6% compared with Brucella,
indicating the close relationship of both genera (Scholz et al. 2008a, 2018). Because
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of this close genetic relationship, the genera Ochrobactrum and Brucella had been
unified to a single genus (Hördt et al. 2020) with Brucella as combined genus name.
Consequently, all Ochrobactrum species now belong taxonomically to the genus
Brucella.

The genus Brucella currently comprises 12 validly published species (30 species
together with all formerly Ochrobactrum species, see https://lpsn.dsmz.de/genus/
brucella) which are genetically highly related to each other. Many of the twelve
recognized Brucella species are important facultative intracellular human pathogens,
infecting a broad spectrum of animal species, mostly isolated from clinical specimen
or contaminated food products. Only B. microti has been isolated directly from soil
(Scholz et al. 2008c). B. melitensis is by far the most frequently observed causative
agent of human infection, followed by B. abortus, B. suis, and B. canis. Based on
DNA-DNA hybridization studies with DNA-DNA similarities of >80%, all species
would belong to a single species with several biovars. However, due to historic
reasons, predilection for particular animal hosts, biochemical features, etc., the
subcommittee on the taxonomy of Brucella agreed in 2003 on a return to the
pre-1986 taxonomic opinion with a six species concept including the “classical”
Brucella species (the type species B. melitensis and B. abortus, B. canis,
B. neotomae, B. ovis, B. suis) (Osterman 2006). Further Brucella species with no
or rare associations to human infections were isolated from marine mammals
(B. ceti, B. pinnipedalis), rodents (B. microti), primates (B. papionis), Canidae
(B. vulpis), or humans (B. inopinata). A number of further atypical strains have
been isolated in the past decade from amphibians, fish, and reptiles (see Table 1) and
are awaiting their species description. The term “atypical” hereby refers to either a
clearly different phenotype when compared to the classical species (B. microti and
B. inopinata) and/or species with a higher degree of genetic diversity (B. inopinata
and in particular B. vulpis). In contrast to classical Brucella species, most atypical
species or Brucella isolates are metabolically very active, fast growing, and bio-
chemically resemble Ochrobactrum rather than Brucella (Al Dahouk et al. 2017).

The genome of B. melitensis consists of two chromosomes, a larger one with
2.1 M bases and a smaller one with 1.2 M bases. The GC content adds up to 57%.
Although more than 3,000 genes are predicted, the organism lacks the typical
virulence factors, such as exotoxins, capsule, flagella, fimbriae, plasmids, lysogenic
phage, antigenic variation, cytolysins, or type I, II, or III secretion systems (Purcell
et al. 2007). The most important virulence factors identified in Brucella species are,
among others, the type IV secretion system (T4SS) and the lipopolysaccharide
(LPS). The T4SS, encoded by the virB region, is essential for survival and multipli-
cation in macrophages and persistent infection in mice models of infection. The VirB
T4SS permits the injection of a large variety of bacterial effectors inside host cell’s
cytosol, leading to subversion of signaling pathways and favouring bacterial growth
and pathogenesis. Studies of the VirB System in different Brucella species indicate
that the T4SS plays crucial roles in the inhibition of the host innate immune response
and in intracellular survival during infection and might be required for chronic
persistence during infection (Boschiroli et al. 2002; Lacerda et al. 2013; Ke et al.
2015).
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Table 1 Host tropism and zoonotic potential of Brucella species and their biovars

Brucella
species

Biovar (bv) or
strain ID Animal host Zoonosis References

Classical Brucella species

B. melitensis bv 1, 2, 3 Goat, sheep,
camels

Yes Meyer and
Shaw 1920

B. abortus bv 1–7, 9 Cattle, bison,
buffalo, elk

Yes Meyer and
Shaw 1920

B. suis bv 1 Pig (domestic
and feral), dogs

Yes Huddleson
1924; Meyer
and Cameron
1963

bv 2 European brown
hare (Lepus
europaeus), wild
boar (Sus scrofa
scrofa)

Yes Melzer et al.
2007; Mailles
et al. 2017

bv 3 Pig (domestic
and feral), wild
boar (Sus scrofa)

Yes Jiang et al.
2012

bv 4 Reindeer
(Rangifer
tarandus
tarandus), wild
caribou
(Rangifer
tarandus
groenlandicus)

Yes Rausch and
Huntley 1978

bv 5 Rodents
(Apodemus
agrarius,
A. sylvaticus,
Mus musculus,
Microtus arvalis,
and Cricetulus
migratorius)

Unknown Vershilova
et al. 1983

B. canis Reference strain
RM6/66

Dog (Canis
lupus familiaris),
canidae

Yes Carmichael
et al. 1968

B. ovis Reference strain
63/290

Sheep No Buddle 1956

B. neotomae Reference strain
5 K33

Rodents, desert
rat (Neotomae
lepida)

2 cases reported Stoenner et al.
1957;
Villalobos-
Vindas et al.
2017

B. ceti Reference strain
B1/94

Cetaceans 1 case report Jahans et al.
1997; Foster
et al. 2007

(continued)
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Table 1 (continued)

Brucella
species

Biovar (bv) or
strain ID Animal host Zoonosis References

B. pinnipedialis Strain ST27,
reference strain
B2/94

Seals 3 cases reported
with
B. pinnipedialis-
like species

Jahans et al.
1997; Foster
et al. 2007;
McDonald
et al. 2006;
Sohn et al.
2003

B. papionis Strains F8/08-
60T, F8/08-61

Baboons (Papio
spp.)

Unknown Schlabritz-
Loutsevitch
et al. 2009;
Whatmore
et al. 2014

Atypical Brucella species

B. microti Strain
CCM4915T

Common vole
(Microtus
arvalis), wild
boar (Sus scrofa),
red foxes (Vulpes
vulpes)

Unknown Hubalek et al.
2007; Scholz
et al. 2008b;
Rónai et al.
2015; Scholz
et al. 2009

B. inopinata Strain BO1T Unknown 1 case report De et al. 2008;
Scholz et al.
2010

B. inopinata-
like

Strain BO2 Unknown 1 case report Tiller et al.
2010

B. inopinata-
like

Strain BO3 Amphibians are
the suspected
source

1 case report Rouzic et al.
2021

B. vulpis Strains F60T,
F965

Red foxes
(Vulpes vulpes)

Unknown Scholz et al.
2016a

Brucella sp. Strain B13-0095 Pac-Man frog
(Ceratophrys
ornata)

Unknown Soler-Lloréns
et al. 2016

Brucella sp. Strains
09RB8471,
10RB9215,
and others

African bullfrog
(Pyxicephalus
edulis)

Unknown Eisenberg
et al. 2012

Brucella sp. Strains 070194A,
070064E, and
others

Cane toad
(Chaunus
marinus)

Unknown Shilton et al.
2008; Scholz
et al. 2016b

Brucella sp. Strains 10-7-D-
02627

Red-eyed tree
frog, cb
(Agalychnis
callidryas)

Unknown Scholz et al.
2016b;
Mühldorfer
et al. 2016

Brucella sp. Strain 152 Big-eyed tree
frog, (Leptopelis
vermiculatus)

Unknown Fischer et al.
2012; Scholz
et al. 2016b

(continued)
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The Brucella cell wall is composed of an outer membrane comprising an external
layer of lipopolysaccharide, a range of outer membrane proteins including some with
porin activity, lipoproteins, and phospholipids. Colony morphologies have been
classified into smooth and rough forms, based on the respective presence or absence
of the most external antigen, O-polysaccharide (O-PS), within the LPS of the cell
wall, which constitutes the hydrophilic part of the LPS. B. melitensis, B. abortus, and
B. suis are examples for smooth species, and the respective LPS occurs as smooth
lipopolysaccharide (S-LPS). In rough species, such as B. canis and B. ovis, the LPS
occurs as rough lipopolysaccharide (R-LPS). R-LPS is devoid of the O-chain or
O-polysaccharide, which is the most exposed part of S-LPS in the outer membrane
of smooth organisms. The LPSs of Brucella present biological properties distinct
from enterobacterial LPSs, such as low endotoxicity, high resistance to macrophage
degradation, and protection against immune responses (Lapaque et al. 2005;

Table 1 (continued)

Brucella
species

Biovar (bv) or
strain ID Animal host Zoonosis References

Brucella sp. Strain UK8/14 White’s tree frog,
(Litoria
caerulea)

Unknown Whatmore
et al. 2015;
Scholz
et al. 2016b

Brucella sp. Strains
141006639,
141006992,
151-1-2015,
170-7-2016

Amazonian milk
frog,
(Trachycephalus
resinifictrix)

Unknown Scholz et al.
2016b;
Mühldorfer
et al. 2016

Brucella sp. Strains 214-1-
2015, 236-1-
2015, 276-1-
2015, 276-5-
2015, 319-8-
2015, 330-7-
2015, 344-1-2015

Tomato frog
(Dyscophus
antongilii)

Unknown Scholz et al.
2016b;
Mühldorfer
et al. 2016

Brucella sp. Strains
161004095-1,
161004095-2

Cranwell’s
horned frog,
(Ceratophrys
cranwelli)

Unknown Mühldorfer
et al. 2016

Brucella sp. Strain 141012304 Bluespotted
ribbontail ray
(Taeniura
lymma)

Unknown Eisenberg
et al. 2017

Brucella sp. Strains
A105, A141

White’s and
Denny’s tree
frogs

Unknown Kimura et al.
2017

Brucella sp. Strain 191011898 Panther
chameleon
(Furcifer
pardalis)

Unknown Eisenberg
et al. 2020
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Cardoso et al. 2006). Taken together, these properties may constitute key virulence
mechanisms of Brucella spp. for intracellular survival and replication and for
persistence inside the animal host. The O-PS is critical in this regard for smooth
strains, as rough mutants that lack O-PS do not survive as well as their smooth
counterparts in macrophages or in animal models of infection. The O-chain of
Brucella S-LPS carries the major antigenic determinants involved in the humoral
immune responses in animals and humans infected by smooth Brucella strains
(Fernández-Lago and Díaz 1986; Díaz-Aparicio et al. 1993; Alonso-Urmeneta
et al. 1998), while immunodominant antigens in rough Brucella strains are R-LPS
and outer membrane proteins (Riezu-Boj et al. 1986). The genes identified to be
involved in O-PS biosynthesis were located in two major separate chromosomal loci
termed the wbk locus and the wbo locus. Part of the wbk locus is closely related to
that found in Y. enterocoliticaO:9, which partly explains the common O-PS structure
between Brucella spp. and Y. enterocolitica O:9 and consequent O-PS antigenic
relatedness and serological cross-reactions (Godfroid et al. 2000). Recent research
suggests that the loss of O-PS results from the spontaneous excision of the wbkA
glycosyltransferase gene (Mancilla et al. 2012). This phenomenon is referred to as
smooth to rough dissociation (Mancilla 2016; Mancilla et al. 2012). The significance
of colony morphology and Brucella LPS genetics remains controversial, but a
potential link to virulence is discussed. Defects in LPS structure that eliminate
O-antigen was shown to result in a number of attenuated phenotypes, including
sensitivity to complement-mediated killing, increased sensitivity to killing by anti-
microbial peptides, increased maturation of dendritic cells, and attenuation in tissue
culture and animal infection models.

13.2 Pathogenicity

The genus Brucella contains zoonotic pathogens originally associated predomi-
nantly with terrestrial livestock and wildlife sources. They are pathogenic for a
wide variety of animals, frequently producing generalized infections with a bacter-
emic phase followed by localization in the reproductive organs and the reticuloen-
dothelial system. Infection in the pregnant animal often results in placental and fetal
infection, and this frequently causes abortion at third trimester of gestation. Because
fetal membranes and placenta are highly contaminated by bulk of free bacteria,
abortion is a major mechanism of Brucella transmission in nature (Alexander et al.
1981). The organisms may localize in mammary tissue and can be excreted in the
milk. Because all the main species of meat- and milk-producing domesticated
animals are susceptible to brucellosis and act as sources of human infection, the
economic impact of the disease is enormous. Typically, growth in vivo is intracel-
lular and the organisms can survive within both granulocytes and monocytes.
Infections in the natural host are rarely lethal and often mild, with clinical manifes-
tations occurring mainly in the pregnant animal. Nevertheless, localization can occur
in a wide range of organs with production of a variety of lesions. All the Brucella
species may produce infection, but the severity of the infection varies considerably
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with the virulence of the infecting Brucella species (Braude 1951; Isayama et al.
1977). The more pathogenic strains usually produce a local abscess at the site of
inoculation, followed by bacteremia of varying duration. The regional lymph nodes
may become enlarged and granulomatous changes develop. Similar changes occur in
the liver and spleen and frequently in other organs, particularly the testes and
epididymides. B. melitensis and B. suis biovars sometimes produce fatal infections
(Braude 1951). The other species rarely produce severe disease, and infection is
usually self-limiting within a period varying from a few weeks to more than
six months. Pathogenic effects of these nomenspecies are limited to slight-to-mod-
erate splenic enlargement.

Infection among the nomadic population arises from direct or indirect contact
with infected animals. Urban populations mostly contract the disease by consump-
tion of contaminated milk or meat products, establishing cluster infection among
family and tribe members, respectively. Person-to-person transmission is extremely
rare. It has been described by vertical and sexual route as well as by blood
transfusion, but it plays no part in the natural history of the disease (Tuon et al.
2017). Entry of the organisms may be via the respiratory or gastrointestinal mucosa,
or the percutaneous route. The subsequent pathogenesis is believed to follow a
similar pattern to that observed in experimental animals, with proliferation in
lymphoid tissue succeeded followed by a bacteremic phase of variable duration
with, in some cases, localization in specific organs. The infection may be completely
subclinical, or it can produce a subacute or acute febrile illness. In the absence of
adequate antibiotic therapy, this can persist for many months and may be accompa-
nied by the development of severe complications such as endocarditis, meningoen-
cephalitis, arthritis, spondylitis, and orchitis. A postinfectious, chronic, debilitating
syndrome may also result. B. melitensis accounts for the majority of severe infec-
tions (Pappas et al. 2006), followed by B. suis. B. abortus and B. canis are usually
associated with milder disease. Infection elicits both antibodies and cell-mediated
immunity. The LPS is the dominant antigen in the serological response, but anti-
bodies and delayed hypersensitivity to a variety of proteins can develop.

13.3 Epidemiology of Brucellosis in Animals

Some species and their biovars show distinct host tropism. In general, infection with
Brucella sp. in animals is characterized by one or more of the following signs:
abortion, retained placenta, orchitis, epididymitis and, rarely, arthritis, with excretion
of the organisms in uterine discharges and in milk. In some animal species and for
some Brucella species, the animals show no symptoms.

13.3.1 B. melitensis

B. melitensis is the most significant species in terms of both animal and human disease
impact, and this refers to all three phenotypically differentiated biovars (bv 1, 2, 3).
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The three biovars of B. melitensis can be found globally; however, in some geograph-
ical regions, a certain biovar may dominate. As an example, in the Mediterranean
region (e.g., Tunisia, Greece, Italy), B. melitensis bv 3 occurs most frequently. The
main animal hosts of B. melitensis are goats and sheep and with much less frequency
cattle and camels, as well as yaks (Bos grunniens), water buffalo, alpacas, dogs,
horses, and pigs. B. melitensis is rarely reported from wildlife. However, sporadic
cases have been reported in terrestrial wild animals in the alpine ibex (Capra ibex
ibex), chamois (Rupicapra rupicapra), and wild boar in France (Marreros et al. 2011;
Mick et al. 2014; Gennero et al. 2004) and in Arabian oryx (Oryx leucoryx) in Saudi
Arabia (Ostrowski et al. 2002). Interestingly, B. melitensis was also isolated from wild
catfish (Clarias gariepinus) captured from the Nile Delta region of Egypt. In this case,
fish might have been infected due to disposing of animal waste into the canals (El-Tras
et al. 2010). Whether fish are a possible reservoir for B. melitensis and may have a role
in the epidemiology of the disease remains unclear.

The characteristic clinical signs of caprine brucellosis caused by B. melitensis are
middle- to late-term abortion, stillbirths, the delivery of weak offspring, and associ-
ation with an extensive negative impact in a flock’s productivity leading to economic
losses in livestock sector. Historical observations indicate that goats have been the
hosts of B. melitensis for centuries; but around 1905, the Greek physician
Themistokles Zammit was able to build the epidemiological link between “Malta
fever” and the consumption of goat milk (Wyat 2005). While the disease has been
successfully eradicated in sheep, goats, and cattle in most industrialized countries, it
remains a significant burden on animal and human health in the Mediterranean
region, the Middle East, Central and Southeast Asia (including India and China),
sub-Saharan Africa, and certain areas in Latin America, where approximately 3.5
billion people live at risk (Rossetti et al. 2017). Despite intense joint efforts to
eliminate B. melitensis from livestock in Europe, the disease still occurs in Portugal,
Spain, France, Italy, the Balkans, Bulgaria, and Greece. Northern and Central
European countries like the United Kingdom, Belgium, the Netherlands, Denmark,
Germany, Austria, Switzerland, the Czech Republic, Hungary, Poland, Romania,
Sweden, Norway, and Finland, among others, are officially free of the disease. Case
reports from these countries are imported infections or due to imported (contami-
nated) food. Only single events with only a small number of cases of B. melitensis
infections among domestic animals occurred. One was, e.g., in Austria, where a
small autochthonous outbreak occurred in 2018 with three infections in humans and
four in cattle (Schaeffer et al. 2021). Another outbreak in France, where a
B. melitensis spillover between the alpine ibex and a 21-head dairy herd producing
raw milk cheese in the French Alps, occurred in 2012 (Mick et al. 2014).

Camel brucellosis was first reported in 1931 and has since been found in all
camel-keeping countries particularly well documented in Africa and the Arabian
Peninsula (Gwida et al. 2012b). Infections with B. melitensis in camels occur due
to the comingling of camels and ruminant livestock (Sprague et al. 2012) and
among the highest prevalence rates in camels have been documented when camel
herds are intermixed with ruminants (Musa et al. 2008). Prevalence rates of
brucellosis in camels vary widely based on several factors, especially animal
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husbandry practices (Gwida et al. 2012b). The pathology of brucellosis infection in
camels is poorly known as well. Consistent with findings from other livestock, the
bacteria appear to localize in reproductive tissues, lymph nodes, and spleen,
causing inflammation, edema, and necrosis (Wernery 2014). Infection of pregnant
camels can result in placental and fetal pathologies resulting in abortion
(Narnaware et al. 2017). As with brucellosis in other animals, these abortion events
likely disseminate the bacteria broadly and allow for transmission to other live-
stock and to animal handlers.

13.3.2 B. abortus

B. abortus is worldwide the main cause of brucellosis in cattle and is differentiated
into eight biovars (bv 1 to 7 and bv 9). Biovar 3 is further divided into two
genetically disparate subgroups 3a and 3b (Whatmore et al. 2016). The predominant
biovars in livestock worldwide are bv 1 and bv 2. Biovars 3 and 4 are less frequent,
although bv 4 has been reported in South America (Torres Higuera et al. 2019; Matle
et al. 2021). Biovar 3 has been isolated from cattle in several European countries and
in Africa, whereas the subgroup 3b of B. abortus bv 3 is more commonly of
European origin than subgroup 3a which is associated with African origins (Ica
et al. 2008; Muendo et al. 2012). B. abortus is usually transmitted from animal to
animal by contact following an abortion. The organisms are mostly acquired by
ingestion of contaminated pasture or animal barn. Additionally, inhalation, conjunc-
tival inoculation, skin contamination, and udder inoculation from infected milking
cups are other possible routes of infection. Cattle can remain infected for years. They
can shed B. abortus whether they abort or carry the pregnancy to term, and
reinvasion of the uterus can occur during subsequent pregnancies. B. abortus is
also shed in milk, urine, and semen. Camels can also be infected with B. abortus,
likely due to the commingling of camel herds with infected cattle (Sprague et al.
2012; Narnaware et al. 2017).

Eradication programs in a number of European nations, Canada, Australia,
New Zealand, Japan, and Israel have eliminated this organism from domesticated
animals with single exceptions. In terrestrial wildlife, B. abortus has been detected in
the Greater Yellowstone Ecosystem in the USA and in the Canadian Wood Buffalo
National Park from American bison (Bison bison) and the Rocky Mountain elk
(Cervus elaphus nelsoni) (Cross et al. 2010). In Africa, the African buffalo is
considered as a reservoir of B. abortus (Alexander et al. 2012). In Latin America
B. abortus was detected, additionally to already listed animals, from foxes, grey
weasels, horse capybaras, and ferrets (Lucero et al. 2008). In Europe, it was detected
in chamois from large areas of the Western Italian Alps (Ferroglio et al. 2000), and in
one case, it was isolated from a single red deer, probably as a spillover from infected
cattle. However, in Europe, wild ruminants seem to be occasional victims of
brucellosis transmitted from infected livestock, rather than true reservoirs of the
infection for livestock (Muñoz et al. 2010).
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13.3.3 B. suis

B. suis was first isolated from aborted porcine fetuses in Indiana in 1914. Additional
isolates obtained from swine fetuses in 1916 were used to demonstrate pathogenicity
of the bacterial isolates in swine (Huddleson 1924). Although B. suis is the causative
agent of brucellosis in pigs, the agent is able to infect several different hosts,
including rabbits, reindeer, caribou cattle, dogs, and horses. Swine brucellosis is
considered to be one of the main diseases affecting the pig industry. Data from
numerous countries indicate widespread distribution of B. suis in both domestic
livestock and wildlife populations. In some parts of the world, prevalence of swine
brucellosis appears to be influenced by religious or cultural preferences that influ-
ence consumption of pork and impact populations of the preferred host species. The
most common manifestations of the disease are abortion at any stage of gestation,
stillbirth, weak piglets in sows, and orchitis in boars. Arthritis with lameness and
occasional posterior paralysis may also be seen in both sexes. B. suis is currently
subdivided into five biovars (bv 1 to bv 5) with different animal hosts and differences
in their pathogenicity. B. suis bv 1 is the most frequently found biovar in South
America isolated from pigs, hares, and dogs (Lucero et al. 2008) and in the People’s
Republic of China due to high levels of swine production (Deqiu et al. 2002).
Furthermore, there are single cases of dogs suffering from B. suis bv 1 infections,
at which the risk of infection was determined to be a raw meat-based diet of hares
from Argentina (van Dijk et al. 2018) or participation in wild boar hunting
(Ramamoorthy et al. 2011). In Europe, porcine brucellosis almost exclusively results
from transmission of B. suis bv 2 from Eurasian wild boar (Sus scrofa scrofa) and
European brown hare (Lepus europaeus) reservoirs (Melzer et al. 2007; Mailles et al.
2017; Muñoz et al. 2010); also B. suis bv 1 has been detected in wild boar in the
Piedmont region in France (Gennero et al. 2004). Reemergence of swine brucellosis
in continental Europe is predominantly related to production systems in which swine
are raised outdoors under conditions where contact with wildlife reservoirs may
occur (Olsen and Tatum 2017). Venereal transmission is proposed as the main route
of transmission of B. suis bv 2 from wild boars to domestic swine, whereas
transmission from brown hares is probably through oral consumption. Although in
the European Union most of the Member States are recognized as “officially free
from bovine brucellosis,” single cases of B. suis bv 2 were reported from cows
(Szulowski et al. 2013; Fretin et al. 2013). B. suis biovar 3 has been isolated from
swine and wild boar in Europe, the USA, Australia, and the People’s Democratic
Republic of China (Cvetnić et al. 2005, Cvetnić et al. 2009; Cornell et al. 1989;
Deqiu et al. 2002). The distribution of B. suis bv 4 is exclusively limited to subarctic
areas (Alaska, Canada and Russia) where they primarily infect reindeer (Rangifer
tarandus tarandus) and wild caribou (Rangifer tarandus groenlandicus). It was also
isolated from wolves, the native relative of dogs, and other carnivores like foxes and
wolverines in subarctic areas. (Rausch and Huntley 1978). Isolates of B. suis bv
5 also have very limited geographic distribution as they have only been recovered
from rodents (Apodemus agrarius, A. sylvaticus, Mus musculus, Microtus arvalis,
and Cricetulus migratorius) in southern Ukraine and southeastern European Russia
including the northern Caucasus (Vershilova et al. 1983; Hubalek et al. 2007).
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13.3.4 B. canis

Brucella canis was discovered in 1966–1967 during an investigation of abortion in
beagles, in which the organism was isolated from aborted tissues and vaginal
discharge (Carmichael et al. 1968). The host range for Brucella canis is predomi-
nantly domestic dogs, but other species have been investigated. Serologic studies of
wild canids have documented positive antibody titers also in foxes and coyotes
(Cosford 2018). Dogs get infected by oronasal contact and ingestion of contaminated
tissue or fluid. Transmission between dogs occurs during reproductive, social, and
grooming activities. The primary sources of transmission are reproductive fluids:
vaginal discharges and semen. Large numbers of infectious bacteria are shed into the
environment after abortions or through vaginal or seminal secretions. Clinical signs
in dogs range from asymptomatic, lymphadenopathy, orchitis and epididymitis, and
embryonic loss to abortion and testicular atrophy (Hollett 2006).

Breeding kennels show high prevalence rates all over the world. In most coun-
tries, clinical disease attributed to B. canis infection occurs sporadically, but the dog
trade leads to spread of the infection. With the unprecedented rates of animals
moving across international borders and the lack of federal regulation, canine
brucellosis changes its geographical distribution. Reports indicating the infection
is endemic by serosurveys or detection of the agent itself are available from Central
and South America, southern USA, Canada (Lucero et al. 2008; Lovejoy et al. 1976;
Bosu and Prescott 1980); in Asia from Japan, India, the Philippines, Korea, China,
Malaysia and Taiwan; and in Africa from Nigeria (Holst et al. 2012). In central
Europe, stray dogs in the Mediterranean area are suggested to serve as a reservoir.
Published reports of canine brucellosis in Europe are from imported cases due to dog
imports or serosurveys from outbreaks in kennels (Holst et al. 2012). Although the
literature supports the notion that B. canis infection has a worldwide distribution,
there are no consistent epidemiological studies assessing the prevalence of canine
brucellosis.

13.3.5 B. ovis

B. ovis infections in animals affect sheep exclusively, causing genital lesions and
overall reproductive failure. It was reported in sheep farming worldwide, but to date,
the real distribution of B. ovis infection in the world is unknown. It was isolated for
the first time in 1952 from a ram in New Zealand (Buddle 1956). Since then, large
outbreaks as well as prevalence of the agent are, e.g., described from the Mediter-
ranean region, Australia, and South America (Galuzzo et al. 2021; Sergeant 1994;
Costa et al. 2016). The disease is often subclinical and could circulate in the flock
without suspicion. The main clinical manifestation in rams is epididymitis (either uni
or bilateral), orchitis, resulting in testicular atrophy and infertility. B. ovis infection
can also induce clinical signs in ewes such as placentitis and abortion in pregnant
ewes. The disease is mainly transmitted via mating. Ewes act as a passive reservoir.
Rams generally develop a subacute or chronic infection and shed B. ovis intermit-
tently with semen, genital secretions, and urine for at least two to four years.
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13.3.6 B. neotomae

B. neotomae has been isolated from the organs of wood rats in North America
(Stoenner and Lackman 1957). It has been shown to display pathogenicity for
experimentally infected mice and guinea pigs (Gybby and Gibby 1965; Stoenner
1963) as well as intracellular invasion and survival in macrophages and epithelial
cells in vitro (Waldrop and Sriranganathan 2019).

13.3.7 Brucella Strains of Marine Origin (B. ceti and B. pinnipedialis)

Since 1994, Brucella strains have been isolated from a wide range of marine
mammals. In 2007, the sea mammal Brucella isolates were subdivided into two
novel Brucella species named B. ceti and B. pinnipedialiswith cetaceans and seals as
their preferred hosts (Foster et al. 2007). Most marine mammal isolates described
have been isolated form the Atlantic, but also from the Pacific (Maquart et al. 2009)
as well as from the German North Sea (Prenger-Berninghoff et al. 2008). Transmis-
sion of Brucella is poorly understood in marine Mammals. B. ceti and/or
B. pinnipedialis has been isolated from the male and female reproductive organs,
birth products (including the placenta, fetal fluids, and fetal organs) and the milk or
mammary gland. A number of strains has also been detected from lung tissue of
marine mammals. The isolation of marine Brucella sp. from lungworms (Para-
filaroides spp.) as well as from marine mammals with bronchopneumonia suggests
that transmission of marine Brucella strains by lungworms is possible (Prenger-
Berninghoff et al. 2008). Experimental infections with marine mammal isolates have
been described in cattle, sheep, pigs, and laboratory animals (mice, guinea pigs) with
varying outcome (Rhyan et al. 2001; Perrett et al. 2004). In the Arctic, 5 to 10% of
polar bears (Ursus maritimus) were found to have antibodies against Brucella,
probably from eating infected seals (Tryland et al. 2001). Whether these infections
result in any clinical signs is uncertain.

13.3.8 B. microti

Brucella microtiwas first isolated from systemically diseased common voles (Micro-
tus arvalis) in the Czech Republic in Central Europe in 2007 (Hubalek et al. 2007).
Natural acute infection was characterized by edema of extremities, arthritis, lymph-
adenitis, and perforations of the skin resulting from colliquated abscesses, orchitis,
and peritoneal granulomas. It has also been isolated from mandibular lymph nodes
of red foxes in Lower Austria (Scholz et al. 2009) and even directly from soil (Scholz
et al. 2008c). Long-time persistence in the soil suggests that B. microti might at least
have a transient reservoir in the environment and that common voles (and other
animals) become infected by (aerosolized) contaminated soil. Foxes are presumably
infected by the ingestion of diseased rodents. In Hungary, B. microti was isolated
from a wild boar (Sus scrofa) in September 2014 (Rónai et al. 2015). It was isolated
from lymph nodes. The (female) wild boar did not develop any clinical disease. In
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2017, B. microti was isolated from domestic marsh frogs (Pelophylax ridibundus) of
a French farm producing frogs for human consumption (Jaý et al. 2018). Later it was
shown that B. microti was highly prevalent in these frogs and also in the environ-
ment, suggesting long-term persistence (Jaý et al. 2020). It was speculated that its
presence could constitute a possible risk for consumers. The prevalence of B. microti
in other animal species needs further investigation.

13.3.9 Rare Brucella Species Recently Described from Animal Hosts

B. vulpis was isolated in 2008 from mandibular lymph nodes of red foxes in Austria
and described as a novel Brucella species in 2016 (Scholz et al. 2016a). Up to now,
only two strains, the type strain F60T and strain F965, both isolated from a single
fox, exist. In contrast to most other atypical Brucella, B. vulpis is slowly growing,
similar to B. melitensis. Currently, B. vulpis is the genetically most diverse Brucella
species when compared to classical Brucella species.

In 2014 B. papionis, isolated from baboons (Papio spp.), was described as a novel
Brucella species (Whatmore et al. 2014). The two available strains (F8/08-60T and
F8/08-61) were isolated in 2006 and 2007 from two cases of stillbirth and retained
placenta that had delivered stillborn offspring at a primate research center in Texas,
USA (Schlabritz-Loutsevitch et al. 2009). Phylogenetically B. papionis is most
closely related to B. ovis. Genetically and phenotypically, B. papionis belongs to
the group of classical Brucella species.

In the last few years, many further atypical Brucella have been isolated from
cold-blooded vertebrates, mainly from exotic frogs kept in zoos and private
housings (Table 1). The presence in frog species native to Africa, Asia, America,
and Australia indicates that they might be endemic in these regions. The case
history of Brucella infections in amphibians reveals a variety of pathologies
ranging from localized manifestations to systemic infections. Some isolates seem
to be capable of causing high mortality in zoological exhibitions putting higher
demands on the management of endangered frog species. In 2020, the isolation of
an atypical Brucella isolate from a reptile, the panther chameleon (Furcifer
pardalis), was described the first time the (Eisenberg et al. 2020). The detection
of Brucella in amphibians and reptiles significantly broadens the host range of this
medically important genus.

13.4 Epidemiology of Brucellosis in Humans

B. melitensis is the predominant species causing human brucellosis in most endemic
regions, but B. abortus or B. suis might significantly contribute to the number of
human infections in areas with extensive cattle or swine livestock farming, and
therefore, the occurrence of the different Brucella species varies among geographic
regions. In the European Union, brucellosis cases stayed stable over the last years.
Highest case numbers (between 40 and 200 cases per year, https://www.ecdc.europa.
eu/sites/default/files/documents/zoonoses-EU-one-health-2018-report.pdf) are found
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in Italy, Greece, Spain, Portugal and Germany. In these countries, cases are linked to
imported brucellosis, but also local outbreaks due to unpasteurized dairy products
occurred (Control 2018; Nenova et al. 2015).

13.4.1 B. melitensis

B. melitensis is the species with highest zoonotic potential causing most human
infections among all Brucella species. All three recognized biovars (bv1, bv2, bv3)
are pathogenic to humans. The live attenuated Rev-1 vaccine for the vaccination of
small ruminants is also pathogenic for humans. Although there are single reports of
occurrence in wild animals, the main source for B. melitensis infections in humans
are domestic animals, in particular sheep and goat and with less frequency camels
and cattle and their dairy products (Shimol et al. 2012; Garcell et al. 2016). It is the
causative agent of Malta fever and the type species of the genus; that was named
after the region where the disease has been described for the first time (melitensis is
the Latin name for the island Malta).

At highest risk for occupational transmission of B. melitensis are abattoir workers,
rural workers (animal breeders, farmers), and laboratory workers. The latter are at
highest risk for B. melitensis, especially when miss-identification occurred and/or
cultures were processed outside a safety cabinet or due to accidents in the laboratory
(Pereira et al. 2020).

13.4.2 B. abortus

B. abortus is also zoonotic. It is the etiological agent of bovine brucellosis charac-
terized by abortion in animals and is an occupational disease among people in
contact with ruminants or their tissues, such as farmers, butchers, abattoir workers,
veterinarians, and laboratory personnel. In addition to wild-type strains of B. abortus
bv 1 to bv 7 and bv 9, the live attenuated vaccines containing organisms of strain
19 or RB51 are also pathogenic for humans. They must be handled with caution to
avoid accidental injection or contamination of mucous membranes or abraded skin.
Human exposure can be reduced by controlling brucellosis in livestock and by
wearing personal protective equipment when handling infected animals. In milk
B. abortus is killed off by pasteurization. The consumption of raw milk and dairy
products derived from raw milk are among the potential sources of brucellosis. Their
persistence in unpasteurized cheese is influenced by factors such as the type of
fermentation, temperature, water content, pH, and ripening time.

13.4.3 B. suis

Swine brucellosis in humans is most frequently a disease of farm workers, veteri-
narians, and abattoir workers, but it can also be contracted through other activities
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such as hunting or other associations with feral swine. B. suis bv 1 and bv 3 are
pathogenic in humans, whereas bv 2 appears to be a very rare cause of human
infection. The usual route of transmission to humans is the ingestion of contaminated
food, e.g., unpasteurized dairy products or undercooked meat from infected animals.
The disease may also be acquired by handling infected animals or inhalation of
infectious aerosols. High numbers of B. suis bv 1 transmissions were described from
Argentina in slaughterhouse workers. Affected employees were infected by injuries
when processing pork meat, contaminated aerosols, conjunctival splashes, or direct
bacterial entry through skin lesions (Wallach et al. 2017; Escobar et al. 2013).
Infections from processing meat are described even outside endemic regions
(Zange et al. 2019). From other countries (the USA, Australia, Turkey), B. suis bv
1 infections have been also reported in humans who hunt and handle feral pigs and
are associated with dressing the killed animals or processing their meat (Kutlu et al.
2016; Carrington et al. 2012; Starnes et al. 2004). From China, B. suis bv 3 has been
reported as the causative pathogen in human brucellosis in Hainan Province (Jiang
et al. 2012). Although the current prevalence of B. suis bv 4 in people is unknown,
case reports from Alaska and Canada’s Arctic highlight that rangiferine brucellosis
has occurred among northern peoples who consumed caribou (Chan et al. 1989;
Forbes 1991).

13.4.4 B. canis

The pathogenicity of B. canis is considered to be relatively low, making it less of a
perceived public health concern than other Brucella species. Mild clinical symp-
toms, such as fever, headache, anorexia, and fatigue, have been reported in patients
suffering from B. canis infections, but also single severe cases and/or chronic
manifestations, such as peritonitis, endocarditis, aneurysms, osteomyelitis, and
arthralgia were described (Javeri et al. 2014; Ying et al. 1999; Wallach et al. 2004;
Piampiano et al. 2000). Furthermore, infections in patients with underlying disease
like HIV infection even with appropriate CD4 counts and negative viral loads have
also been diagnosed and successfully treated for B. canis infections (Lawaczeck
et al. 2011; Dong et al. 2020). The M-strain of B. canis, which is used for the
serological diagnosis of canine brucellosis and avirulent in dogs, is described to be
pathogenic to humans (Wallach et al. 2004). The most common route of infection is
through contact with infected dogs, which disseminate the disease with their secre-
tions. Urine and vaginal fluid from canines suffering from brucellosis may contam-
inate the environment, leading to human disease. Infections occurs via inhalation of
aerosols or direct contact with mucosa or non-intact skin, furthermore, after inges-
tion, either by contaminated hands or by allowing an infected dog to lick around the
face and mouth area. Of high risk are people living in close contact with infected
dogs especially in overcrowded living conditions, dog breeders, laboratory person-
nel handling positive samples, and animal technicians (Boeri et al. 2008; Dentinger
et al. 2015; Lucero et al. 2005). The true incidence of B. canis in humans is
unknown, due to a general lack of reliable serological detection methods and as
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not in all countries Brucella is routinely tracked beyond the genus level as well as
due to misidentification as B. suis as a consequence of the similar banding pattern in
the Brucella bruce-ladder PCR. This points out the zoonotic potential of this disease
and the importance of pet owner education as well as public health initiatives to
ensure appropriate animal treatment and control.

13.4.5 B. ovis

B. ovis is not classified as a zoonosis. Although large outbreaks are described from
livestock (sheeps), there are no human cases reported so far.

13.4.6 B. neotomae

In 2008 and 2011, B. neotomae was detected in two patients with neurobrucellosis
in Costa Rica. In both cases, the agent was cultured from blood and cerebrospinal
fluid. After antibiotic treatment, the patients recovered with normal mental activ-
ities. The source of infection could not be identified (Villalobos-Vindas et al.
2017). In Costa Rica, there are no rats of the genus Neotomae, but other Neo-
tominae species are endemic. In the described cases, the bacterium was identified
as B. neotomae by multiple-locus variable number tandem repeat analysis of
16 sequences (MLVA16) and whole genome sequencing (Suárez-Esquivel et al.
2017). Whole genome analysis of B. neotomae has also revealed that this bacte-
rium possesses the same virulence arsenal as the classic zoonotic Brucella spp. In
vitro, invasion and replication in epithelial cells and macrophages by B. neotomae
has been shown (Waldrop and Sriranganathan 2019). This demonstrates the zoo-
notic potential of B. neotomae.

13.4.7 Brucella Strains of Marine Origin (B. ceti and B. pinnipedialis)

Three human cases with naturally acquired infection by Brucella strains presumably
of marine origin have been reported, one case of spinal osteomyelitis from a patient
in New Zealand (Mc Donald et al. 2006) and two neurobrucellosis cases from
Peruvian patients (Sohn et al. 2003). Potential routes of exposure in these three
cases included eating raw fish or shellfish, handling raw fish and bait, and swimming
in the ocean. None of the people had been directly exposed to marine mammals.
Interestingly, these human isolates presented the same genotype as strains from
cetaceans from the Pacific (Whatmore et al. 2008). In MLVA-typing, the human
isolates share homologies with B. pinnipedialis but might also be a third marine
mammal Brucella species (Maquart et al. 2009). Another clinical case occurred in a
person who was working with B. ceti in the laboratory (Brew et al. 1999). Alto-
gether, this may point towards a zoonotic potential of these marine mammal Brucella
species.
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13.4.8 B. microti

No human infection with B. microti has been reported so far. Nevertheless, B. microti
was shown to replicate in human macrophages and in human and murine
macrophage-like cells. It is highly virulent in murine models of infection in which
105 colony-forming units of B. microti killed 82% of Balb/c mice within seven days
(Jiménez de Bagüés et al. 2010). In a mouse model using wild-type and immuno-
deficient mice that either lacked B, T and B, or T, B, and NK cells, B. microti was
able to cause disease in the immunocompromised mice but was cleared completely
in wild-type mice after three weeks (Jimenez de Bagüés et al. 2011). Histopathology
analysis of diseased mice showed extensive areas of necrotic tissue and thrombosis
in livers after one week postinfection. B. microti was also shown to cause fatal
infection in experimentally infected chicken embryos where it provoked marked
gross lesions, i.e., hemorrhages and necroses with a killing rate of 100% (Wareth
et al. 2015).

13.4.9 The Role of Atypical Brucella Species as Human Pathogens

Only little is known about the virulence and zoonotic potential of atypical Brucella
species. The first atypical Brucella isolated from a patient was strain BO1 (De et al.
2008). It was isolated from an inflamed breast implant of a 71-year-old immuno-
competent woman without underlying diseases in the USA, presenting with repeat-
ing fever attacks and breast pain. Later this strain was described as a novel Brucella
species, B. inopinata (Scholz et al. 2010). Besides fever and local inflammation of
the breast, no complications were observed, and the patient responded well to
standard antibiotic treatment. The source of infection could not be verified and
remained speculative.

The second case was described in a patient from Australia with chronic destruc-
tive pneumonia (Tiller et al. 2010). The strain isolated from a lung biopsy was
phenotypically and genetically closely related to B. inopinata BO1T and therefore
was termed BO2. Like for B. inopinata, the source of infection could not be
determined. The most recent reported infection with atypical Brucella species was
reported from a 28-year-old patient in France who was hospitalized for an explora-
tion of polyadenopathies associated with multiple pulmonary condensations (Rouzic
et al. 2021). The patient had reported a left cervical lymphadenopathy, associated
with general degradation in condition and weight loss (8 kg in 3 months). The patient
also reported fever and intense night sweats. A cervicothoracic and abdominal
computed tomography (CT) scan revealed multiple mediastinal adenopathies, pul-
monary parenchymal condensations, and cystic emphysematous lesions in the right
upper lobe and splenomegaly (Rouzic et al. 2021). From a cervical lymph node, an
atypical Brucella strain (BO3) was isolated. In-depth molecular analysis using
comparative genome analysis revealed that strain BO3 was identical to strain
B13-0095 recently isolated from a Pac-Man frog in Texas (Soler-Lloréns et al.
2016). Indeed, the patient declared having been in close contact with Pac-Man
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frogs during his previous activities as exotic animal keeper. The clinical picture was
compatible with severe brucellosis, and the patient required prolonged antibiotic
therapy of 3 months.

Besides reported human cases, the virulence of atypical Brucellae had been
investigated in cell culture experiments and by using animal models. In a murine
model of infection, some strains caused death (Jiménez de Bagüés et al. 2014). In
vitro, strains including isolates from amphibians were found to effectively multiply
in different cell lines (Al Dahouk et al. 2017; Soler-Lloréns et al. 2016), and most
strains were capable to persist in mammalian hosts over a period of up to
three months (Al Dahouk et al. 2017). Furthermore, they share identical virulence
genes compared to classical Brucellae (Al Dahouk et al. 2017; Soler Lloréns et al.
2016) and have been associated with significant morbidity and mortality in common
voles and amphibians (Hubalek et al. 2007; Mühldorfer et al. 2016). On the other
hand, one may argue that only weak pathological signs were observed in mice that
cleared infections more efficiently and with fewer signs of inflammation compared
to classical Brucella species (Al Dahouk et al. 2017).

Summarizing, despite the low number of human cases, current reports show that
atypical Brucella are able to infect humans and may induce a clinical picture
resembling brucellosis.

The animal reservoirs of Brucella inopinata-like strains for human infections still
have to be identified, but the high similarity to strains isolated from exotic frogs
suggests this as a possibility. Since B. inopinata-like strains have also been isolated
from fish and reptiles, all cold-blooded vertebrates may serve as a potential source
for human infection.

13.5 Laboratory Diagnosis and Typing

The diagnosis of human brucellosis relies on three different modalities: culture,
nucleic acid amplification tests, and serology. Bacterial culture is essential for
performing strain typing.

13.5.1 Bacterial Culture

Although the diagnosis of brucellosis by bacterial culture is hampered by the slow-
growing features of members of the genus Brucella, laboratory safety concerns,
and reduced sensitivity in prolonged disease and focal infections, isolation of the
bacterium is indisputable evidence of the disease. Culture, when positive, provides
the definitive diagnosis and is considered to be the gold standard in the laboratory
diagnosis of brucellosis. It is essential for determining antimicrobial susceptibility
and performing strain typing. Since the pathogenesis of human brucellosis always
involves a bacteremic stage, cultures of peripheral blood represent a suitable tool
for confirming the disease, although their sensitivity shows a broad range
(10–90%) in different reports (Pappas et al. 2005). As bacteremia is low-grade,
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sensitivity can be easily improved by drawing two or three separate blood culture
sets. In addition to blood samples, Brucella can be cultured from clinical samples
from affected organs. Automated continuously monitored blood culture systems
and the corresponding culture broths are suitable for cultivation of all Brucella
species from bacteremic patients. The latter could also be applied for puncture
fluids from infected tissue or joints. The incubation of liquid culture media, such as
blood culture bottles in the absence of growth, should be at least 21 days. However,
the cultivation succeeds with blood culture systems from more than 95% of the
positive bottles within the first seven days (Yagupsky 1999). Especially on primary
isolation, many strains of the classical species require supplementary CO2 for
growth and growth of the classical species is improved by addition of serum or
blood to the culture media.

Antigen tests and biochemical or mass spectrometry methods (MALDI-TOFMS)
in combination with appropriate databases can be used for preliminary identification
(Lista et al. 2011; Ferreira et al. 2010) and on a RUO basis also down to species level
(Mesureur et al. 2018). The identification of Brucella spp. by MALDI-TOF has
proven to be very useful as it is a rapid and accurate identification method (Karger
et al. 2013) preventing laboratory infections (Becker et al. 2018). Using biochemical
identification, only few reactions are characteristic for Brucella, making identifica-
tion difficult and reliable species determination almost impossible. Specific reactions
for differentiation include urease tests, production of hydrogen sulfide (H2S), cata-
lase, oxidase, growth in the presence of thionin, and basic fuchsin dyes. For the
biochemical identification with commercial systems, misidentifications, e.g., as
Moraxella phenylpyruvica and Ochrobactrum anthropi, are described which have
even led to laboratory infections (Vila et al. 2016; Batchelor et al. 1992). Therefore,
confirmation and reliable species identification should always be carried out by
means of molecular biological methods. In contrast, the differentiation of biovars
from B. melitensis (3 biovars) and B. abortus (8 biovars) and B. suis (5 biovars) is
carried out traditionally by means of phenotypical tests like growth characteristics,
biochemical tests in combination with serotyping and determination for resistance or
sensitivity to different Brucella phages. In recent years, biotyping has increasingly
being replaced by the use of frontline molecular tools like PCRs based on genomic
deletions or SNPs (Whatmore et al. 2016).

13.5.2 Serology

For the detection of specific antibodies against Brucella spp., a variety of in-house
and commercial serological tests are available. Currently, all commercial methods are
based on the detection of antibodies against the smooth LPS present in B. melitensis,
B. abortus, and B. suis. Since B. canis lacks the immunodominant O-polysaccharide
of the smooth Brucella species, the standard serological tests cannot detect anti-
B. canis antibodies (Sayan et al. 2011). Therefore, in patients with suspicion of
infection with a Brucella species with rough LPS-type, B. canis strains should be
used for ELISA antigen preparation (Cosford 2018; Lucero et al. 2005). In particular,
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the M-strain of B. canis with its less mucoid phenotype is recommended for antigen
preparations from whole cells (Carmichael et al. 1984), and PdhB and Tuf proteins
are candidates for recombinant antigens in indirect ELISA assays (Sánchez-Jiménez
et al. 2020). For atypical strains, like B. inopinata-like strains, no serological assay is
evaluated yet.

Due to its rapid and inexpensive performance, the serum agglutination test (SAT)
or its microtiter plate variant is most widely used, especially in endemic areas, and
is traditionally considered the gold standard in the serodiagnosis of brucellosis. The
rose bengal (RBT) test can be used to screen patients and contacts and is also
commonly used in endemic regions due to its ease of performance (Díaz et al.
2011). However, the result should always be confirmed by one of the followings
methods (Corbel 2006). The complement fixation test (CFT) is used as a confirma-
tory test because of its high specificity, especially in chronic infections as it provides
evidence of active brucellosis. Positive CFT titer often persists for years. Incom-
plete antibodies can be detected by Coombs test or immunocapture agglutination
test (BrucellaCapt®) (Bosilkovski et al. 2010; Casanova et al. 2009). Enzyme-
linked immunosorbent assays (ELISA) enable the separate determination of indi-
vidual antibody classes (IgG and IgM antibodies) and a better evaluation of the
results with respect to the course of the disease. During the first week after infection
with Brucella spp., IgM antibodies directed against the LPS of the bacteria pre-
dominate. From the second week on, the IgG antibodies also increase. IgM and IgG
antibody concentrations reach their highest level about one month after infection.
With the start of adequate antibiotic therapy, IgM antibodies slowly fall. Despite
successful therapy, IgM antibodies can be detected for over a year (Ariza et al.
1992; Corbel 2006). In case of therapy failure or relapse, IgG antibodies rise again.
However, elevated IgG antibodies alone are not evidence of chronic infection, as
they can persist for years after acute brucellosis (Ariza et al. 1992). The
immunocapture agglutination test (modified Coombs test) provides additional
information to distinguish between a past and a chronic infection or a recurrence
(Bosilkovski et al. 2010; Casanova et al. 2009). The interpretation of serological
test results can sometimes be challenging especially in endemic areas, where people
suffer from reinfections due to continuous exposure to the agent. In particular, low
antibody titers are typical in chronic courses or in the early phase of infection, and it
can be difficult to distinguish them from past infections. An acute infection is
confirmed by a fourfold rise of the specific antibodies after repeated testing at
intervals of two to three weeks. However, Brucella spp. infections have also been
described in which a direct pathogen detection was successful, i.e., the culture
and/or PCR were positive, but no seroconversion occurred, i.e., the antibody
detection was negative. In particular, this has been observed in local infections,
even without known immunosuppression (Raptis et al. 2007; Janmohammadi and
Roushan 2009; Çelik et al. 2012; Yaghoobi et al. 2013).

In patients with positive serological findings but without detection of the patho-
gen by culture or PCR and no brucellosis typical or only nonspecific clinical
findings, infections caused by other pathogens should be considered which can
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lead to false positive results due to cross-reactivities with Brucella spp. LPS. Cross-
reactivity has been described for Yersinia enterocolitica O9, Escherichia coli O:157,
Franciella tularensis, Salmonella urbana O:30 and Vibrio cholera (Schoerner et al.
1990; Nielsen et al. 2007; Nielsen et al. 2004; Corbel 2006). As all serological
methods available on the market are based on the detection of antibodies against the
smooth LPS of Brucella spp., a differentiation from cross-reacting antigens in such
cases is only possible by excluding the cross-reactive agents, as far as specific tests
are available for this purpose. The most common disease in which cross-reactive
antibodies occur is yersiniosis. Therefore, in non-endemic regions, if antibodies
against Brucella spp. are detected without the case definition of brucellosis being
fulfilled, an infection with Yersinia enterocolitica should always be serologically
excluded.

13.5.3 Nucleic Acid Amplification Assays

Conventional polymerase chain reaction (PCR) and real-time PCR (RT-PCR) assays
have been attempted for the direct detection of Brucella from clinical specimens, to
monitor treatment response, and for the identification, speciation, and differentiation
of recovered Brucella species. PCR-based methods to detect Brucella DNA use a
variety of targets for genus-specific PCRs: omp2, omp2b, bcsp31, IS711 (IS6501),
16S-23S rRNA spacer region, and 16S rRNA (Wang et al. 2014). Among the listed
targets the following two are the most frequently used: Amplification of the insertion
sequence IS711, which is present with a variable number of copies in all Brucella
species (Al-Nakkas et al. 2002). The bcsp31 gene encodes the synthesis of an
immunogenic membrane protein of 31 kDa that is specific to the Brucella genus
(Al Dahouk et al. 2007a). Due to the high sequence homology, a misidentification of
Brucella sp. as Ochrobactrum sp. or vice versa must be excluded when sequencing
of the 16S rRNA gene alone was applied (Scholz et al. 2008d).

Species differentiation as well as determination of the biovar is more complicated.
One of the first PCR assays to differentiate among Brucella species from pure cultures
was the so-called Abortus-Melitensis-Ovis-Suis (AMOS) PCR (Bricker and Halling
1994). This PCR uses a single reverse primer, targeting the Brucella-specific insertion
element IS711, and four different forward primers, each specific for a given species.
Species are differentiated on the basis of different PCR fragment sizes. The disadvan-
tage of this PCR was that not all species could be identified (i.e. B. canis and
B. neotomae) and that some biovars within a given species gave negative results. In
2006, a new conventional multiplex PCR (Bruce-ladder), using eight primer pairs in a
single reaction, was developed (Garcia-Yoldi et al. 2006). Later, this PCR was
enhanced, to cover novel species such as B. microti and B. inopinata (Mayer-Scholl
et al. 2010). However, some B. canis strains and B. microti can be misidentified as
B. suis with this PCR due to a very similar banding pattern. To avoid this and for
further differentiation down to biovar level of B. suis by PCR, a multiplex PCR assay
(Suis-ladder) is recommended (Lopez-Goni et al. 2011).
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13.5.4 Molecular Typing

MLST: The conventional multi-locus-sequence typing (MLST) approach uses
sequence divergence in housekeeping genes. About seven to nine housekeeping
genes are commonly analyzed in order to obtain a reasonable balance between the
acceptable identification power, time, and cost for the strain typing. From each
housekeeping gene, approximately 450 to 500 base pairs (bp) are amplified by PCR,
followed by DNA sequencing and subsequent comparative sequence analysis. Each
unique sequence is assigned a specific allele number and alleles are combined into an
allelic profile and further assigned to a specific sequence type (ST). New alleles result
in a new combination and therefore in a novel ST. Because accumulated changes occur
slowly and are regarded as selectively neutral, the MLSTapproach is a reliable tool for
the overall characterization of microbial populations and the investigation of phylo-
genetic relationships. However, the slow molecular clock rate and the limited number
of genes do not allow in-depth phylogenetic reconstructions and analysis of local
epidemiological studies. Thus, unlike MLVA, MLST is of little value for outbreak
investigations. The classical MLST assay for Brucella consists of nine gene targets
(Whatmore et al. 2007) and was later expanded to a set of 21 loci in order to achieve
better resolution (Whatmore et al. 2016). The MLST database can be accessed via
PubMLST (https://pubmlst.org/organisms/brucella-spp).

MLVA: Multiple-locus variable-number tandem-repeat analysis (MLVA) has
become a major molecular typing method to characterize several pathogenic bacterial
species at the strain level. The BrucellaMLVA-16 scheme as initially described by Le
Flèche et al. (2006) and Al Dahouk et al. (2007b) has been proven to be a valuable tool
in epidemiological outbreak investigations with high discriminatory power in several
studies (Aftab et al. 2011; Jiang et al. 2011; Gyuranecz et al. 2016; Garofolo et al.
2016). Therefore, MLVA can currently be considered to be the gold standard of high-
resolution Brucella typing (Scholz and Vergnaud 2013) and is actually the most widely
used approach for outbreak investigations (De Massis et al. 2015; Dorneles et al.
2014). Furthermore, for strain comparisons a huge publicly accessible database
consisting of MLVA profiles from more than 7000 strains is available (http://mlva.
i2bc.paris-saclay.fr/brucella/). On the other hand, MLVA requires sophisticated labo-
ratory skills and high standardization in order to get reliable and reproducible results.
In recent years, genome-based methods like SNP analysis and core-genome-based
MLST (cgMLST) have started to supplant MLVA due to higher robustness and lower
cost at equivalent or even higher genetic resolution.

SNP Typing: Single nucleotide polymorphism (SNP) analysis from whole
genomes potentially has the highest discriminatory power among the typing methods,
as polymorphisms can be discovered in both coding and noncoding regions of the
genome. However, the choice of a reference genome and the specific algorithm applied
for SNP identification can significantly influence the number of identified SNPs and
the accuracy of the reconstructed phylogenetic relationships. Consequently, depending
on a given SNP assay, the genetic resolution can vary significantly. Hundreds of
Brucella isolates have already been sequenced and analyzed at draft level for whole
genome SNP discovery that efficiently complement MLVA typing and clustering
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analysis when necessary (Foster et al. 2009; O’Callaghan andWhatmore 2011; Georgi
et al. 2017). In all cases, spatial clustering obtained by SNP-Typing was comparable to
MLVA and in some cases SNP-Typing outperformed MLVA in terms of genetic
resolution (Janowicz et al. 2018; Holzer et al. 2021).

cgMLST: Core-genome based multilocus sequence typing (cgMLST) has
become a benchmark tool for bacterial outbreak investigations and was successfully
applied to several pathogens. It represents a very robust high-resolution typing
method and provides highest reproducibility. Like classical MLST, it uses differ-
ences in allelic sequence profiles for strain discrimination, in this case of genes
belonging to the core genome. In contrast to classical MLST, hundreds to thousands
gene targets of the core-genome are analyzed simultaneously resulting in a genetic
resolution comparable to SNP and VNTR typing. Compared to the different SNP
assays, cgMLST has the advantage of being readily and consistently applied in
different laboratories as it uses a consistent set of well-defined conserved loci. For
cgMLST of B. melitensis, a typing scheme consisting of 2704 gene targets was
developed and validated (Janowicz et al. 2018). It can be downloaded from the
Ridom cgMLST.org Nomenclature Server (https://www.cgmlst.org/ncs/schema/
6398355/). This scheme is also applicable for high-resolution typing of other
Brucella species, including atypical isolates. In a direct comparison to MLVA, higher
phylogenetic distance resolution was achieved with cgMLST particularly for strains
belonging to the same lineage. Another cgMLST assay for Brucella spp. using a
smaller set of 164 loci of the core genome was published by Sankarasubramanian
et al. (Sankarasubramanian et al. 2019). Generally, Illumina paired end sequencing
with a coverage of 70x is recommended in order to achieve accurate typing results.

13.6 Disease Symptoms in Humans and Treatment

The usual route of transmission to humans is the ingestion of contaminated food,
e.g., unpasteurized dairy products or undercooked meat from infected animals. The
disease may also be acquired by handling infected animals or inhalation of infectious
aerosols. Occupational exposure is described for hunters, farmers, slaughterhouse,
and laboratory workers, as well as accidental exposure of veterinarians, preparing or
administering the attenuated live vaccine strains (Pereira et al. 2021).

Regardless of the portal of entry of Brucella organisms, bacteria penetrate
mucosal barriers and enter the bloodstream, which permits their dissemination
throughout the body. The bacterium quickly translocates across the epithelial layer
and is endocytosed by mucosal macrophages and dendritic cells (Franco et al. 2007).
Internalized Brucellae initially localize in the regional lymph nodes and then spread
through the bloodstream, entering macrophages-rich tissues such as the liver, spleen,
lymph nodes, or bone marrow. There they adopt a facultative and stealthy intracel-
lular lifestyle, evading the innate and adaptive immune responses and the action of
many antibiotics (Pappas et al. 2005). Disease-specific symptoms occur within an
incubation period of 10 to 21 days, in some cases up to several months. The clinical
picture of human brucellosis is not specific, often accompanied with flu-like
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symptoms such as undulant fever, sweating, asthenia, myalgia, arthralgia, and
headache. The agent can be translocated and adapt to almost any tissue or in vivo
site, and in case of improper antibiotic treatment, the disease has a high risk of
chronification and/or relapses. To avoid the latter, successful brucellosis-treatment
requires long-term antibiotic therapy (Franco et al. 2007; Dean et al. 2012). Due to
the intracellular growth and replication of the bacteria and the slow-growing nature
of B. melitensis, a combination therapy including at least one substance with good
cellular penetration is required. Monotherapy is reported to have a high relapse rate.
The regimen accompanied with lowest rate of treatment failures and, therefore,
recommended by most authors comprise of doxycycline and rifampin and in com-
plicated cases added with gentamycin during the first weeks. Alternative treatment
regimens include trimethoprim/sulfamethoxazole and fluoroquinolones (mainly cip-
rofloxacin) (Ariza et al. 2007; Bossi et al. 2004; Solera 2010). In patients suffering
from neurobrucellosis, addition of ceftriaxone is suggested (Erdem et al. 2012;
Pappas et al. 2007). Up to now, resistance towards therapy-relevant substances is
rare, and treatment failures are associated with noncompliance of patients during the
long-term oral treatment or poor absorption of the antibiotics at the site of infection,
although mutations are described, e.g., in the rpoB leading to resistance towards
rifampicin (De rautlin de la Roy et al. 1986; Sayan et al. 2008). The B. melitensis
Rev-1 vaccine strain is resistant to streptomycin, and B. abortus (strain RB51) is
resistant to rifampicin. As B. melitensis is considered as category B agents of
bioterrorism, also engineered antimicrobial resistance is a concern.

13.7 Prevention and Control

The prevention in animals in the EU according to the Veterinary control programs
(SANCO/6095/2009) include slaughter or stamping out in infected herds, frequent
and regular testing of herds, and the use of tests in association with a compensation
scheme. The currently available vaccines, which are officially authorized at
European level for the prophylaxis of brucellosis, are B. abortus S19 and
B. abortus RB51 strains for cattle and B. melitensis strain Rev.1 for sheep and
goats (OIE Terrestrial Manual Brucellosis 2018). They are prepared from adequately
derived seed cultures and can potentially provoke two types of adverse effects in the
vaccinated animals: the induction of abortion in pregnant females and in the case of
the smooth strains (S19 and Rev.1), the persistence of residual antibodies to the
classical serological tests (RBT and CFT). The latter may cause diagnostic difficul-
ties in certain situations but can be avoided by the use of conjunctival route for
vaccine administration and restrict the age of application to three to four months,
maximum six months. No suitable vaccines exist for the control of Brucella infection
in swine and of canine brucellosis. There are strategies employed for experimental
vaccines against B. canis including the attenuated mutant vaccine strains such as a
B. canis mutant in SST4 and a mutant version of B. abortus RB51 vaccine strain.
Newer studies demonstrated that a B. ovis mutant protects against experimental
challenge with B. canis in mice and is safe for dogs (Eckstein et al. 2020).
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In general, vaccinations are recommended depending on the prevalence in the
respective region and the circumstances. In Germany, however for reasons of animal
disease control, vaccinations against brucellosis of cattle, pigs, sheep, and goats and
curative experiments are prohibited. Animals with the disease and animals suspected
of having the disease must be separated from the rest of the herd and killed.

Human brucellosis is acquired by direct contact with secretions and excretions
from infected animals or by ingestion of contaminated food or dairy products like
raw milk or undercooked meat. Pasteurization of milk helps to prevent brucellosis.
Cheese made from unpasteurized milk may be contaminated if less than
three months old. The World Health Organization recommends storing soft cheeses
more than six months if they were made from unpasteurized milk. Meat, blood, and
internal organs from animals should be handled carefully and cooked thoroughly.
People who handle potentially infected animals or carcasses should wear adequate
protective clothing including eyewear and rubber gloves and protect skin lesions
from exposure. Wounds should be covered. The risk of infection is greatest when
dealing with aborting animals. In several countries, control programs to detect
infection in animals, eliminate infected animals, and vaccinate seronegative young
cattle and swine are mandatory. There is no human vaccine and the use of the
animal vaccine (a live vaccine) in humans is not recommended as it can cause
infection. Immunity after infection in humans is short-lived, lasting approximately
two years. Antibiotic prophylaxis postexposure is recommended for high-risk
exposure (e.g., after unprotected contact with infected animals or Brucella cultures
in the laboratory or who were exposed to the animal vaccine) and/or people with
underlying diseases like Diabetes mellitus. Recommended for postexposure pro-
phylaxis are doxycycline plus rifampin for three weeks; rifampin is not used for
exposure to inoculation with B. abortus (strain RB51) that is resistant to
rifampicin.

13.8 Discussion

The overall incidence of human brucellosis in Europe has been dramatically
decreased during the previous 40 years. This success can be attributed to several
combined public health measures including testing and slaughtering of cattle, live-
stock vaccination, border control, and surveillance programs that largely eradicated
the causative agent from the animal reservoir and minimized the risk of transmission
to humans. These efforts resulted in a significant decline of the disease. Conse-
quently, a brucellosis-free status (brucellosis of cattle, sheep, sheep, and goat) was
granted by the European Union to most countries of Northern and Western Europe.
Eradication of brucellosis in both cattle and sheep and goats is achievable, as it has
been demonstrated in most countries and regions within the European Union.
However, sporadic introduction into brucellosis free countries cannot be fully
avoided, as demonstrated by the recent local outbreak of bovine brucellosis caused
by B. melitensis bv 3 that occurred in Austria in 2018 and in France 2012 (Mailles
et al. 2012; Schaeffer et al. 2021). In some countries where national control strategies
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are weakening, the number of cases in animals is moreover rising again like in
Eastern Europe, Central Asia, and Eurasia (Beauvais et al. 2017; Kracalik et al.
2016) and the disease is re-emerging.

The Brucella ecology, or what we know of it, has evolved rapidly in recent years.
WGS has contributed to identify new species and to identify misidentifications by
conventional methods and to a better differentiation of atypical Brucella spp. from
Ochrobactrum spp. or Brucella-like organisms. Several further atypical species have
been isolated from different animal hosts with unknown zoonotic potential. Two
novel species, B. ceti and B. pinnipedialis, with the potential for causing human
disease have been isolated from marine mammals. Another novel species, B. microti,
has been isolated from wildlife animals, while single B. inopinata-like species have
been detected in human cases. The detection of Brucella spp. in a chameleon 2020
confirmed that all three cold-blooded vertebrate classes (fish, amphibians, and
reptiles) are susceptible to Brucella infection. A first human case caused by an
amphibian-type Brucella has also been described. An active spillover of Brucella
between domestic animals and wildlife has been recognized, with elk transmitting
B. abortus to cattle, wild boars transmitting B. suis bv 2 to domestic pigs, alpine ibex
transmitting B. melitensis to cattle and vice versa freshwater fish becoming infected
with B. melitensis from waste meat. Some species might be underdiagnosed like
B. canis and atypical Brucella species with rough LPS type that can easily be
overlooked by conventional tests.

Therefore, the correct identification in particular of atypical Brucella spp., the
development of biochemical and serological assays for the detection of all rough
LPS-type Brucella species, and the estimation of their zoonotic potential remain
challenging.
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Abstract

About 85 years ago, Q fever research began due to human outbreaks of unknown
origin, associated with domestic animals. Since then, some but not all character-
istics of this “query” disease, caused by the intracellular bacterium Coxiella
burnetii, were revealed. In this chapter, the bacteriology of the bacterium, clinical
presentation, epidemiology, and transmission of the disease in humans and
animals are presented. Domestic small ruminants are the main source of human
Q fever. Although Q fever is considered to be an occupational disease, outbreaks
affect also people without livestock contact and as such have a major public
health impact attracting most attention. The Dutch Q fever outbreak, involving
4000 reported human cases over the years 2007–2010 and at least 40,000 cases
presumably unrecognized, is an example of how Q fever can reemerge from an
endemic state into an outbreak of unforeseen dimension. In this outbreak, the
epidemiological link between dairy goats and human cases was confirmed by
genotyping for the first time. This was possible due to the previous development
of genotyping assays that are applicable on clinical material. Although Q fever
seems to be a blue print for outbreaks, it is not known yet what factors are
essential to cause outbreaks and how they interact. To prevent outbreaks, a better
understanding of these factors and their interaction is necessary and research
should therefore focus on this. Only with a One Health approach involving
human medicine, veterinary medicine, and environmental factors, coordinated
research under this aspect and up-to-date knowledge and information processing,
presentation, and dissemination will be able to reduce the significance of this
zoonosis in the future.

Keywords

Zoonosis · Q fever · Acute Q fever · Chronic Q fever · Coxiella burnetii ·
Transmission · Excretion · Outbreak · Therapy · Genotyping · MLVA ·
Discrimination · Q fever fatigue syndrome · One Health · Public health ·
Epidemiology · Disease burden · Dutch outbreak · Livestock · Prevention

14.1 Introduction ! Characteristics of Coxiella burnetii

The first awareness of Q fever was raised by severe outbreaks among abattoir
workers in Brisbane, Australia. These outbreaks had been occurring periodically
since 1933, but remained undiagnosed until Edward Derrick was assigned to inves-
tigate the cause of these febrile illnesses (Derrick 1983). In order to reveal the cause
of the disease, several experiments were done, but Derrick failed to detect bacteria.
This led him to the (wrong) conclusion that the etiologic agent was a virus. Further
studies on the virus of this query, “Q,” fever were published by Macfarlane Burnet
and Mavis Freeman, indicating the rickettsia-like properties of the virus (Burnet and
Freeman 1983). At the same time, the causative agent of Q fever was also discovered
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independently in Montana, USA, due to research on Rocky Mountain spotted fever
(Cox 1938). Later on, a laboratory infection revealed the linkage of the two discov-
eries (Dyer 1938; McDade 1990). So, from the early identification of Q fever and the
discovery of the etiologic agent it was obvious that the Q fever agent was zoonotic
and able to cause severe outbreaks.

The rickettsia-like properties of the agent resulted in the initial designation of the
Q fever agent as Rickettsia diaporica (diaporica is derived from the Greek word for
having the property or ability to pass through [a filter]) by the American group and as
Rickettsia burnetii (after Burnet) by the Australian group (McDade 1990). In 1948,
Philip (Philip 1948) proposed a reclassification into Coxiella burnetii. In this name
both Harold Cox and Frank Burnet are honored for their contribution to the identi-
fication of the Q fever agent. At a later time, C. burnetii has been phylogenetically
reclassified from the order of Rickettsiales to Legionellales, based on the sequence of
its 16S rRNA (Weisburg et al. 1989).

C. burnetii is an obligate intracellular gram-negative bacterium. The pleomorphic
rods have a diameter of approximately 0.2–0.4 μm and are 0.4–1.0 μm in length
(Drancourt and Raoult 2005). In the developmental cycle of C. burnetii two distinct
variants have been identified: a large cell variant (LCV) and a small cell variant
(SCV) (McCaul and Williams 1981). The LCV is the metabolically active and
intracellular replicative entity of the bacterium. The LCV transforms into the SCV,
which is the more resistant form of C. burnetii. In this form the bacterium is highly
resistant to environmental stress, such as high temperatures, UV radiation, and
osmotic pressure. The resistance allows C. burnetii to survive in the environment
while keeping its infectivity (McCaul and Williams 1981). The SCV can infect host
cells, closing the developmental cycle.

Lipopolysaccharide (LPS) is demonstrated in both C. burnetii LCV and SCV,
although presence of LPS is mainly associated with the SCV (Coleman et al. 2007).
Like several other gram-negative species, C. burnetii can display two different LPS
phenotypes. The phase 1 phenotype expresses full length LPS which corresponds to
the smooth LPS of other gram-negative bacteria (e.g., Brucella spp. and Enterobac-
teriaceae), while the phase 2 phenotype carries LPS that resembles the rough LPS.
Phase 2 LPS lacks the O-antigenic region (Toman et al. 2009). Phase 1 bacteria are
highly virulent and able to replicate in immunocompetent hosts. This is contrary to
phase 2 bacteria, which are avirulent and unable to replicate in immunocompetent
animals (Moos and Hackstadt 1987; Andoh et al. 2007). During serial passage in cell
culture, phase 1 C. burnetii can convert into phase 2 (Hotta et al. 2002). Both LPS
phenotypes are inducing phase-specific antibodies in infected hosts. Phase 1 antibodies
are directed against the full length LPS of phase 1, whereas phase 2 antibodies are
assumed to direct against common surface proteins (Marrie and Raoult 1997). The
hypothesis is that these surface proteins are also present on the surface of phase
1 C. burnetii, but may be shielded by the long phase 1 LPS. This may prevent binding
of phase 2 antibodies to surface proteins of intact phase 1 bacteria (Hackstadt 1988).

The first complete genome sequence of C. burnetii was published in 2003
(Seshadri et al. 2003). Analysis of the original strain isolated from ticks by Davies
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and Cox in 1938 (called Nine Mile/RSA493) revealed a circular genome of
1,995,275 base pairs. Today roundabout 100 genomes form C. burnetii that are
sequenced and available on NCBI (https://www.ncbi.nlm.nih.gov/genome/?
term¼coxiella+burnetii). The genetic heterogeneity of different C. burnetii strains
can be assessed with a number of molecular techniques. Different genotyping
techniques have been described, mainly based on the identification of differences
between selected loci on the genome (Table 1, Massung et al. 2012; Frangoulidis
et al. 2022). Accurate identification of the agent is important to differentiate between
strains and to identify epidemiological relevant markers. These markers are at the
basis of molecular epidemiology, which enables the identification of sources of Q
fever outbreaks (Arricau-Bouvery et al. 2006).

In the recent years, a further potential benefit of genomic markers was studied to
get an enhanced characterization of C. burnetii: the correlation between pheno- and

Table 1 Overview of published genotyping techniques for C. burnetii and year of first publication
of the technique for C. burnetii (Roest et al. 2013b)

Abbr. Stands for Based on
Publ.
year Ref.

RFLP
typing

Restriction
fragment length
polymorphism
typing

Analysis of the fragments after
digestion with specific
restriction enzymes

1990 Jager et al.
(1998), Heinzen
et al. (1990)

Com1
typing

Com1 encoding
genes sequencing

Sequence analysis of the Com1
encoding genes

1997 Zhang et al.
(1997)

Com1/
MucZ
typing

Com1 and MucZ
encoding genes
sequencing

Sequence analysis of the Com1
and MucZ encoding genes

1999 Sekeyova et al.
(1999)

MST Multispacer
sequence typing

DNA sequence variation in short
intergenic regions in the genome

2005 Glazunova et al.
(2005)

MLVA Multiple locus
variable number
tandem repeats
analysis

Variation in the repeat number in
tandemly repeated DNA
elements on multiple loci in the
genome

2006 Svraka et al.
(2006), Arricau-
Bouvery et al.
(2006)

IS1111
typing

IS1111 repetitive
element
PCR-based
differentiation
typing

Identification of different IS1111
insertion elements

2007 Denison et al.
(2007)

RAPD Randomly
amplified
polymorphic DNA

Analysis of randomly amplified
DNA fragments of the genome

2009 Sidi-Boumedine
et al. (2009)

SNP
typing
adaA

Single nucleotide
polymorphism
typing
Acute disease
Antigen-A

Differentiating a single
nucleotide difference on a locus
in the genome by probes
Polymorphism in gene region

2011
2013

Huijsmans et al.
(2011)
Frangoulidis
et al. (2013)

Abbr.: abbreviation; Publ. year: year of first publication of the technique for C. burnetii; Ref.:
reference
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genotype. This issue was seen since the beginning of using molecular techniques in
Coxiella research. Already in 1985 Samuel et al. identified the plasmid QpRS that
should be associated with chronic disease. This was not confirmed in later studies
(Stein and Raoult 1993; Thiele and Willems 1994). Later in 2005 a new genomic
marker for acute Q fever was discussed (Zhang et al. 2005), the acute disease antigen
A (ada A), but again an in-depth analysis could not confirm the hypothesis although
characterization of the ada A region offers some new and interesting typing options
for discrimination (Frangoulidis et al. 2013). A SNP at position 431 was predomi-
nant in isolates from acute Q fever pneumonia and also carried by most of the sheep
strain, consistent with the observation that most of human Q fever cases are sheep
related. In 2014, a MLVA (Multiple Locus Variable number tandem repeats Analy-
sis)-based analysis of veterinarian Coxiella samples of Germany identified a special
cluster, associated to cattle and a mixed cluster with most of the studied isolates from
goats and sheep (Frangoulidis et al. 2014). This clustering from MLVA genotypes to
animal species was confirmed by a French MLVA study in 2017 (Joulié et al. 2017)
and recently in Poland, too (Jodełko et al. 2021).

Beside MLVA the MST (multispacers typing) typing method is also widely used,
introduced in 2005 (Glazunova et al. 2005). Lacking the discriminatory power of
MLVA in Coxiella typing, it shows also some species specific groupings, like the
MST genotype 61, strongly associated with cattle.

A more established and much more better evaluated and important use of
molecular typing systems in Q fever is the discriminatory power, i.e., the ability to
distinguish between unrelated strains. This is determined by the number of different
types defined by the test method and the relative frequencies of the types. A single
numerical index of discrimination is suggested by Hunter and Gaston (Hunter and
Gaston 1988). This Hunter-Gaston Diversity Index (HGDI) is based on the proba-
bility that two unrelated strains, sampled from a test population, will be placed into
different typing groups. By comparing the HGDI of a typing system the discrimi-
natory power of a method can be identified. It is important to note that the calculated
HGDI depends on the panel of strains (i.e., relatedness of the strains), so for an
unbiased comparison of typing methods preferably the same panel should be used.
Despite its importance for the quality of typing systems the discriminatory power is
not assessed for most of the typing systems available for C. burnetii. For the ones
that were assessed, a HGDI of 0.86 was calculated for RFLP typing (Jager et al.
1998). For the MLVA typing panels 1 and 2 a HGDI of 0.92 is calculated, respec-
tively; for the combination of both a HGDI of 0.99 is calculated (Arricau-Bouvery
et al. 2006; Roest et al. 2011b; Frangoulidis et al. 2014). It is suggested that a HGDI
of >0.90 is desirable to interpret typing results with confidence (Hunter and Gaston
1988), indicating the MLVA typing system as a useful typing tool for C. burnetii.
However, still the heterogeneity of the studied population influences the quality. In
comparison with the published MST and SNP methods MLVA is probably a more
discriminatory typing method for C. burnetii (Svraka et al. 2006; Chmielewski et al.
2009; Massung et al. 2012; Frangoulidis et al. 2022).

Recently a study analyzed MLVA, MST, and SNP-associated genomic grouping
in C. burnetii and postulated a rapid screening marker in one MST-Gen loci (Cox51)
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(Hemsley et al. 2021). Future studies will show the benefit of this issue for Coxiella
typing in humans and animals.

Due to virulence of C. burnetii genes, no clear associations could be drawn. So, to
date, it is not possible to classify the virulence of strains solely based on the available
genotyping methods.

Summing up, genomic typing of C. burnetii is an important technique in Q fever
outbreak management, especially in back-tracing infections in humans and animals,
to identify the source of this zoonotic disease in outbreaks.

Nevertheless, although several efforts have been done, till today an accepted
standard laboratory method for C. burnetii typing is not established. Despite this,
genomic typing data was collected in databases like https://ifr48.timone.univ-mrs.fr/
mst/coxiella_burnetii/ for MST and http://mlva.i2bc.paris-saclay.fr/MLVAnet/spip.
php?rubrique50 for MLVA and recently in a new database CoxBase (https://coxbase.
q-gaps.de/) putting all existing genomic typing data of C. burnetii of five different
methods and whole genome sequencing information of strains in one place, sharing
information and providing analytical tools for comparison (Fasemore et al. 2021).
This might support in the future the identification of virulence-associated gene
regions of this zoonotic pathogen.

14.2 Disease Symptoms in Animals and Humans

14.2.1 Clinical Presentation in Animals

The most important clinical presentations of Q fever in animals that are relevant for
the zoonotic properties of Q fever are abortion and stillbirth. Field observations
clearly demonstrate C. burnetii as a cause of abortion and stillbirth in goats, sheep,
cattle, and cats (van Moll et al. 1993; Guatteo et al. 2011; Berri et al. 2001, 2002;
Hatchette et al. 2003; Rousset et al. 2009; Lang 1990; Marrie et al. 1988b). Abortion
occurs most frequently at the end of gestation, without preceding clinical symptoms
(Arricau-Bouvery and Rodolakis 2005). In nonpregnant animals, C. burnetii infec-
tion is virtually asymptomatic.

In pregnant goats, abortion, still birth, and also the birth of strong and lively kids
can occur after Q fever infection of pregnant animals (Arricau-Bouvery et al. 2005;
Roest et al. 2012). When lively kids are born the duration of gestation can be up to
14 days shorter than the normal average gestation duration of 154 days. In dairy goat
herds where Q fever abortions occurred, metritis can be observed. Weak kids were
reported with low body weight and high mortality. Rearing of apparently healthy
kids can be complicated by respiratory and digestive tract disorders (Wouda and
Dercksen 2007). Experimental infections with C. burnetii in pregnant sheep did not
result in any abortions (Martinov et al. 1989; Welsh et al. 1958), while in cattle one
experimental infection of a pregnant cow resulted in abortion (Lang 1990). The
cause of these differences in pregnancy outcome after infection is unknown. In
cattle, C. burnetii infection is associated with metritis and reproduction problems
(Lang 1990; To et al. 1998).
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14.2.2 Clinical Presentation in Humans

In humans infection with C. burnetii can manifest in three main clinical presenta-
tions: acute Q fever, chronic Q fever, and the Q fever fatigue syndrome (QFS).
Following exposure to C. burnetii almost 60% of the Q fever cases are asymptom-
atic. Among the 40% symptomatic acute Q fever patients, the majority will present a
nonspecific, self-limiting illness. More severe clinical symptoms include fever,
headache, chills, atypical pneumonia, and hepatitis (Derrick 1983; Maurin and
Raoult 1999; Raoult et al. 2005). In the Netherlands, the large acute Q fever outbreak
between 2007 and 2011 showed a mortality rate of 1.2% within approximately
1 month after hospitalization of patients. All lethal cases suffered severe underlying
medical conditions (Kampschreur et al. 2010). Acute Q fever is diagnosed in the
laboratory following (i) a positive C. burnetii specific PCR; (ii) the presence of IgM
phase 2 antibodies in serum accompanied by clinical symptoms; or (iii) a fourfold
increase of the IgG phase 2 antibody titer. These laboratory findings are also the
notification criteria in the Netherlands (Wegdam-Blans et al. 2010). Acute Q fever
can be treated with doxycycline 200 mg per day for 2 weeks. Alternative options are
quinolones or trimethoprim-sulphametoxazole.

Chronic Q fever can develop after either a symptomatic or an asymptomatic
primary infection in 1–5% of the patients. Chronic Q fever can become manifest
years after initial infection. The most common presentations are endocarditis and
vascular (prothesis) infection. Clinical symptoms include nonspecific fatigue, fever,
weight loss, night sweats, and hepato-splenomegaly (Wegdam-Blans et al. 2012;
Raoult et al. 2005). Risk factors for developing chronic Q fever include heart valve
surgery, abdominal or iliac aneurysm, vascular prosthesis, and older age
(Kampschreur et al. 2012). Diagnosis of chronic Q fever is difficult because of the
nonspecific symptoms, but also because C-reactive protein can be normal and
echocardiography often does not show typical signs of endocarditis. Proven chronic
Q fever is defined as phase 1 IgG�1024 with a definite endocarditis according to the
revised Duke criteria or a proven mycotic aneurysm or infected vascular graft and/or
positive PCR for C. burnetii on blood or infected tissue (Kampschreur et al. 2012).
Probable chronic Q fever is defined as phase 1 IgG �1024 with a risk factor for
developing chronic Q fever, symptoms of a chronic infection, or an atypical focus of
infection. In possible chronic Q fever only phase 1 IgG �1024 is present. 18F-FDG-
PET/CT has proven its value in diagnosing prosthetic valve endocarditis and vas-
cular infection in Q fever and is recommended at diagnosis or when complications
are suspected during treatment (Kouijzer et al. 2018). After the outbreak in the
Netherlands, vascular chronic Q fever was more common than endocarditis (Buijs
et al. 2021), but in France endocarditis has always been more common. A combi-
nation of both is also possible. Complications such as heart failure, aortoenteric
fistulas with gastrointestinal bleeding and/or gram-negative sepsis, abcesses, and/or
vertebral osteomyelitis occur in 64% of patients with proven chronic Q fever, while
Q fever–related mortality is still 27% despite adequate treatment (Buijs et al. 2021).
First-choice treatment is doxycycline with hydroxychloroquine, but doxycycline
with a quinolone is a reasonable alternative in case of intolerance (Van Roeden
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et al. 2018). Treatment duration is at least 18 months in case of native valve
endocarditis and at least 24 months when prosthetic material is present and often
longer. Treatment can be stopped after this minimum treatment duration when serum
PCR has repeatedly been negative and imaging shows no signs of active infection
anymore.

Q fever fatigue syndrome (QFS) is another long-term presentation of symptom-
atic acute Q fever. Contrary to chronic Q fever, C. burnetii cannot be detected in QFS
patients. Furthermore, antibody levels against the bacteria are low or negligible.
Symptoms of QFS include prolonged fatigue, arthralgia, myalgia, headache, con-
centration problems, and increase in symptoms after physical activity (Keijmel et al.
2015). The cause of the development of chronic Q fever or QFS in certain individ-
uals is still unknown. Even years after the acute infection, quality of life and social
functioning of patients with QFS was significantly lower and anxiety significantly
higher compared to patients with diabetes and the general population (Reukers et al.
2019). A randomized controlled trial comparing long-term treatment with doxycy-
cline, placebo, or cognitive behavioral therapy (CBT) showed that CBT is effective
in reducing fatigue severity in QFS patients. Long-term treatment with doxycycline
does not reduce fatigue severity in QFS patients compared to placebo (Keijmel et al.
2017). Unfortunately, the beneficial effect of CBT on fatigue severity was not
maintained 1 year thereafter (Raijmakers et al. 2019).

As in animals, it is suggested that also in pregnant women, C. burnetii infection
may lead to adverse pregnancy outcome, especially when the acute Q fever remains
untreated (Langley et al. 2003; Carcopino et al. 2007). Pregnancy outcomes include
spontaneous abortion, intrauterine fetal death and premature delivery, or low birth
weight. In pregnant women, the risk to develop chronic Q fever is assumed to be
high (Maurin and Raoult 1999; Carcopino et al. 2009). Besides clinical Q fever also
asymptomatic infections may lead to the same risk for adverse pregnancy outcomes
(Parker et al. 2006). As above was known during the Dutch Q fever outbreak,
surveys were set up to investigate the relation between Coxiella infection and
pregnancy outcome. In a population-based study, including 1,174 women, no
relation could be detected between presence of antibodies against C. burnetii during
early pregnancy and adverse pregnancy outcome (van der Hoek et al. 2011b). An
additional study was not supportive to imply a preventive program for seropositive
pregnant women as such a program, including serological screening and treatment in
case of acute or chronic Q fever, seemed not to be associated with a relevant
reduction in obstetric complications in seropositive women.

14.3 Epidemiology and Burden of Disease in Animals

14.3.1 Host Range

C. burnetii can infect a wide range of animal species. The original isolation in the
USA was from the tick Dermacentor andersoni (Davis and Cox 1938). Since then
C. burnetii has been detected in over 40 tick species. Several bird species can also
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become infected with C. burnetii, as experimentally shown (Schmatz et al. 1977a, b;
Sethi et al. 1978; Babudieri and Moscovici 1952). Natural infections have been
reported in domestic birds and in wild birds (To et al. 1998; Astobiza et al. 2011). In
terrestrial as well as in marine wildlife the presence of C. burnetii has been confirmed
in roe deer, wild boars, rodents, European hare, pacific harbor seal, a Steller sea lion,
Northern fur seals, and harbor porpoises (Thompson et al. 2012; Astobiza et al.
2011; Lapointe et al. 1999; Kersh et al. 2010, 2012; Duncan et al. 2012). These data
indicate a sylvatic cycle for C. burnetii, in which ticks probably play a role as vector.

In domestic animals, C. burnetii has been detected in cats, dogs, and horses as well
as in domestic ruminants. In cats seroprevalences between 19% and 42% are reported.
In dogs seroprevalences up to 22% are detected (Higgins and Marrie 1990; Komiya
et al. 2003a; Marrie et al. 1988a; Boni et al. 1998). In domestic ruminants C. burnetii
infections are widespread. Seroprevalence levels are estimated up to 82% in cattle. In
sheep and goats average seroprevalences are slightly lower compared to cattle, with
values of up to 73% (Guatteo et al. 2011). Prevalence ofC. burnetii on cattle herd level
as measured from bulk tank milk samples ranges between 32% and 94% (Angen et al.
2011; Kim et al. 2005; Astobiza et al. 2012). These data indicate that animals that live
in close contact to humans can become infected with C. burnetii.

14.3.2 Excretion Routes

Knowledge of the excretion of C. burnetii from infected animals is crucial in
understanding the transmission routes and risks for human infection. Abortions in
C. burnetii infected domestic ruminants are accompanied by massive excretion of
the bacteria and spread into the environment. This is the most important excretion
route of C. burnetii, as up to 109 organisms per gram placenta tissue are excreted
(Arricau Bouvery et al. 2003). However, experiments in goats indicate that compa-
rable numbers of Coxiella are also excreted during the birth of lively kids (Roest
et al. 2012). Also sheep can excrete numerous Q fever bacteria during normal
parturition. This implies that C. burnetii can be excreted without clinical signs of
Q fever in the herd. This should be taken into account when tracing sources of
human Q fever.

C. burnetii has also been detected in feces, vaginal mucus, and milk of infected
domestic ruminants (Berri et al. 2001; Arricau Bouvery et al. 2003; Rousset et al.
2009; Guatteo et al. 2006). In goat herds, both in aborting and nonaborting goats,
C. burnetii DNA has been detected in feces, vaginal mucus, and/or milk (Rousset
et al. 2009). In cattle, also variable excretion via feces, vaginal mucus, and milk has
been reported, sometimes independent of an abortion history. However, it is
suggested that the presence of C. burnetii DNA in feces and vaginal mucus is due
to contamination of C. burnetiiDNA from the environment (Welsh et al. 1958; Roest
et al. 2012). Thus, while excretion of high numbers of C. burnetiiwith birth products
during parturition is evident, the importance of and the correlation between the
excretion routes of C. burnetii via feces, vaginal mucus, and milk is much less
well established.
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How a C. burnetii infection persists in a ruminant herd is not clear up to now.
During parturition of infected animals high numbers of C. burnetii are excreted and
can persist in the animal’s living environment for years (Rustscheff et al. 2000;
McCaul and Williams 1981). Pregnant ruminants can be (re)infected by these
persisting bacteria. It can also be considered that once animals are infected, they can
be persistently infected with C. burnetii. The bacterium can persist in the genital tract
(Alsaleh et al. 2011) or mammary tissue (van der Brom et al. 2013) and be excreted
into the living environment or internally reinfect placental tissue once available after
mating. A recent study suggests that nonpregnant ruminants might also play a role in
the persistence of C. burnetii in a herd (Roest et al. 2020). In an experimental setting,
nonpregnant goats were infected with C. burnetii before mating. Although the bacte-
rium could not be detected in placentas and kids, one of the ten infected animals
excreted C. burnetii in the milk and the bacterium was detected in the mammary gland
and associated lymph nodes. So, the persistence of C. burnetii in pregnant and
nonpregnant animals might play a role in the persistence of the infection in a herd.

14.3.3 Burden of Disease in Animals

It is difficult to assess the burden of disease in farm animals. As an alternative,
economic losses can be calculated in farm animal holdings. In the Dutch Q fever
outbreak the economic losses have been calculated for goat farms (van Asseldonk
et al. 2013). In this paper, it is assumed that about 5% of the animals on Q fever
positive farm show clinical signs resulting in production and reproduction losses and
that on average 40% of the pregnant goats on the farms resulted in abortion.
However, goats abort in late pregnancy and aborting animals recover rapidly, so
milk production is hardly affected. Furthermore, the economic value of lambs is low.
All this results in a relatively limited loss, mainly due to (re)production losses. Costs
on farm level increase when mandatory intervention is implemented. In the Dutch Q
fever outbreak the intervention costs are estimated at upon 85 Million Euro (van
Asseldonk et al. 2013). These costs consisted of costs for organization (57.96%),
culling (21.61%), breeding prohibition (14.19%), and vaccination (6.20%). These
costs of intervention were much lower than the total losses in the human domain,
which were estimated at 222 Million Euro (van Asseldonk et al. 2013).

14.4 Epidemiology and Burden of Disease in Humans

Humans usually acquire Q fever by inhalation ofC. burnetii. Alveolar macrophages and
other mononuclear phagocytes are thought to be the primary target cells of the pathogen
(Shannon and Heinzen 2009). In these cells,C. burnetii survives intracellular killing and
is able to replicate. A bacteremia will lead to systemic infection with involvement of the
liver, spleen, lungs, and bone marrow (Maurin and Raoult 1999). It is assumed that
higher doses of C. burnetii result in an increasing likelihood of infection and shorter
incubation periods (Marrie 1990; Van der Hoek 2012). Human Q fever after oral
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ingestion has been suggested, but experimental infection of volunteers via contaminated
milk did not result in disease although antibody responses were observed (Benson et al.
1963; Fishbein and Raoult 1992). Rare cases of person-to-person transmission, e.g.,
sexual transmission and blood transfusion, have been reported, but these routes do not
seem to play an important role in the epidemiology of Q fever (Marrie 1990; Milazzo
et al. 2001). Thus, in humans Q fever is essentially an airborne infection resulting from
the inhalation of contaminated aerosols.

14.4.1 Burden of Disease in Humans

Only a few studies have been published on the burden of Q fever in humans. In
general, following exposure, almost 60%will remain asymptomatic. About 40%will
become symptomatic, although the majority will only present mild symptoms of a
self-limiting disease. This is reflected in the number of infected persons compared to
the number of registered Q fever cases in several outbreaks. In the outbreak that
occurred in the Val de Bagnes, Switzerland, in 1983, it is suggested that for each
patient diagnosed 50 persons remain undiagnosed (Dupuis et al. 1987). In the Dutch
Q fever outbreaks during the years 2007–2010 it is assumed that for each Q fever
patient, 10 additional people were infected (Kampschreur et al. 2013). The hospi-
talization rate varies and may depend on the clinical experience of the physicians
with Q fever. At the start of the Dutch Q fever outbreak hospitalization rates were up
to 50%, whereas in the next year the hospitalization rate went down to 21%
(Schimmer et al. 2008; van der Hoek et al. 2010).

Long-term effects of infection with C. burnetii have been studied as follow-up of
the Dutch Q fever outbreak. Twelve to sixteen months after the onset of illness
severe subjective symptoms, functional impairment, and impaired quality of life
have been measured (Morroy et al. 2011).

The human disease burden can be quantified via disability-adjusted life years
(DALY). For the Dutch Q fever outbreak between 2007 and 2011 the total disease
burden is calculated as 2462 DALY, comprising of 22 DALY for acute Q fever, 1481
DALY for QFS, 806 DALYof chronic Q fever, and 153 DALY for the 24 people who
died (partly) because of Q fever (van Asseldonk et al. 2013). All this indicates that
the impact of Q fever can be significant when outbreaks occur.

14.5 Transmission

In humans, Q fever is essentially an airborne infection resulting from the inhalation
of contaminated aerosols (Benenson and Tigertt 1956; Tigertt et al. 1961). Aerosols
can become contaminated with C. burnetii during abortion and parturition of
infected pregnant ruminants (Welsh et al. 1958; Benson et al. 1963). Environmental
contamination resulting in contaminated aerosols may also follow excretion of
C. burnetii via feces, vaginal mucus, or possibly milk of animals. This contributes
to the occupational hazard of Q fever. However, contaminated aerosols are able to
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travel large distances even up to 18 km and infect humans. Highest risk of infections
in urban outbreaks occurs in areas 2–4 km from source farms, while in rural areas
this risk was identified within 5 km of infected farms (Clark and Soares Magalhães
2018). Wind (speed and direction) and warm and dry weather conditions can
facilitate this transport (Van Steenbergen et al. 2007; Tissot-Dupont et al. 2004;
Schimmer et al. 2010; Clark and Soares Magalhães 2018). Also other factors, such as
vegetation and soil moisture, seem to be relevant in the dispersion of the bacteria
(van der Hoek et al. 2011a; Clark and Soares Magalhães 2018). So, direct contact
with animals is not a prerequisite for acquiring Q fever, as outbreaks demonstrate
(Salmon et al. 1982; Tissot-Dupont et al. 1999, 2004; Gilsdorf et al. 2008; Roest
et al. 2011b). Local residents, having indirect Coxiella infected livestock contact, are
exposed to risks of acquiring Q fever and as such Q fever has a major public health
impact attracting most attention. It is assumed that most animals also become
infected via inhalation (Berri et al. 2005), although oral uptake in a heavily infected
environment cannot be excluded as this oral infection route is experimentally
confirmed (Roest et al. 2012).

Domestic ruminants appear to be the main source of infection for human Q fever. As
indicated earlier, parturition in infected pregnant goats, sheep, and cattle results in the
massive excretion ofC. burnetii into the environment. Q fever in cattle seems to result in
fewer abortions, probably resulting in a lower risk. Companion animals should also be
considered as a source for human Q fever, since several human outbreaks were related to
parturient cats and dogs (Marrie et al. 1988b; Pinsky et al. 1991; Komiya et al. 2003b;
Buhariwalla et al. 1996). The role of horses and wildlife as a source of Q fever for
humans is not clear. In overview, the epidemiology of Q fever can be summarized in a
transmission model as presented in Fig. 1 (Roest et al. 2009, 2013a).

source

important

ticks

goat environment
aerosols

sheep "dust"

cattle Influenced by:
lambing season

pet animals weather conditions
(dog, cat, horse) environmental factors
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HJR, CVI, 16/10/2008, updated 30/07/2012

urine

excretion
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"herd members"
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birth material

indirect transmission

direct contact

faeces/manure

              alimentary route

Fig. 1 Transmission model for Q fever
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Overview of the possible transmission routes of C. burnetii from the animal
reservoir to the human (and animal) hosts. The boldness of the arrows indicates
the importance of the route, dotted lines indicate possible contributions. The most
probable transmission route of C. burnetii in the Dutch Q fever outbreak is indicated
in red (Roest et al. 2009, 2013a).

14.5.1 Q Fever Outbreaks

Q fever has a major public health impact when outbreaks occur. Outbreaks are
reported frequently and worldwide, involving up to 415 laboratory-confirmed
human cases per outbreak. Even higher numbers of human cases are reported, but
the attribution to Q fever is unclear as cases are not always laboratory confirmed (Van
der Hoek 2012; Arricau-Bouvery and Rodolakis 2005; EFSA 2010). Outbreaks are
usually geographically localized and restricted to one episode. Sheep are identified as
the source in the majority of the outbreaks, with goats as “second best.” Only a few
outbreaks of Q fever have been related to infected cattle and cats (Van der Hoek 2012;
Arricau-Bouvery and Rodolakis 2005; EFSA 2010). Source identification, however, is
mainly based on epidemiological examinations. In most outbreaks, confirmation of the
identity of the Coxiella strain involved in both host and source, for example, by
genotyping, is lacking. This is a major drawback in the identification of sources, as
sources of Q fever are multiple andC. burnetii can be transmitted over larger distances.
Thus, identification of the source and confirmation of the relation with human disease
is preferably done by genotyping of the involved C. burnetii strains.

It should also be remembered that good cooperation and mutual information and
communication between the human and veterinary surveillance authorities is essen-
tial, otherwise the complete detection and elucidation of a Q fever outbreak is almost
impossible!

14.5.2 The Dutch Q Fever Outbreak

Since the 1950s Q fever has been present in the Netherlands. However, only a few
human cases were reported until the 1970s. In 1975 Q fever became notifiable for
humans (van Vliet 2009) and since that time about 20 cases on average were reported
each year. The first human outbreak of Q fever in the Netherlands was reported in
2007: 168 cases were registered in the south of the Netherlands. In 2008 and 2009 the
annual number of human cases increased to 1000 and 2355, respectively. Over the years
2007–2010, 4000 human cases were reported making the Dutch Q fever outbreak the
largest laboratory-confirmed Q fever outbreak ever seen (Roest et al. 2011b).

Until 2005 Q fever was also known to be present in the animal population by
serological investigations, although no clinical symptoms were described. This
changed in 2005. Slightly ahead of the human outbreak, Q fever problems started in
the dairy goat and dairy sheep population with abortion rates up to 80% per herd
(Wouda and Dercksen 2007). Between 2005 and 2009 significant abortions were
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registered on 28 dairy goat farms and 2 dairy sheep farms. With goat numbers of
600 up to 7000 per herd huge amounts of Coxiella burnetii were spread in the
environment during abortion and early birth. These bacteria were transported to the
neighboring human population by the prevailing northeast winds in pretty dry spring
periods. All this took place in the southeast part of the Netherlands which is highly
populated and has a dense dairy goat industry (Roest et al. 2011b). Eventually, the
connection between dairy goats and humans was primarily based on epidemiological
findings. This connection was confirmed by preliminary genotyping data showing one
predominant MLVA type in aborted goats which was also found in infected humans
(Roest et al. 2011a; Klaassen et al. 2009). Additional analyses showed also one
predominant genotype in humans which was the same as in goats (Tilburg et al. 2012).

As goats were the suspects of the human Q fever outbreaks, increasingly strong
measures were imposed to prevent the spreading of C. burnetii in the lambing
season. The first measures were implemented in 2008, consisting of the notification
of abortions in small ruminant holdings, hygiene measure, especially on manure
handling and a voluntary vaccination. In 2009 the measures were extended with
more tight notification criteria, including positivity of the bulk tank milk for
C. burnetii DNA, a transport and breeding ban, and a mandatory vaccination. All
these measures however did not prevent the increase of human cases in 2009. To
ultimately prevent the increase of human cases in 2010 the drastic decision was taken
to eliminate all potential high-risk animals. This resulted in the culling of all
pregnant goats on Q fever–positive farms. All these measures finally resulted in a
decline in human cases in 2010 (Roest et al. 2011b). A number wise summary of the
Dutch Q fever outbreak is given in Table 2, based on (van Asseldonk et al. 2013;
Roest et al. 2011b; Roest 2013).

The question can be raised at to what the causes of the Dutch Q fever outbreak
were. It is clear that dairy goats and sheep were the cause of the human outbreak.
Several factors are hypothesized to play a role in the increase in Q fever problems in
goats. Firstly, the strong increase in the number of dairy goat herds and goat numbers
before 2007. In addition, the partly closed status of some herds to prevent infectious
diseases could have made a herd more susceptible for C. burnetii or new strains of
this bacterium. Finally, the new introduction of a more virulent strain or a genetic
shift to a more virulent strain could have contributed to the cause of the outbreak
(Roest et al. 2011b).

Although extensive analyses in recent years have shown genomic differences in the
Dutch outbreak strains compared to isolates fromother countries, these have not provided
clear explanations for the unique outbreak in the Netherlands (Kuley et al. 2017).

14.6 Unresolved Issues and Conclusions

An important remaining question is “what are the triggers of an outbreak.” Several
factors are known such as C. burnetii-infected pregnant small ruminants, abortions
in goat herds, probably population density, proximity of small ruminant herds to
susceptible humans, and also the virulence of the strain (Georgiev et al. 2013).
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However, which combination of factors triggers an outbreak is unknown. Knowl-
edge on the interaction of these factors and the relative importance of these factors
would be very beneficial to come to a (epidemiological) model that can predict the
risk for Q fever outbreaks.

However, in addition to the aspects of prevention, monitoring of reservoirs, and
prediction of outbreaks, a lot of research is still needed on the immunological
processes that trigger this infection in humans and animals. Only in this way will
it be possible in the future to identify risk factors for chronification and to improve
the therapy of chronic courses such as endocarditis and QFS.

The zoonosis Q fever is a perfect example of the need for a joint approach
between human and veterinary medicine, taking into account environmental factors,
to contain, control, and prevent the disease. This so-called One Health approach of
the WHO has been increasingly in the focus of nations worldwide for years and
repeatedly shows its importance in Q fever (e.g., Bond et al. 2016). Despite all
efforts, C. burnetii has retained many secrets that still require clarification. The
challenge here is to bring together the respective institutions from biology, human,
and veterinary medicine for joint research. An example of such cooperation is the
so-called Q-GAPS (Q fever GermAn Interdisciplinary Program for reSearch) net-
work in Germany, which researched and worked on open questions on the topic of Q
fever from 2017–2022 (https://q-gaps.de/en/). An important result of this collabora-
tion will be a guideline with instructions for action, which is intended to serve in the
sense of the One Health approach to Q fever control (the guideline will be released
and published on the cited homepage in 2023). The global challenge of the future is
not only to conduct further research on the characteristics of the pathogen and the
consequences of the disease, but also to process new findings and information and
make them available in such a way that they can be used by all stakeholders and, if
necessary, serve as a basis for new methods and procedures in diagnosis, therapy,
and prophylaxis of Q fever – “One-Health at its best”!
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Abstract

Taenia solium cysticercosis affects both humans and pigs. It has been considered
an eradicable disease, and yet its prevalence remains stable in most endemic
countries, due to the persistence of risk factors usually associated with the
marginalization of an important sector of the population. In this chapter we will
review key aspects of its epidemiology, clinical features, diagnosis, treatment,
and prevention.

Keywords

Taenia solium · Cysticercosis · Neglected disease

15.1 Introduction

The taeniosis-cysticercosis complex is, in essence, a disease of the poor. Therefore, it
is still found in low-income countries where hygiene is lacking, and where people
live in close contact with pigs. The adult tapeworm Taenia solium lives in the human
intestine, its only known definitive host, where it produces thousands of eggs. After
ingestion of eggs by humans or pigs, they turn into oncospheres, penetrate the
intestinal wall, and become metacestodes (cysticerci) which then can lodge in
different tissues including the central nervous system (Sciutto et al. 2000; Larralde
and Aluja 2006). Infection of pigs, natural coprophages, occurs if they have access to
latrines or if they roam freely in villages and fields to find their food. Humans can
also ingest eggs during consumption of contaminated food, through close contact
with a carrier or through self-infection if they are themselves carriers of T. solium.
The cycle is complete when humans ingest undercooked pork containing the parasite
larva which develops into a tapeworm in their intestine. In this chapter, we will
review several aspects of this potentially very serious zoonosis, including its epide-
miology, clinical manifestations, diagnosis, treatment and available preventive
measures.
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15.1.1 Epidemiology in Humans

15.1.1.1 Epidemiology on a Domestic Level
As the parasite life cycle may suggest, infection with the adult parasite will mainly
occur in rural areas where pigs are slaughtered by their owners mostly for local
consumption, without previous sanitary inspection. Indeed, in a study conducted in
Honduras, where 328 urban and rural inhabitants were examined for intestinal
parasites, only one, coming from a rural area, was identified as a T. solium carrier
(Sánchez et al. 1998). In another study, including 606 rural and urban individuals in
northern Vietnam, the only detected T. solium carrier was also a rural inhabitant
(Somers et al. 2006). The fact that infected pigs are mainly consumed in rural areas
has been shown in different studies. Particularly, in a work conducted in rural
villages and urban markets of Congo, pigs diagnosed as infected by tongue inspec-
tion were found in rural villages only (Praet et al. 2010). Also, it was reported that
rural pigs in Mexico are mostly consumed within the locality where they were reared
(Morales et al. 2006).

Data on taeniosis epidemiology is scarce, and different factors could explain this
fact. One of them is that the infection is frequently asymptomatic. Symptoms and
signs such as pain, weight loss, and fatigue have been described, but they are
nonspecific, and patients frequently will not attend medical services. Also, labora-
tory diagnosis is not easy, requiring proglottid or egg identification in stool. The
Kato method (Thienpont et al. 1986) is the most used in endemic countries but is not
able to distinguish between Taenia species. Coproantigen ELISA and copro-PCR
exist (Allan et al. 1992, Ng-Nguyen et al. 2017), but the standardization of their
exact performances needs additional studies (Praet et al., 2013).

The epidemiology of the infection by T. solium larvae (cysticercosis) has different
characteristics. The continuous and increasing exchanges between rural and urban
areas concerning foods and people explain why cysticercosis infection is not con-
fined to rural areas but can indeed affect all levels of society. Awell-known example
of this situation was the infection of a New York Jewish family due to the contact
with their domestic employee who carried the adult helminth (Schantz et al. 1992).
Also, infected urban inhabitants represent a substantial part of patients in several
case series (Fleury et al. 2004, Marcin Sierra et al. 2017, Agapejev 2011).

15.1.1.2 Epidemiology on the International Level
As the parasite life cycle shows, endemic regions are those where pigs can be in
contact with human feces and where sanitary control is not enforced in all areas.

This explains why almost all non-Muslim underdeveloped countries of Asia,
Africa, and Latin America are endemic. The disease distribution map is explicit on
this point (Fig. 1; Wertheim et al. 2012).

Interestingly, key differences in the clinical presentation of cysticercosis between
continents have been reported. Extra-neurological presentation seems to be very rare
in Latin America (e.g., Mexico) compared with Asia and Africa. Likewise, in cases
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of central nervous system (CNS) infection, parasite location in the subarachnoid
space and ventricular system seems to be more frequent in Latin America than in
India and Africa, where parenchymal location is more frequent (Singh 1997). The
reasons for these differences are probably multiple, involving both biological and
environmental factors (Fleury et al. 2010). Particularly, although not yet demon-
strated, genetic factors, both of the human host and the parasite, might contribute to
them. Also, it was recently shown that the intensity of infectious pressure can
influence the differences between parenchymal/extra-parenchymal frequencies
(Hamamoto Filho et al. 2020). Indeed, time between infection and diagnosis differ
between these two groups of patients. The latency seems to be around 5 years in case
of parenchymal localization, while it can be around 15–20 years in cases of extra-
parenchymal location. So, in case of decrease of infectious pressure and decrease of
new cases, we will first observe a reduction of parenchymal NC cases followed by a
reduction of extraparenchymal ones (Hamamoto Filho et al. 2020). In this context,
the higher ratio of “extraparenchymal NCC cases/parenchymal NCC cases” in Latin
America compared, as an example, to India, could be a sign of a current lower
incidence of NCC in the former compared to the latter scenario (Hamamoto Filho
et al. 2020).

Since around three decades, a concern was raised on the increase of diagnosed
cases in non-endemic countries (countries where the life cycle of the parasite did not

Imported cases (possible human
cysticercosis transmission)

Suspected endemic

Endemic areas within USA
No data

Endemic (full life-cycle)

Fig. 1 Global spatial distribution of cysticercosis (updated: January 2010). (From: Wertheim et al.
2012)
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take place, i.e., swine cysticercosis is not present), where cases of cysticercosis or
taeniasis have been detected (Del Brutto and García 2012). Such cases have been
mainly reported in the United States (O’Neal and Flecker 2015; Serpa and White
2012; Croker et al. 2012; O’Neal et al. 2011) and in Spain (Del Brutto 2012; Ruiz
et al. 2011; Esquivel et al. 2005), due to the increase of human migration from
endemic countries. As migration of Taenia solium carriers keeps occurring, autoch-
thonous cysticercosis infections have been reported in these countries due to contact
with T. solium eggs.

15.1.2 Epidemiology in Pigs

Similar to human cysticercosis, swine cysticercosis is present in most rural areas of
Africa, Asia, and Latin America. The results of recent studies evaluating the
prevalence of swine cysticercosis are presented in Table 1. Comparison between
them is difficult as different diagnostic tests with different sensitivities were used
(cf. above). It is clear, however, that swine infection is still present in some rural
areas of the three continents. It is also interesting to note that recent studies (>2012)
come mostly from Africa and Asia, probably due to the persistence of a higher
activity of Taenia solium’s life cycle in these continents.

15.1.3 Burden of Disease

The burden of cysticercosis in humans and pigs and of taeniosis in humans is still
difficult to assess, as the disease is frequently asymptomatic both in pigs and
humans, and since its diagnosis in humans depends on the use of modern radiolog-
ical tools frequently unavailable for the affected population in endemic countries.
However, several estimates have been made (Bhattarai et al. 2013). Current data on
DALYs (disability-adjusted life years), mortality, and economic burden are summa-
rized in Tables 2, 3, and 4.

15.2 Clinical Features

15.2.1 Disease in Humans

Clinical manifestations of neurocysticercosis (NC) vary widely and strongly depend
on the cyst number and location as well as on the host’s immune response to the
parasite (Carabin et al. 2006, 2011; Carpio 2002). There is a marked clinical
heterogeneity across geographical areas. Most cases from the Indian subcontinent
present single lesions, whereas those from Latin America exhibit few viable cysts
(Singh 1997; Singh et al. 2010; Vega et al. 2003). These differences are probably due
to complex interactions among host, parasite, and environmental factors (Fleury
et al. 2010). As previously said, differences in infection pressure could be involved
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Table 1 Prevalence of porcine cysticercosis in different countries

Countries
(Ref) Number of animals Prevalence (methods used) (%)

Latin America

Ecuador (Rodriguez-Hidalgo
et al. 2006)

646
100

3.6 (tongue exam)
74 (EITB)

México (Morales et al. 2008b) 562 13.3 (tongue exam)

Venezuela (Cortez Alcobedes
et al. 2010)

52 65.4 (Ab-ELISA)
42.3 (HP10 Ag-ELISA)

Peru (O’Neal et al. 2012) 548 2 (tongue exam)
46.7 (EITB LLGP)

Peru (Jayashi et al. 2012) 1153 45.2 (EITB)

Peru (Jayashi et al. 2014) 107 16,8 (necropsy examination)
57.9 (EITB)

Peru (Lescano et al. 2019) 464 58 (EITB)
1.8–9.5 (necropsy)

Africa

Eastern/Southern Western
Zambia (Sikasunge et al.
2008)

1691 10.8 tongue examination
23.3 Ag-ELISA

Kongwa, Tanzania (Maganira
et al. 2019)

447 17 (B158/B60 Ag-ELISA)

Uganda (Waiswa et al. 2009) 480 8.6 (B158/B60 Ag-ELISA)

Tanzania (Ngowi et al. 2010) 784 7.3 (tongue exam)

Mozambique (Pondja et al.
2010)

661 12.7 (tongue exam)
34.9 (B158/B60 Ag-ELISA)

Burkina Faso (Ganaba et al.
2011)

319 35.4 (B158/B60 Ag-ELISA)

Kenya (Eshitera et al. 2012) 392 22 (tongue exam)
32.8 (HP10 Ag-ELISA)

Cameroon (Ngwing et al.
2012)

499 3.6 (tongue exam)
7.6 (B158/B60 Ag-ELISA)

South Africa (Krecek et al.
2012)

261 57 (B158/B60 or HP10 Ag-
ELISA)

Katete, Zambia (Bulaya et al.
2015)

379 (104 pre
intervention-207 post-
intervention)

13.5–16.4 (B158/B60
Ag-ELISA)

Madagascar (Porphyre et al.
2016)

750 2.3 (EITB, B158/B60 and HP10
Ag-ELISAs, meat inspection)

Nyasa District, Tanzania
(Shonyela et al. 2017)

698
330

6.3 (tongue examination)
33.3 (B158/B60 Ag-ELISA)

Eastern Province, Zambia
(Chembensofu et al. 2017)

68 53 (B158/B60 Ag-ELISA)
56 dissections full carcasses

Cameroon (Assana et al. 2019) 416 8.7 (B158/B60 Ag-ELISA)

Nairobi, Kenia (Maganira
et al. 2019)

700 4.4 (B158/B60 Ag-ELISA)

Gauteng, South Africa
(Shongwe et al. 2020)

126 7 (carcass inspection)

(continued)
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in the still high prevalence of parenchymal neurocysticercosis and ocular cysticer-
cosis in countries which have a stable infection pressure and in the high proportion of
extraparenchymal neurocysticercosis in other countries, which have had a progres-
sive decrease in infection pressure (Hamamoto Filho et al. 2020).

One of the most intriguing aspects of NC is that presumably a high percentage of
individuals with NC remain asymptomatic (Fleury et al. 2010). Some patients
develop NC clinical manifestations several years after the parasite lodges in the
CNS (Carpio 2002), either by inflammation surrounding the parasite or by a mass
effect. Studies carried out in the United States, a non-endemic country, including
Latin American migrant patients, and in Great Britain, including British soldiers who
worked in India for a period of 5 years, have allowed to specify that this period is
around 5 years for parenchymal NC and about 20 years for extraparenchymal NC
(Dixon and Hargreaves 1944; Nash et al. 2020). In addition, a recent study shows the
ability of parasites to survive for a long time in the extraparenchymal location and
explains the chronicity of the disease in some patients (Murrieta et al. 2021).

Current information based on evidence has confirmed that NC is not a singular
disease. Location of parasites in the parenchymal or in the extraparenchymal com-
partments determine two distinct diseases from a clinical, immunological, and
pathophysiological perspective (Marcin Sierra et al. 2017, Carpio et al. 2016).
Particularly, the clinical signs of parenchymal cysts are usually benign; on the
contrary, the clinical presentation of extraparenchymal cyst location is life-
threatening and may lead to permanent sequelae (Estañol et al. 1986). The prominent
role of the inflammatory reaction associated with the presence of parasites in the two
locations is now well defined (Hamamoto Filho et al. 2021). Most symptomatic
parenchymal NC patients show seizures as the only clinical manifestation and their
neurological status is usually normal (Carabin et al. 2011; Carpio et al. 1998).

Table 1 (continued)

Countries
(Ref) Number of animals Prevalence (methods used) (%)

Uganda (Nsadha et al. 2021) 53 15.1 (dissection of full carcasses)

Asia

India (Prakash et al. 2007) 200 (Brain) 3 (macro and histopathological
exam)

India (Sreedevi et al. 2012) 225 11.1 (carcass exam)

Bali, Indonesia (Wandra et al.
2015)

329 13.1 (carcass exam)

Nai Pyi Taw, Myanmar
(Khaing et al. 2015)

300
364

23.7 (meat inspection)16
(Ab-ELISA)

Bali, Indonesia (Swastika et al.
2016)

392 6.6 (naked eye ELISA)
9.7 (Ab-ELISA)

South-central, Cambodia
(Adenuga et al. 2017)

620 4.7 (B158/B60 Ag-ELISA)

Daklak Province, Vietnam
(Ng-Nguyen et al. 2018)

1281 0.94 (recombinant Ag T24H
EITB)
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Table 2 Studies evaluating DALYs (disability-adjusted life years)

Total YLLa Total YLDb

DALYs per
thousand
persons-
year

Value 95% CR Value 95% CR

Mexico (Bhattarai
et al. 2012)

7,062
(28%)

5,509–8,818 18,278
(72%)

5,891–39,238 0.25
(0.12–0.46)

Cameroon (Praet et al.
2009)

39,017 8,195–95,513 6,821 14,108–103,469 9
(2.8–20.4)

Global Burden of
Diseases (Murray
et al. 2012)

0.07
(0.05–0.1)

Cameroon (Winkler
and Richter 2015)

9

Tanzania (Trevisan
et al. 2017)

13,076 2,250–37,713 18,788 5,672–40,300 0.7
(0.2–1.6)

India (Singh, et al.
2016)

1.73
(0.82–3.39)

Mozamique (Trevisan
et al. 2018)

932 781–1,088 806 415–1,368 6 (4–8)

Burkina Faso, Egypt,
Ethiopia, Kenia,
Nigeria, Uganda
(Herrera -Araujo et al.
2020)

8,542 26,916 35.5

aYLL years of life lost due to premature mortality
bYLD years of life lost due to time lived in a disability state

Table 3 Mortality due to neurocysticercosis

Mortality (deaths per million population)

Age-adjusted
annual mortality
rates Crude mortality rates

% 95% CI % 95% CI

United States (Sorvillo et al. 2007) 0.06 0.05–0.07

Brazil (Santo 2007) 1.68 1.58–1.78

California/USA (Sorvillo et al. 2004) 0.33 0.27–0.38

Oregon(USA (Townes et al. 2004) 0.29 0.11–0.64

Tanzania (Trevisan et al. 2017) 0.21 0.037–0.612

Brazil (Martins-Melo et al. 2016) 0.97 0.90–1.33 0.82 0.70–0.96

Angonia, Mozambique (Trevisan et al. 2018) 0.004 0.003–0.005

Burkina Faso, Egypt, Ethiopia, Kenia, Nigeria,
Uganda (Herrera -Araujo et al. 2020)

0.160
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Table 4 Economic burden

Population
in the area Cost (annual)

California/UA (total hospital charges) 2009
(Croker et al. 2012)

39,434,956 > 17 million ($)

West Cameroon (Praet et al. 2009)

Global cost 10.3 million €

(95% CR 6.9–14.7)

Human cysticercosis 5,065,382 95.3%

Porcine cysticercosis 450,000 4.7%

Individual cost of NCC associated epilepsy 194 €

Eastern Cape Province, South Africa (2004)
(Carabin et al. 2006)

Global cost 15–27.5 million €

Human cysticercosis 7,088,000 73.1–85.4%

Porcine cysticercosis 14.6–26.9%

Individual cost of NCC associated epilepsy US$ $ 632–844

Los Angeles County (hospital charges)
1991–2008 (Croker et al. 2010)

US$ 7.9 million ($)a

Peru (Individual total cost of patients during
the first 2 years of treatment) (Rajkotia et al.
2007)

US$ 996 � 80 $b

Tanzania (Trevisan et al. 2017)

Global cost US$ 7.9 million

Human cysticercosis US$ 5.1 million

Porcine cysticercosis US$ 2.7 million

Individual cost of NCC associated epilepsy US$ 106 (23–281)

Angonia, Mozambique (Trevisan et al. 2018)

Global cost US$ 93,370
(39,483–201,463)

Human cysticercosis US$ 71,088
(27,168–165,816)

Porcine cysticercosis US$ 22,282 US
(12,315–35,647)

Mexico (Bhattarai et al. 2019)

Global cost 125,236,587 US$ 215,775,056
(109,309,560–361,924,224)

Human cysticercosis US$ 235 million
(128–379 million)

Porcine cysticercosis US$ 19.5 million
(5.7–35.9 million)

Individual cost of NCC associated epilepsy US$ 436 (296–604)
aAverage annual charge
bRepresenting 54% of a minimum wage salary during the first year of treatment and 16% during the
second
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Furthermore, most of the patients with seizures do not evolve to epilepsy (Carpio
et al. 2019). Focal neurological deficits, when present, are usually transient over a
few days, weeks, or months, with periods of remission and relapse, probably due to
different evolutionary stages of the parasite (Carpio 2002). Headache and increased
intracranial pressure are frequent in extraparenchymal cyst location patients
(Cárdenas et al. 2010; Fleury et al. 2011; Marcin Sierra et al. 2017). This location
is found in about one-third of patients. Acute hydrocephalus secondary to intraven-
tricular cysts and chronic hydrocephalus due to subarachnoid cysts, arachnoiditis, or
ependymitis are the most frequent causes of this syndrome (Agapejev et al. 2007).
Increased intracranial pressure also occurs in patients with cysticercal encephalitis
due to the associated high inflammatory reaction (Carpio 2002; Cárdenas et al. 2010;
Fleury et al. 2011).

Spinal cord cysticercosis is rare (Alsina et al. 2002). Patients experience non-
specific clinical manifestations, such as nerve root pain or spinal cord compression
syndromes, in accordance with the level of the lesion. Massive cysticercal infection
of striated muscles occasionally produces a clinical picture of generalized weakness
associated with muscle pseudohypertrophy.

Classically, NC predominantly affects adults in the third and fourth decade of life,
being relatively uncommon in children (Kelvin et al. 2009; Sáenz et al. 2006). Most
pediatric cases show a single transitional cyst that resolves spontaneously over a few
months and do not require any treatment apart from symptomatic and anti-seizure
drugs (ASD) (Kelvin et al. 2011; Singh et al. 2010). However, severe forms of NC
may exceptionally occur in younger patients, including cysticercal encephalitis,
which results in permanent neurologic sequels, such as amaurosis. Hydrocephalus
and intraventricular NC are extremely rare in children (Agapejev et al. 2007; Carpio
2002).

15.2.2 Disease in Pigs

In our experience, pigs rarely show definite signs of the parasitosis. Signs are
inconspicuous even in animals harboring several larvae in the brain, although they
may show somnolence and remain inactive during longer periods.

Convulsions occur mostly at night, during sleep. In a study evaluating presence of
seizures in infected pigs (Trevisan et al. 2016), 2 of 16 (12.5%) presented severe
seizures. The two symptomatic animals were significantly older than the asymptom-
atic ones. The total number of parasites and their distribution and localization in the
brain were not different between symptomatic and asymptomatic animals.

No significant hematological change was detected in a sample group of 17 pigs
(Royo Martínez 1996). In one study (Prasad et al. 2006), the following symptoms
were found to be very specific for cysticercosis: excessive salivation (dribbling of
saliva), excessive blinking (5–10 blinks/min), and tearing (trickling tears from the
eye), as well as single subconjunctival nodules. Unfortunately, these symptoms have
not been confirmed by other authors, and thus, diagnosis of pig cysticercosis is
impossible on clinical ground alone.
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15.3 Diagnosis of Cysticercosis

15.3.1 Diagnosis in Humans

NC diagnosis cannot rely on clinical grounds alone, since no typical clinical picture
of NC exists. As previously stated, the most common clinical sign of parenchymal
NC is epileptic seizure, which occurs in 60–90% of cases, followed by headache,
focal deficits, and psychiatric and cognitive symptoms (Carpio 2002; Rodrigues
et al. 2012; Marcin Sierra et al. 2017). Diagnosis of extraparenchymal NC is even
more difficult, considering that unspecific symptoms and signs of intracranial hyper-
tension and meningitis may occur, either with or without signs of cerebrospinal fluid
inflammation (Cárdenas et al. 2010; Fleury et al. 2011; Marcin Sierra et al. 2017).

NC diagnosis is mainly done by neuroimaging. New imaging techniques, includ-
ing computed tomography (CT) and magnetic resonance imaging (MRI), have
improved the detection of scolex, which can be considered pathognomonic of
neurocysticercosis (Fig. 2) (Lucato et al. 2007; Mont’Alverne Filho et al. 2011).
Imaging procedures allow visualizing the vesicular, colloidal, granularnodular, and
calcified phases of the parasite in CNS (Carpio et al. 2013; Escobar 1983) (Fig. 2).
MRI is more sensitive than CT in diagnosing viable and degenerating cysticerci, as
well as cysts located in the ventricles or the subarachnoid space. In cases of

Fig. 2 Neurocysticercosis images
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extraparenchymal parasites, 3D MRI sequences increase significantly the sensitivity
of the study to diagnose vesicular parasites (Carrillo Mezo et al. 2015). However, CT
is more sensitive to detect calcifications (Carpio et al. 2013).

There is no ideal immunological test for diagnosing NC yet. The difficulties of
developing a sensitive and specific immunological test for NC diagnosis stem from
the characteristics of the disease itself. Different immunological tests have been
developed. The most commonly employed methods aiming to detect specific anti-
bodies are enzyme-linked immunosorbent assay (ELISA) and enzyme-linked
immunoelectrotransfer blot (EITB) assays (Proaño-Narvaez et al. 2002; Tsang
et al. 1989). They are useful to identify individuals who have had systemic contact
with the parasite at some time. Seropositivity, however, does not necessarily mean an
active systemic infection or central nervous system involvement at any time (Carpio
2002). Recently, a study was performed to compare the validity of seven immuno-
diagnostic tests. The results allow the conclusion that the simple and low-cost
ELISA Taenia solium antibody instead of EITB is recommended to support NCC
diagnosis (Hernández et al. 2019).

Antigen detection by monoclonal or polyclonal antibodies using the ELISA tech-
nique has also been developed (Brandt et al. 1992; Fleury et al. 2007, 2013). Detection
of specific antigens in serum or CSF by ELISA in patients with parasites located in the
subarachnoid space or the ventricular system is a specific sign of parasite viability and
may be used to evaluate treatment response (Fleury et al. 2007, 2013).

In spite of the current immunological and imaging advances, NC diagnosis is still
challenging in many patients. Diagnostic criteria for NC have been proposed (Del
Brutto et al. 2001). These diagnostic criteria may be useful to identify patients with
parenchymal NC, but not so for patients with extraparenchymal NC (Machado
2010). Recently, a new set of diagnostic criteria for NC, which allow the detection
of NC with a sensitivity of 93.2% and specificity of 81.4%, was proposed (Carpio
et al. 2016). Moreover, the new criteria allow to differentiate between the parenchy-
mal and extraparenchymal disease. For parenchymal NC, sensitivity reaches 89.8%
and specificity 80.7%, while for extraparenchymal NC, sensitivity is 65.9% and
specificity 94.9%.

15.3.2 Diagnosis in Pigs

Different tools are available to diagnose pig cysticercosis, but the results they yield
are frequently divergent.

First, and perhaps the most traditional diagnostic method, is the visual inspection
of the inferior surface of the tongue (Leuckart 1879). This is the most frequently used
procedure, even though it is a risky operation for the person who performs it and a
source of stress for the animal, leading to significant changes in cortisol levels
(Pérez-Torres et al. 2012). The method is specific, but it fails to detect all infected
animals, as only heavily infected pigs will present parasites in the tongue muscles.
Studies comparing the results of tongue inspection with MRI or necropsy found that
tongue-test sensitivity was between 70% and 84% and its specificity was at 100%
(Gonzalez et al. 1990; Phiri et al. 2006; Singh et al. 2013). However, the results are
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highly variable between studies; one recent study found that tongue inspection only
detects 10% of infected animals (Chembensofu et al. 2017), while other found that it
was able to detect 91% of the infected animals (Flecker et al. 2017).

Another method used is the neck muscle examination: a small, 4–5-cm-long skin
incision is cut on the lateral side of the neck, and a trained volunteer inserts two
fingers to palpate any nodule (Singh et al. 2013). This diagnostic method is very
invasive and may lead to infectious complications but has shown a sensitivity of
100% and a specificity of 75% (Singh et al. 2013), as neck muscle seems to be one of
the most common sites for cysticercus infection.

Eyelid examination is also used to some extent: the presence of cyst nodules is
tested by direct visualization (Singh et al. 2013). This method is very specific
(100%), but its sensitivity is very low (25%) (Singh et al. 2013).

A number of serological tests have also been evaluated: detection of specific
antibodies using different antigens (whole crude lysate, cyst fluid, scolex, cyst wall)
by ELISA and EITB or specific antigen detection. As shown in Table 5, these tests
have shown varying performance among studies, probably due in part, to different
infection intensity.

Table 5 Swine cysticercosis diagnosis: sensitivity and specificity of different immunodiagnostic
tests

Country
(Ref) Type of swine infection Method Antigen

Sensitivity
(%)

Specificity
(%)

India (Singh et al. 2013)

Natural infection ELISA Crude
lysate

85 98

ELISA Cyst fluid 70 98

ELISA Scolex 65 96

ELISA Cyst wall 45 98

Peru (Gonzalez et al. 1990)

Natural infection ELISA Crude
lysate

79.2 76.2

EITB 100 100

Mexico (Sciutto et al. 1998)

Experimental infection Ag-ELISA 83.7 95.9

ELISA Cyst fluid 86 95.7

Natural infection Ag-ELISA 44.4 45.8

ELISA Cyst fluid 55.5 75

EITB 64.7 59.1

Brasil (Nunes et al. 2000)

Experimental + natural
infection

ELISA Crude
lysate

85.7 96.4

Cyst fluid 67.8 98.2

Tanzania (Kabululu et al. 2020)

Natural infection Ag-ELISA 82.7 86.3

Zambia (Chembensofu et al. 2017)

Natural infection Ag-ELISA 68 67
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Mexican researchers developed a diagnostic method using portable ultrasonography
equipment to examine pig muscles, with very satisfactory results (Herrera et al. 2007). A
more recent study found that ultrasonography was 100% sensitive and 90% specific for
swine cysticercosis diagnosis (Flecker et al. 2017). So, in spite of the high cost of the
equipment, this could be a recommended diagnostic method in some circumstances.

15.4 Treatment

15.4.1 Treatment of Humans

NC treatment should be individualized, based on the pathogenesis and natural
history of the disease in each patient (Fig. 3). Therapy is limited in most cases to
symptomatic treatment for patients with seizures. Oral mannitol or glycerol is used in
patients with high intracranial pressure, and analgesics should be given for headache.
Corticosteroids are strongly recommended, on the premise that they reduce inflam-
mation and edema around dying parenchymal cysts, to treat arachnoiditis and,
associated to cysticidal drugs, to prevent inflammatory complications, mostly in
cases of extraparenchymal localizations (Carpio et al. 2013; Fleury et al. 2011).
However, the dosage, the treatment duration and form, and most significantly the
administration timing are not clearly defined (Carpio et al. 2008). Recently, the
possibility that corticosteroids might favor parasite survival was stated and research
aiming to find the best anti-inflammatory treatment must be pursued (Toledo et al.
2018; Palomares-Alonso et al. 2020).

Surgery is now almost restricted to ventricular shunt placement for hydrocephalus
and to cases of intraventricular cysts, which are mainly removed by endoscopic
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Fig. 3 Neurocysticercosis treatment. (From Carpio et al. 2013)
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approach (Torres-Corzo et al. 2010). Transitional or degenerating cysts should not be
biopsied or removed if differential diagnosis has been discarded and if mass effect is
moderated, since the parasite is dead and will disappear or be calcified spontaneously
(Singh et al. 2010).

NC treatment with anti-helminthic drugs (AHD), praziquantel (PZQ) (Robles
and Chavarria 1979), and albendazole (ALB) (Xiao et al. 1986) has been available
for more than 30 years. PZQ is an acylated isoquinoline-pyrazine with broad
anthelminthic activity. Its mechanism of action is not fully understood; however,
it is assumed that PZQ changes calcium metabolism and intracellular permeability,
with the main effect of inhibiting muscular movements (Garcia-Dominguez et al.
1991). ALB is a benzimidazole with a broad anti-helminthic spectrum, which
exerts an anticysticercal effect by inhibiting the glucose uptake through parasitic
membranes, thus causing energy depletion (Lacey 1990). There is evidence for the
efficacy of AHD treatment for viable parenchymal cysts; however, no controlled
clinical trials have so far established definitive doses and treatment duration
(Carpio et al. 2013). According to placebo-controlled clinical trials (Carpio et al.
2008; Garcia et al. 2004), AHD are effective in about 30–40% of patients,
according to the disappearance of viable parenchymal cysts in imaging studies.
The most frequent treatment scheme for PZQ is 50 mg/kg/day for 15 days, and for
ALB it is 15 mg/kg/day for 8 days (Carpio et al. 2013). Recently, the combination
of the two drugs has been shown to be more effective than ALB alone in the case of
multiple parenchymal parasites (Garcia et al. 2016). The more recent Cochrane
review (Monk et al. 2021) concluded that ALB probably reduces the recurrence of
seizures in people with a single NC cyst (moderate-certainty evidence), while there
is no certainty whether ALB reduces seizure recurrence for people with more than
one NC cyst (very low-certainty evidence). Also, ALB probably increases the
clearance and evolution of cysts in people with NC (moderate-certainty evidence)
(Monk et al. 2021).

For extraparenchymal cysts the management is even less clear. While AHD have
demonstrated efficacy in some cases, it is clear that not all cases respond to the
current treatment (Carpio et al. 2008; Fleury et al. 2011; Osorio et al. 2019). This
stresses the urge for looking for new treatment alternatives (Diazgranados-Sánchez
et al. 2008).

15.4.2 Treatment of Pigs

Several cysticidal drugs have proven to be effective in destroying the parasite
(Gonzalez et al. 2012). Indeed, the treatment of infected pigs has been proposed
and successfully tested locally, being oxfendazole the drug most frequently evalu-
ated (Gonzalez et al. 1997; Mkupasi et al. 2013). In spite of their effectiveness,
cysticidal drugs have not been extensively used to treat swine cysticercosis, due to
practical reasons: treatment is hardly manageable, and the necessity of waiting
several months for cysticerci destruction is costly for rural pig breeders. Possible
detrimental effects on the environment through the promotion of drug resistance
should be considered as well (Domke et al. 2012).
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15.5 Preventive Measures

Although this parasitosis has a high impact on human health and on economy, its
eradication remains a major challenge.

Different interventions have been proposed and proved effective for control,
albeit with varying practical possibilities. The combination of simultaneous actions
targeting pigs and humans is probably the approach that achieves the best results.

15.5.1 Focus on Pig-Targeted Actions

Focusing preventive measures on porcine cysticercosis is particularly relevant, since
it is the essential step for parasite transmission (Aluja 2008).

In rural communities, pigs become infected because of poverty-related factors,
i.e., low hygiene standards and inadequate human feces disposal, which contribute to
environment contamination by T. solium eggs. In these rural areas, pigs (being
natural coprophages) are allowed to freely roam in search of food, favoring them
to ingest human feces contaminated with parasite eggs (Copado et al. 2004). This
rustic rearing promotes the parasite life cycle, since after ingestion the eggs will
evolve to cysticerci and subsequently be delivered to humans via undercooked
infected pork meat (Sciutto et al. 2000).

Compulsory meat inspection aiming to avoid infected pork meat consumption
seems a reasonable effort. Unfortunately, while this measure is fully operative in
official slaughterhouses, it cannot be enforced in rural, hardly accessible small
communities where pigs are clandestinely killed and consumed at the occasion of
private feasts (Willingham et al. 2010). Educational programs to train the inhabitants
of rural communities in good pig sacrificing practices would be a useful intervention
to prevent the consumption of undercooked infected meat. Here, too, the challenge
will be covering all persons involved in this practice.

Making pig confinement obligatory to avoid contact with human feces would clearly
help to interrupt transmission. While this could be a feasible possibility, the poor
economic conditions in these rural communities promote the free-roam foraging of
pigs to supplement the meager food their owners provide them with (Thys et al. 2016).

Porcine cysticercosis is a vaccine-preventable disease. Thus, pig vaccination may
provide an additional tool for taeniosis-cysticercosis control and prevention.

The first report on successful porcine cysticercosis vaccination was established
using total extracts from T. solium cysticerci, recovered from naturally infected pigs, as
a source of vaccine antigens (Molinari et al. 1997). Since then, various native and
subunitary vaccine candidates have been identified, but only a few have been found
effective under the complex natural field conditions (Huerta et al. 2001; Morales et al.
2008a; Jayashi et al. 2012). Among them figures the vaccine named S3Pvac and the
HP6/Tsol18 vaccine. S3Pvac vaccine is composed by three small peptides (KETc1,
KETc12, and GK1 [KETc7]), originally isolated from Taenia crassiceps and shared by
other cestodes including T. solium. Both synthetic S3Pvac (Huerta et al. 2001) and
S3Pvac recombinantly expressed in filamentous phages (Morales et al. 2008a, 2011)
were successfully tested in the field. HP6 antigen, originally isolated from Taenia
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saginata (Benitez et al. 1996) and reported to induce high protection levels against
bovine cysticercosis (Lightowlers et al. 1996), has been found present in T. solium
(HP6/Tsol18) cysticerci and showed a protective effect against porcine cysticercosis
(Assana et al. 2010; Poudel et al. 2019; Nsadha et al. 2021).

Finally, infected pigs could be exchanged by vaccinated pigs, better suited to
endure the hardship of their lives.

15.5.2 Focus on Human-Targeted Actions

Here, too, different measures have been taken and showed some efficacy. An aggres-
sive hygiene-promotion campaign in rural areas is an obvious start point, since it can
eradicate not only T. solium, but many other infectious diseases transmitted by human
feces (Yap et al. 2012). This type of measures did allow the control of T. solium-related
diseases in most European countries in the early twentieth century.

However, achieving the same in currently endemic countries would require an
economic and social development that does not seem achievable in the near future.

Massively administered human cestocidal treatment to reduce the number of
tapeworm carriers is another measure which has been applied in different circum-
stances (Haby et al. 2020). Human deworming can be achieved using a single oral
dose of niclosamide (2 g in adults, 1 g in children), praziquantel (10 mg/kg), or
albendazole (400 mg/day) for three consecutive days (Pearson and Guerrant 1983;
Pearson and Hewlett 1985; Haby et al. 2020). A priori, niclosamide should be
preferred as it is not absorbed by the intestinal mucosa, thus avoiding possible
symptoms derived from an occult NC. This strategy has been used in several studies
in endemic countries, either administered alone (Cruz et al. 1989; Allan et al. 1997;
Sarti et al. 2000; Wu et al. 2012; Ramiandrasoa et al. 2020) or associated with other
preventive measures (Garcia et al. 2006, 2010).

Health education programs aiming to promote a better understanding of the
parasite transmission mechanisms and to improve the hygienic behavior, pig man-
agement, and sanitary conditions which foster transmission is another measure that
has been carried out (Keilbach et al. 1989; Sarti et al. 1997; Ngowi et al. 2008;
Wohlgemut et al. 2010; Wu et al. 2012).

These interventions, all of which have been implemented on a small to medium
scale, have produced generally relevant immediate results, although long-term
evaluations are most often lacking.

Finally, it should be noted that the role of national health authorities in these
programs is essential and must be promoted. Researchers alone are not able to imple-
ment nationwide programs, the only realistic way to eradicate this parasitic disease.

15.6 Conclusions and Unsolved Issues

Cysticercosis is considered a neglected “tools-ready disease” according to WHO
(2007), and as a potentially eradicable disease since 1993 (Recommendations of the
International Task Force for Disease Eradication). Eradication is feasible, because—as
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we have stated earlier—(1) humans and pigs are the only affected species; (2) humans
(the definitive host) are the only source of pig T. solium infection; and (3) there exist
efficient intervention strategies which can interrupt the parasite life cycle.

In spite of this, cysticercosis is still endemic in most countries of Latin America,
Asia, and Africa, although its burden is difficult to estimate, and some recent data
seem to show a decreasing tendency in some of these countries.

The reasons for this situation are multiple, a major cause being that it is a
“forgotten disease of forgotten people” (Hotez 2008), which does not motivate
governments to take the necessary measures. As said before, instituting nationwide
government control programs is one of the main unresolved issues.

With regard to neurocysticercosis, several items remain unsolved at this point.
Focusing on diagnosis, for instance, neuroradiological studies (currently

representing the gold standard), is a strategy not available to all affected population
due to its cost; therefore, improving the immunodiagnostic techniques is mandatory,
as all existent tools show low sensitivity, particularly in cases of single-cyst infec-
tion. At a therapeutic level, further research is required to understand why some
patients do not respond to specific cysticidal treatment and to develop alternative
treatment approaches for these cases. Additionally, the adequate management of the
inflammatory reaction is a pending problem. Corticosteroids are of great utility to
avoid inflammatory complications, but they show severe collateral effects, and their
possible role in the lack of response to specific treatment forbids their indiscriminate
use (Toledo et al. 2018). Further research is much needed with that respect, too.

Finally, it should be stressed that taeniosis/cysticercosis is an eradicable disease
and that firm government commitment in affected countries is key to reach this goal.

15.7 Cross-References

▶Cryptosporidium and Cryptosporidiosis: Trickle or Treat?
▶Zoonoses and Poverty: The Multiple Burdens of Zoonoses in Low- and Middle-
Income Countries

▶Zoonotic Diseases of Swine: Food-Borne and Occupational Aspects of Infection
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Abstract

Infections by the protozoan parasite Toxoplasma gondii are widely prevalent in
humans and animals worldwide. Since the discovery of the life cycle of the parasite
(1969), several studies identified sources of contamination for humans through
ingestion of viable tissue cysts in raw or undercooked meat or ingestion of food and
water contaminated with sporulated oocysts after shedding in the feces of infected
felids. Prevalence of toxoplasmosis varies between different countries and regions
in the same country depending on age, social culture, eating habits, and environ-
mental factors. In immunocompetent patients, toxoplasmosis is generally asymp-
tomatic or benign, but severe infections are described in tropical areas due to
atypical strains. In immunocompromised patients, T. gondii is an opportunistic
parasite that may induce life-threatening disease; severe disease could occur in
HIV-infected patients or in transplant patients. Finally, in case of congenital
toxoplasmosis, infection can lead to abortion, cerebral damage, or ocular lesions.
New genotyping tools were recently applied to field studies in different continents
and revealed a complex population structure for T. gondii with a greater genetic
diversity than expected, and a relation between genotype of Toxoplasma strain and
severity of infection is described. According to different routes of transmission,
hygienic measures can be recommended to avoid Toxoplasma contamination.
These measures can be completed by a serological screening of patient at risk for
toxoplasmosis as it is recommended in France. Although the cost of screening is
expensive, the important preventive role of healthcare policies in the decrease of the
burden of toxoplasmosis cannot be denied.

Keywords

Toxoplasma gondii · Oocysts · Cysts · Zoonosis · One health disease

16.1 Introduction

The protozoan parasite Toxoplasma gondii has a worldwide distribution and is one of
the most frequent parasitic infections. This obligate intracellular parasite was first
described in the common gundi (Ctenodactylus gundi), a rodent from North Africa,
by Nicolle and Manceaux in 1908, and was subsequently recognized as the agent of a
widespread zoonosis involving humans as well as virtually all warm-blooded animals
and birds. However, it took several decades until its entire life cycle was definitively
understood in the late 1960s (Hutchison et al. 1969; Frenkel et al. 1970), with the
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demonstration of the cat as definitive host responsible for oocysts shedding through
feces and contamination of intermediate hosts. It is now well established that not only
the cat, but all felids, can reproduce the sexual life cycle of the parasite and participate in
the spread of the disease, which explains the wide distribution of toxoplasmosis.

Regarding human infection, the most remarkable events were the first reports on
cases of congenital toxoplasmosis in 1939 (Schwartzman et al. 1948), the develop-
ment of the first serologic test by Sabin and Feldman in 1948, and the recognition, in
the middle 1970s, that past infection could reactivate in immunocompromised
patients (Weiss and Dubey 2009). The high burden of congenital toxoplasmosis
led to the progressive implementation of prevention policies in some European
countries. During the last decade, the development of new genotyping tools and
the multiplication of field studies have increased comprehension of the phylogenetic
evolution of T. gondii in the world (Mercier et al. 2011), and advances have been
achieved in the knowledge on the particular virulence associated with some geno-
types (ElHajj et al. 2007; Behnke et al. 2015).

16.2 A Life Cycle Involving All Warm-Blooded Animals

16.2.1 Definitive Hosts and Contamination of the Environment: Not
Only the Cat!

While only Felidae can act as definitive hosts and thus shed oocysts in their feces,
almost all warm-blooded animals can serve as intermediate hosts. Many host species
(birds, rodents, carnivorous, or herbivorous animals) from polar to tropical areas
have been identified by serology or bioassay. Toxoplasma gondii undergoes sexual
reproduction in the felid intestine, resulting in the production of millions of envi-
ronmentally unsporulated oocysts. Oocysts take 1–5 days to sporulate in the envi-
ronment and become infective and resistant in environment. Oocysts may survive for
months in soil and water, thereby enhancing the probability of transmission to
intermediate hosts such as birds, rodents, and humans. Cats become infected after
consuming intermediate hosts harboring tissue cysts or directly by ingestion of
sporulated oocysts. Animals bred for human consumption and wild game may also
become infected with tissue cysts after ingestion of sporulated oocysts in the
environment. Humans may acquire T. gondii infection via oral uptake of sporulated
oocysts from the environment, consumption of raw or undercooked meat containing
tissue cysts, or transplacental transmission of the parasite from the non-immune
mother to the fetus (Fig. 1).

Oocysts are essential in the life cycle of T. gondii, and cats were everywhere, except
the frozen artic. In general, the seropositivity increases with the age of the cat,
indicating postnatal transmission of T. gondii. It is possible that in some young cats,
the low antibody titers represented maternally transferred antibodies which generally
disappear in the cat by 12 weeks of age (Dubey et al. 2020). At any given time,
approximately 1% of cats are expected to shed oocysts (even if most cats only shed
oocysts for about 1 week in their life), and this is supported by fecal survey. The
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number of oocysts shed by naturally infected domestic cats is largely unknown, but
probably several millions are disseminated into the environment according to exper-
imental infection. Whether naturally infected cats shed oocysts more than once in their
life is unknown. The number of oocysts shed during the secondary infection is usually
lower than in primary infection; cats that had excreted oocysts did not re-excrete after
challenge within 2–3 months after primary infection (Dubey and Frenkel 1974).
Dubey recently reported that concurrent infections with certain feline pathogens can
affect T. gondii infections in cats, but there is no evidence that they affect the
seropositivity of T. gondii in cats (Dubey et al. 2020). In addition to domestic cats,
wild felids can also shed oocysts. The role of wild felids in parasite transmission to
humans may be important especially in areas where the domestic cat, Felis catus, is
absent (e.g., tropical forest). Cats are essential for the maintenance of T. gondii in the
environment, since infections are virtually absent from areas lacking cats. A single
oocyst is able to infect pigs or mice, but pathogenicity depends on the strain, inoculum,
and infection route (Dubey and Beatty 1988); oocysts are less infectious and patho-
genic for cats than for intermediate hosts (Dubey and Frenkel 1974).

Based on serologic surveys, up to 74% of the adult cat population may be infected
by T. gondii (Tenter et al. 2000); but seroprevalence to T. gondii varied among
countries, within different areas of a country, and within the same city (Dubey et al.
2020). In nature, cats are infected by eating small preys harboring tissue cysts or by
ingesting oocysts from soil. Fatal toxoplasmosis is rare and occurs more often in
immunocompromised cats and in kittens. Vertical transmission is uncommon and is
probably not important for parasite propagation. Cats excrete millions of
unsporulated oocysts in their feces after ingesting any of the three infectious stages;
the prepatent period is 3–10 days after ingesting bradyzoites and more than or equal
to 18 days after ingesting oocysts or tachyzoites. The patent period is only

Fig. 1 Life cycle of Toxoplasma gondii (partially made using BioRender tools)
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1–3 weeks, but a re-excretion is possible, at least experimentally, after a second
challenge with T. gondii, after corticoid treatment or superinfection by Isospora felis.
Even within a shared habitat, exposure of wild and domestic felids to T. gondii may
increase or decrease based upon access to prey and dietary preferences (VanWormer
et al. 2013). Pet and feral domestic cats showed different prey consumption patterns,
with higher predation levels observed in feral cat populations (Fitzgerald 2000). In
regions where humans, livestock, and wildlife live in close contact, wild felid prey
frequently include domestic livestock such as sheep, goats, and cattle as well as
wildlife (Treves and Karanth 2003). In addition, inter-farm and seasonal variations in
the risks of exposure to T. gondii oocysts for humans and livestock living on farms
have been described (Simon et al. 2018).

16.2.2 Life Cycle of T. gondii in Domestic Animals and Wildlife

T. gondii is not an obligatory heteroxenous parasite and can propagate clonally
(presumably indefinitely) by cycling among intermediate hosts. This can occur verti-
cally through transplacental transmission from mother to offspring (Dubey et al.
1997). Tissue cysts are also orally infectious to carnivorous intermediate hosts,
permitting T. gondii to bypass the sexual stage in the definitive host (Khan et al. 2007).

Oocysts are responsible for most of the T. gondii infections in noncarnivorous
mammals and birds whereas other species are mainly infected by eating animals
harboring tissue cysts. T. gondii infection in wildlife does not occur with the same
probability in any species or place. Wild-living species first have variable levels of
susceptibility and exposure. Exposure is largely determined by life history traits,
especially feeding behavior. Herbivore intermediate hosts acquire infection by food
or water contaminated with sporulated oocysts. Carnivores and omnivores may
additionally become infected mainly by ingesting meat containing cysts. Hejlíček
et al. (1997) suggested that carnivores have a higher prevalence of antibodies to
T. gondii due to the cumulative ingestion of infected animals and that
seroprevalences would be lower, by decreasing order, in omnivorous, herbivorous,
and insectivorous animals.

16.2.3 A Wide Range of Opportunity for Human Infection

Human infection can occur from different transmission routes due to several stages
of the parasite (cysts, oocysts, and tachyzoites). Even though the sources of T. gondii
infection for humans are well known, their relative contribution is still unclear. The
major routes of transmission vary between different human populations and depend
on social culture, eating habits, and environmental factors (Tenter et al. 2000).

The most frequent transmission route appears due to cysts present in meat as a
risk-factor analysis indicates that 30–63% of human infections can be attributed to
the consumption of undercooked meat (Cook et al. 2000). All warm-blooded animal
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species can be infected, but prevalence of infection in meat producing animals is
variable among species and countries (Tenter et al. 2000; Dubey 2022). Sheep and
pigs seem to be more infected while infection seems rarer in cattle. In Norway and
France, consumption of undercooked lamb appears to be a stronger risk factor than
consumption of pork (Kapperud et al. 1996; Baril et al. 1999), while in Poland
consumption of undercooked pork was identified as the principal risk factor (Paul
1998). Moreover, there are few reported outbreaks due to ingestion of well-identified
meat (Dubey 2021; Dubey et al. 2021), and absence of evidence of source of
contamination is frequent due to lack of detection of cysts in meat.

Infection through cysts can be also occurring after organ transplantation when an
organ from a Toxoplasma-seropositive donor is grafted to a Toxoplasma-seronega-
tive recipient. Generally, heart, liver, and kidney transplantation is most frequent for
this route of transmission (Speirs et al. 1988).

Infection through oocysts is another transmission route for humans. Sporulated
oocysts are very resistant (especially to most of disinfectants) in environment, and
they may survive during several years and disperse through water or soil movements
and contaminate vegetables (Shapiro et al. 2019). They may be an important source of
infection for humans, and several waterborne outbreaks of toxoplasmosis linked to
oocyst contamination of drinking water are reported (Dubey 2022; Shapiro et al. 2019).

A recent meta-analysis of sporadic toxoplasma infections revealed the signifi-
cance of transmission by environmental factors such as contact with soil and contact
with animals, in particular cats, also the consumption of raw or undercooked meat
and unwashed vegetables significantly increased the odds of acquiring an infection
(Thebault et al. 2021). Moreover, a recent review (Dubey 2021) reports that there are
no apparent differences in type or severity of symptoms in meat-versus oocyst-
acquired infections.

The last transmission route of infection is through tachyzoites. Tachyzoites are
delicate; they are destroyed by gastric secretions and unable to survive outside their
host. So contamination by this route is very rare except in the case of congenital
infection due to transplacental transmission from a mother to her fetus after maternal
infection acquired during pregnancy. Tachyzoites can be rarely transmitted by
transfusion (blood/bone marrow donor) or in case of laboratory accidents. Finally,
toxoplasmosis in humans was occasionally reported after transmission by goat milk
(Sacks et al. 1982; Skinner et al. 1990). However, few studies have attempted to
detect T. gondii in milk of naturally infected animal species and dairy samples
(Abadi et al. 2020).

16.3 Prevalence and Disease Burden in Humans

16.3.1 Pathophysiology of the Disease

The pathophysiology of toxoplasmosis results from the dissemination of tachyzoites.
After transepithelial passage across the intestinal barrier, tachyzoites invade rapidly
monocytes and gain access to the blood flow and from there virtually to all organs
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(Robert-Gangneux and Darde 2012). In fact, tachyzoites can invade actively all
nucleated cell types, which can explain the variety of clinical manifestations possibly
observed, in particular in immunocompromised patients. After the onset of an
efficient immune response, tachyzoites are not eradicated but convert into
bradyzoites within cells and persist as cysts lifelong, mostly in the muscles, retina,
and brain.

16.3.2 Toxoplasmosis in Immunocompetent Subjects:
Seroprevalence in the World

It is widely admitted that toxoplasmosis is frequently asymptomatic in immunocom-
petent humans and is mostly responsible for mild nonspecific symptoms including
fever, asthenia, and lymphadenopathy in about 20% of patients. Therefore, the
diagnosis is often retrospective and is based on serology. Estimates indicate that
approximately 25–30% of the world human population is infected by Toxoplasma
(Montoya and Liesenfeld 2004); recent meta-analysis mention a global IgG sero-
prevalence 32.9% (95%CI: 29.4–36.4) in pregnant women with large variations
among the countries (Bigna et al. 2020).

Seroprevalence varies among countries but also among regions within a same
country. Low seroprevalence (10–30%) is observed in North America, in South East
Asia, in Northern Europe, and in Sahelian countries of Africa. Moderate prevalence
(30–50%) is found in countries from Central and Southern Europe and high prev-
alence in South America and in tropical African countries. Several factors can be put
forward to explain this heterogeneity, e.g., (1) climatic factors affecting survival of
oocysts in the environment (Dubey 1998), (2) the prevalence in meat-producing
animals, (3) cooking or cultural habits, and (4) socioeconomic level and quality of
water. Seroprevalence has declined over the last decades in most industrialized
countries, probably as a result of combined factors (increased socioeconomic level
and improvement of hygienic conditions, change of farming systems, consumption
of frozen meat, and feeding of cats with sterilized food). For example, in France, the
seroprevalence in pregnant women was about 80% in the early 1960s and declined to
54% and 44% in two national perinatal surveys in 1995 and 2003, respectively, while
at the same time, the average age of first pregnancy increased (Villena et al. 2010).
The seroprevalence observed in general population is increasing with age, and
seroprevalence in men and women does not differ for the population aged
45 years and under (Bellali et al. 2013).

16.3.3 Congenital Toxoplasmosis: Determinants of Severity
and Various Incidences in the World

Vertical transmission can occur when primary infection is acquired during pregnancy,
by transplacental transfer of tachyzoites either during blood flow dissemination or at a
later stage. The colonization of the placental tissue by the parasite is probably an
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important factor in the process, since 50–72% of placentas from infected fetuses still
harbor parasites at birth, which makes this biological sample a good tool for diagnosis
(Robert-Gangneux et al. 2011). In France, the mean seroconversion rate during preg-
nancy was estimated to 6–7 per 1000 seronegative pregnant women (Berger et al. 2009).
The frequency of vertical transmission and the severity of fetal damage depend on the
stage of pregnancy when maternal infection occurs. Fetal infection occurs in less than
10% of cases during the first trimester but increases to 30% of cases in the second
trimester and 60–70% in the third trimester and even more close to delivery (Dunn et al.
1999). The severity of fetal infection is inversely correlated, since neonates are usually
asymptomatic in more than 80% of cases when infected during the third trimester of
gestation (Desmonts and Couvreur 1974). Conversely, when transplacental transmission
occurs during the first trimester of pregnancy, the consequences on fetal development
are heavy, often leading to severe abnormalities involving the brain and eye tissues or to
abortion. Major sequelae include mental retardation, seizures, microcephalus, hydro-
cephalus, microphthalmia, cataract, increased intraocular pressure, strabismus, uveitis,
retinochoroiditis, and possibly blindness. During the second trimester, fetal infection
may have variable consequences, including hepatosplenomegaly, intracranial calcifica-
tions, epilepsy, anemia, thrombocytopenia-induced petechiae, pneumonitis, or
retinochoroiditis. Among the 272 cases collected in 2007 through the French surveil-
lance for congenital toxoplasmosis network (Villena et al. 2010), 11 cases resulted in
termination of pregnancy owing to cerebral lesions or fetal death, and 87% of live-born
infants were asymptomatic. The remaining 13% of cases had intracranial calcifications
(14 cases), hydrocephalus (3 cases), and/or retinochoroiditis of variable severity
(12 cases). The tendencies are the same each year, among these 12 last years (data
2019, National Reference Center on Toxoplasmosis, France).

The incidence at birth was about 3 per 10,000 live births in 2007 in France
(Villena et al. 2010), which is in the same range as incidence rates reported in other
European countries, such as Denmark (2.1/10,000 live births) and Switzerland (4.3/
10,000 live births), but is higher than that reported in Sweden (0.73/10,000) or in a
pilot study in Massachusetts (1/10,000) (Guerina et al. 1994) and lower than that
reported in Brazil (6/10,000) (Takahashi et al. 2019). The disease burden of con-
genital toxoplasmosis, as represented by disability-adjusted life years (DALY), is the
highest among all food-borne pathogens (Havelaar et al. 2007). One study estimated
1.2 million disability-adjusted life years and an estimated 190,100 cases globally
(Torgerson and Mastroiacovo 2013).

16.3.4 Toxoplasmosis in Immunocompromised Patients

Whereas toxoplasmosis is usually a mild or asymptomatic infection in immunocom-
petent subjects, it is a life-threatening infection in immunocompromised patients.
Various factors severely impairing the cellular immune response, among which are
HIV infection and immunosuppressive therapies, can lead to severe toxoplasmosis,
due to either primary acquired infection or to reactivation of latent infection. Indeed,
profound immunosuppression can favor cysts’ rupture and tachyzoite multiplication
and dissemination. Cyst reactivation is mostly localized to the brain and the retina
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but can occur in other tissues, as Toxoplasma can invade all organs that can be
subsequent potential sites for cyst reactivation (Patrat-Delon et al. 2010). This
peculiarity puts transplant patients at risk for both reactivation and organ-transmitted
infection. The risk for disseminated infection is closely related to the duration and
degree of immunosuppression, with hematopoietic stem cell transplant (HSCT)
patients being most at risk (Derouin and Pelloux 2008), whereas focal disease, such
as cerebral toxoplasmosis or retinochoroiditis, is more commonly observed in
HIV-infected patients. In HIV-positive patients, the incidence of toxoplasmosis is
closely related to CD4+ T cell counts, with an increasing risk when it falls below
100 cells/ μL. The incidence of TE has decreased and is now stabilized since the use of
highly active antiretroviral therapy; it represents about 200 cases/year in France
(Abgrall et al. 2001). In the absence of implementation of a recording system, there
are no data available regarding the incidence of toxoplasmosis in transplant recipients.

16.3.5 New Insights into the Comprehension of Parasite Virulence:
The Role of Genotype Strains

Although one single parasite species is responsible for toxoplasmosis in humans and
animals, it has been shown from the 1990s that clinical isolates from Europe and
USA could be divided into three major genotypes, types I, II, and III, equivalent to
clonal lineages (Darde et al. 1992; Howe and Sibley 1995; Ajzenberg et al. 2002a).

However, more recently new genotyping tools such as multilocus sequence
typing were applied to field studies in other continents and revealed a much more
complex population structure with a greater genetic diversity, likely reflecting
frequent exchanges of strains between hosts, as well as recombination of isolates
during sexual life cycle within the definitive hosts (Ajzenberg et al. 2004). This led
to the generation of recombinant isolates (I/II, I/III, or II/III) but also to new clonal
haplogroups and, in some areas, particularly in South America, to atypical genotypes
with many unique polymorphisms. Type II strains markedly predominate both in
humans in Europe (Ajzenberg et al. 2002b; Aubert et al. 2010) and are isolated in
more than 90% of congenital infections in France. Other clonal lineages are occa-
sionally (type III) or exceptionally (type I) described in Europe. The exceptional
isolation of atypical strains in France can be related to travels in South America or
consumption of imported meat (Pomares et al. 2011). In North America, type II
strains also predominate (Howe and Sibley 1995), but a higher prevalence of atypical
strains is observed, and a clonal haplogroup (haplogroup 12) has been recently
identified (Khan et al. 2011). By contrast, atypical genotypes largely predominate
in South America, whereas type II isolates are rare (Pena et al. 2008). In Africa,
clonal lineages known as Africa 1-3 haplogroups coexist with type II and III lineages
(Mercier et al. 2010) potentially leading to severe infection (Leroy et al. 2020). But,
taken together with recent studies of T. gondii isolates from Africa, it is clear that the
three clonal lineages (types I, II, and III) predominate not only in North America and
Europe but also in Africa (Velmurugan et al. 2008). Until now, few data in humans
are available from Asia, but some studies reveal a more limited genetic diversity than
in South America, the presence of type III strains, and the widespread detection of a
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clonal lineage in pigs in China (Zhou et al. 2010). Recently, clustering methods were
used to organize the marked genetic diversity of 138 unique genotypes into
15 haplogroups that collectively define six major clades (Su et al. 2012).

It has long been known that clonal genotypes have variable virulence. Genotypes
I and II have, respectively, a high and low virulence, whereas genotype III has an
intermediate virulence. What emerges from recent epidemiologic studies using new
genotyping data is that atypical strains are highly virulent and challenge the concepts
of pathophysiology of the disease, at least in some parts of the world. First of all, the
fact that infection is usually asymptomatic when it occurs in an immunocompetent
subject is not questioned in Europe and North America, but recent experience from
French Guiana shows that severe and even lethal toxoplasmosis can be observed in
immunocompetent patients infected with atypical strains (Carme et al. 2002).
Regarding congenital toxoplasmosis, a comparative prospective cohort study of
infected children in Brazil and Europe showed that, independently of treatment,
Brazilian children had a five times higher risk than European children for developing
eye lesions and their lesions were larger, more multiple, more recurrent, and more
likely to impair vision (Gilbert et al. 2008; Lago et al. 2021). More recently,
phylogeography of T. gondii points to a South American origin which may explain
geographic heterogeneities in disease burden (Bertranpetit et al. 2017).

Besides, recent observations have shown that (i) reinfection with an atypical
strain of a previously immunized woman could lead to congenital transmission
(Elbez-Rubinstein et al. 2009) and (ii) the rate of severe congenital infections was
higher when women were infected with an atypical or recombinant strain than with a
type II strain, whatever the stage of pregnancy at maternal infection was. Cumulative
data (2006–2019) of the French surveillance for congenital toxoplasmosis network
show that about 84% of congenital infections with type II strains are asymptomatic
infections, whereas 83% of infections with atypical or recombinant genotypes are
symptomatic. The large predominance of type II strains of low virulence in France
(92% of cases), and more generally in Europe, explains the relatively low burden of
the disease in those countries.

16.4 Prevalence and Disease Burden in Animals

Contact and interaction between wild fauna, domestic animals, and human beings
may lead to an increased risk of transmission of zoonotic pathogens (Artois 1993).
Wild mammals and birds are exposed to T. gondii through the ingestion of food or
water contaminated with sporulated oocysts derived from felid feces (Dubey and
Jones 2008). Additionally, wild carnivores and omnivores may also be infected by
feeding birds and mammals with T. gondii cysts.

16.4.1 Wild Life

Serologic studies have assessed T. gondii infection in several species of wild animals
from Europe (Jakubek et al. 2001; Sobrino et al. 2007; Richomme et al. 2009; Beral
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et al. 2012) and other continents (Dubey et al. 1999). Mammals like cervids, wild
boars, canids, viverrids and mustelids, as well as different kinds of birds, are among
those wild animals found with antibodies to T. gondii, either at a group or on an
individual level (Dubey et al. 2004). The modified agglutination test (MAT) has
proved to be a very sensitive and specific assay for the serological diagnosis of
T. gondii infection in many species of wild mammals and birds (Sobrino et al. 2007;
Literák et al. 1992; Gauss et al. 2006; Gennari et al. 2016).

Exposure to T. gondii is highest in carnivorous species (Cabezon et al. 2011).
High T. gondii seroprevalence is also reported in large predator species as lynx and
the European wildcat (Sobrino et al. 2007) which is of epidemiological significance
because infected felids shed oocysts in the wild environment.

In most species, T. gondii infection is generally unapparent, provoking only mild
symptoms. However, a limited number of highly susceptible species have been
discovered, in which T. gondii infection leads to frequent clinical disease and
mortality. Marsupials and New World monkeys, which have evolved largely sepa-
rately from cats, are among the most vulnerable species (Tenter et al. 2000). Fatal
toxoplasmosis is also well-documented in hares (Jokelainen et al. 2011). T. gondii
infection can be present at a high level in many wild birds without any clinical
impact, but toxoplasmosis can be clinically severe in pigeons and canaries (Dubey
2002). The ingestion of infected birds is considered an important source of infection
for cats (Khan et al. 2007; Dubey 2022).

16.4.2 Meat-Producing Animals

Tissue cysts of T. gondii contained in meat, meat-derived products may be important
sources of infection for humans. However, for public health purposes, it is important
to note that the tropism of T. gondii and the number of tissue cysts produced in a
certain organ vary with the intermediate host species. In livestock, T. gondii tissue
cysts are most frequently observed in various tissues of infected pigs, sheep, and
goats and less frequently in infected poultry, rabbits, dogs, and horses. By contrast,
tissue cysts are found only rarely in skeletal muscles of cattle or buffaloes (Tenter
et al. 2000). Recently, a good correlation between seropositivity and the presence of
tissues cysts in wild boar and roe deer was showed (Stollberg et al. 2021). Finally,
prevalence in meat-producing animals varied among species and countries and is
largely dependent on the methods of measure.

Prevalence of toxoplasmosis is highest in sheep and toxoplasmosis is implicated
in 10–20% of sheep flocks with an abortion problem. The prevalence increases with
age, reaching more than 90% in some studies (Tenter et al. 2000; Halos et al. 2010);
the prevalence in ewes is more than twice than that in lamb. Viable T. gondii has been
recovered from as many as 67% of sheep samples. Among the infected meat, lamb
meat is supposed to be a major source of toxoplasmosis worldwide (Tenter et al.
2000). T. gondii has been recognized as one of the main causes of infective ovine
abortion in New Zealand, Australia, the UK, Norway, and the USA (Dubey and
Beatty 1988). Goats appear to be more susceptible to clinical toxoplasmosis, and
even adult goats have died of acute toxoplasmosis.
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Seroprevalence levels were lower in cattle, and very variable infection rates are
found in pigs (1–60%) and poultry (0–30%), depending on their lifestyle (indoor or
outdoor). In pigs, clinical cases of the infection are rare (leading to rare cases of
myocarditis and encephalitis (Dubey and Jones 2008)), but the real problem of
toxoplasmosis in pigs lies in the fact that tissues of infected animals may contain
T. gondii tissue cysts. Infections with this parasite are common in pigs worldwide.
The prevalence of T. gondii infection has decreased significantly with changes in pig
production. It was suggested that infected pork products cause 50–75% of all cases
of human toxoplasmosis in the USA, but the large study of Dubey et al. (2005)
showed a seroprevalence of 0.57% and parasite isolation in only eight cases (0.38%).
It is estimated that one pig is consumed by 200–400 individuals, and meat products
are often made by combining the meat from different animals, thereby enhancing the
risk of transfer of infection (Kijlstra and Jongert 2009). Moreover, an upsurge in
consumer demand for “organically raised,” “free-range” pork products has resulted
in increasing numbers of hogs being raised in non-confinement systems. So, the
prevalence of T. gondii in 33 market pigs raised under certified organic management
conditions on two farms from Michigan, USA, was 90% (30/33) leading to the
isolation of 17 strains (Dubey et al. 2012). This study indicated that organic pork
meat may pose an increased risk of transmitting T. gondii to humans. Bayarri et al.
(2012) have analyzed 50 samples of fresh pork meat and commercial cured ham
collected in the city of Zaragoza (Spain), and T. gondii was detected in two samples
of rib, reflecting a frequency of 8% positive fresh pork meat.

T. gondii has rarely been isolated from bovine tissue. It is unclear whether this is
associated with fast elimination of cysts from cattle tissues or with inconsistent cyst
formation following infection. In a study analyzing more than 2000 samples of beef,
T. gondii was not isolated by bioassay in cat (Dubey et al. 2005). Moreover, a large
French study reports a low prevalence in beef, but isolation of two strains (genotype
II) was possible (Blaga et al. 2019). The prevalence of viable T. gondii in chickens
produced in intensive farming is usually very low but may be high in free-range
chickens. It is not known howmany tissue cysts result in the infection of humans, but
ingestion of one cyst is sufficient for a cat to become infected.

During the production of various meat products, meat of many animals is mixed,
which also amplifies the risk in cases where only few animals would be infected
(Aspinall et al. 2002).

Cases of acute toxoplasmosis and two recent outbreaks among hunters in Wis-
consin and Illinois, USA, have already been linked to the consumption of insuffi-
ciently heated or raw game (Schumacher et al. 2021; Gaulin et al. 2020) underlining
the risk of this kind of meat, as described a few years ago (Carme et al. 2002).

16.4.3 Genotype Distribution

In Europe, the majority of isolates from wildlife contain type II strains, with a few
type III strains. From 26 T. gondii DNA extracts from red fox in Belgium submitted
to a genotyping analysis with 15 microsatellite markers (Ajzenberg et al. 2010),
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25 were type II, and only 1 type III (De Craeye et al. 2011). Similarly, using 6 loci
microsatellite analysis, only type II strains were observed in 46 French isolates
including 21 from wild boar (Richomme et al. 2009); 12 from roe deer; 9 from
foxes; 1 from mouflon, red deer, and mallard (Aubert et al. 2010); and 1 from tawny
owl (Aubert et al. 2008). Using the same molecular technique, Jokelainen et al.
(2011) also identified the clonal type II in 15 DNA extracts from hare in Finland. In a
recent study in Central and in Eastern Germany, Hermann et al. (2010) determined
the complete genotype for 12 samples tissues from red foxes, using nine PCR-RFLP
markers. Interestingly, this study showed evidence of a mixed infection, as well as
infection with a T. gondii genotype that may represent a recombination of T. gondii
types II and III. Su et al. (2006) developed a standardized restriction fragment length
polymorphism (RFLP) typing scheme based on nine mostly unlinked nuclear geno-
mic loci and one apicoplast marker. These markers enable one to distinguish the
archetypal from atypical types. In addition, these markers can easily detect mixed
strains in samples. Mixed infection of T. gondii strains in intermediary hosts has been
previously reported (Ajzenberg et al. 2002a; Aspinall et al. 2002). In Svalbard, a
Norwegian arctic archipelago, 55 artic foxes were found infected with T. gondii:
27 harbored clonal type II (17/27 were apico I and 10/27 apico II) and 4 had clonal
type III (Prestrud et al. 2008). Strains from 22 foxes (40%) could not be fully
genotyped, but 2 (3.6%) shared more than one allele at a given locus. Again, the
most prevalent genotype in this study was clonal type II with a few types III
genotypes. It is noteworthy that type II is also the dominant type in domestic
mammals in Europe. For instance, Halos et al. (2010) analyzed 433 hearts of
sheep by using PCR-restriction fragment length polymorphism and microsatellite
markers on parasites isolated after bioassay in mice. All 46 genotypes belonged to
type II, except for 1 strain from the Pyrenees mountains area, which belonged to
genotype III, which is the first non-type II genotype found in sheep in Europe (Owen
and Trees 1999) and Denmark (Jungersen et al. 2002). This similarity between
strains found in wildlife and domestic species in Europe suggests that no clear
separation exists between the two cycles.

In North America, strains of T. gondii are more diverse. A recent study analyzed
169 T. gondii isolates from various wildlife species and revealed the large dominance
of the recently clonal type 12, followed by the type II and III lineages; these three
major lineages accounted for 85% of strains from wildlife in North America (Dubey
et al. 2011). The strains isolated from wildlife in North America are thus more
diverse but may also be more different from strains found in the domestic environ-
ment than in Europe. Although type 12 has been identified from pigs and sheep in the
USA, it may be more specifically found in wildlife (Su et al. 2012). The relative high
diversity in T. gondii genotypes isolated from wildlife samples compared to those
from domestic animals raised the question whether distinct gene pools exist for
domestic and sylvatic hosts (Wendte et al. 2011).

This high genetic diversity in tropical wildlife in connection with a sylvatic life
cycle has been firstly evoked in French Guiana where severe cases of human
toxoplasmosis were detected after eating Amazonian undercooked game or drinking
untreated river water (Darde et al. 1998; Carme et al. 2009). These cases were due to
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highly atypical strains, all with a unique genotype, as determined by microsatellite
analysis (Ajzenberg et al. 2004).

Finally, using multilocus genes sequencing (MLST) (in which the nucleotide
sequences of several loci coding for housekeeping genes are analyzed) or whole
genome sequencing, this diversity was shown to cluster into 16 haplogroups belong-
ing to 6 ancestral groups (clades) and distributed throughout the world (Su et al.
2012; Lorenzi et al. 2016).

16.4.4 Most Frequent Sources for Human Infection: Case-Control
Studies, Outbreaks

Different approaches have been used to estimate the relative importance of sources of
contamination, using risk-factor analyses or estimation of the fraction of attributable
risk, either in the general population (chronic infection) or in cases of seroconversion
in pregnant women. These studies clearly identified the ingestion of undercooked meat
as a risk factor (Cook et al. 2000; Kapperud et al. 1996; Baril et al. 1999; Berger et al.
2009). However, this result is probably partly due to this risk being easier to charac-
terize than the risk due to oocysts. Several reports concerning toxoplasmosis outbreaks
have been published in recent decades, mainly regarding outbreaks associated with the
consumption of undercooked meat (Dubey 2022; AFSSA 2005). Moreover, it is
difficult to link outbreaks due to Toxoplasma contamination, because most of infec-
tions are asymptomatic. In France, only few familial outbreaks were reported due to
consumption of raw lamb (Ginsbourger et al. 2010).

However, outbreaks can be reported when infections are symptomatic due to
virulent strains (from atypical genotype). In this way, previous studies demonstrated
that game from the Amazonian forest was strongly associated with the risk of
developing 10–20 days later severe toxoplasmosis (Carme et al. 2002). In French
Guiana, atypical strains of T. gondii originating from a complex rainforest cycle
involving wild felids have been linked to severe infections in humans, but these
cases of Amazonian toxoplasmosis are sporadic, and outbreaks are rarely described.
An outbreak of toxoplasmosis from December 2003 through mid-January 2004
involving 11 cases among the 38 inhabitants of a village in Suriname near the French
Guiana border was described (Demar et al. 2007), and more recently another
outbreak was reported linked to consumption of untreated water or meat or contact
with soil (Blaizot et al. 2020). Severe toxoplasmosis after consumption of semi-raw
game (Brazilian Tapir, locally known as Maipouri) was reported (Groh et al. 2012).

Recently, an emerging risk was observed in France with severe human infection
transmitted by imported horse meat; the source of infection seems to be linked with
consumption of raw horse meat from South America where atypical strains are
circulating; these strains are virulent and responsible for severe congenital toxoplas-
mosis or death in immunocompetent humans (Pomares et al. 2011). This risk must be
evaluated by survey of imported meat in large scale, and French authorities and
EFSA are informed.

Moreover, severe toxoplasmosis was also observed after waterborne outbreaks
due to contamination by oocysts. The first large outbreak was reported in British
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Columbia, Canada, where drinking water taken from a reservoir was suspected to be
contaminated by oocysts from cougar (Bowie et al. 1997). Unfortunately, oocysts
were not detected after the outbreak in the reservoir. In contrast, T. gondii oocysts
were isolated once in Brazil from samples taken from small reservoirs on roof tops.
To assess this detection, the water was filtered through membranes, and the filters
were fed to pigs and chickens, which developed toxoplasmic infection (de Moura
et al. 2006). Although detection of oocysts in environmental samples is difficult
(Dumetre and Darde 2007; Jones and Dubey 2010), methodological development is
being made (Shapiro et al. 2019). Several methods to detect the presence of oocysts
in filtered water is described using PCR to detect DNA (but not viable oocysts) from
T. gondii after concentration (Kourenti and Karanis 2004; Villena et al. 2004).
Oocysts can also contaminate vegetables and lead to human infection, but associated
cases with identified vegetables are very rare. One case-control study of an outbreak
of acute toxoplasmosis in Brazil was described with implication of escarole and
green vegetables (Ekman et al. 2012).

While differentiating routes of T. gondii acquisition has been historically difficult,
a recently recognized oocyst-specific antigen (Munoz-Zanzi et al. 2010) applied in a
study of 76 mothers of congenitally infected infants in the USA demonstrated that
78% of these women had oocyst-acquired infections (Boyer et al. 2011).

Recently, a meta-analysis of the main identified and known risk factors for
toxoplasmosis was published (Thebault et al. 2021). In this meta-analysis, the
quality assessment stage was passed by 213 primary studies investigating risk factors
for sporadic infection. The meta-analysis of toxoplasma sporadic infections revealed
the significance of transmission by environmental factors such as drinking water,
contact with soil, and contact with animals – in particular cats. The consumption of
raw or undercooked meat and unwashed vegetables significantly increased the odds
of acquiring the disease. Shellfish and raw milk were also identified as significant
sources of toxoplasmosis. Almost all meat categories were identified as risk factors:
pork, poultry, beef, processed meat, lamb, and game meat.

16.5 Impact on Public Health and Healthcare Decision-Makers

16.5.1 Implementation of Prevention Measures: Depending
on Seroprevalence

16.5.1.1 Hygienic Measures
Hygienic measures can be recommended to seronegative patients (pregnant women or
immunocompromised patients) to avoid Toxoplasma contamination. The prevention
messages currently associate hygienic measures relative to the cat, to the consumption
of well-cooked meat and thoroughly washed vegetables eaten raw, as well as to hands
cleaning (Table 1). Drinking water has recently emerged as a new risk factor in some
countries, depending on the source of the water supply network (surface or ground
water) and on the sanitary level or the use of well water. Indeed, several outbreaks have
been reported in Brazil, India, and Canada (Bahia-Oliveira et al. 2003; Bowie et al.
1997). Besides, ingestion of contaminated water from lakes or rivers during
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recreational activities has been recently stressed out as a potential source for Toxo-
plasma infection (Jones and Dubey 2010), which could explain the large proportion of
unexplained toxoplasmosis in pregnant women as shown in a study in Northern USA
(Jones et al. 2009). The environmental contamination by wild felids is more difficult to
master, but basic hygienic measures during or after external activities can help to
overcome the risk. Finally, the trends of biologic food consumption should not lead to
hazardous behavior, and it is worth being reminded that, even marginal, unpasteurized
goat milk or raw shellfish can also be food at risk (Jones et al. 2009).

Recent knowledge on strain virulence should be taken into consideration, and
these recommendations should now be applied to travelers who are visiting countries
where virulent strains predominate, such as South America or Africa, even if they
were previously immunized.

16.5.1.2 Serologic Screening
Serologic screening of pregnant women has been proposed to reduce the burden of
congenital toxoplasmosis and has been implemented in France in 1987, with
repeated monthly testing of seronegative women from 1992. The rationale of this
approach relies on the possibility to perform a prenatal diagnosis and to treat the
mother in case of seroconversion. Intuitively, this approach is pertinent when the
seroprevalence is relatively high; thus the probability of infection during pregnancy
is also high. Conversely, a low prevalence of the disease overweighs the cost of such
public health policy. Therefore, the cost-benefit ratio should be carefully evaluated
before the implementation of such screening measures. Other countries have a
screening policy (Austria, Belgium, Italy, Lithuania, Slovenia) (Benard et al.
2008), but the frequency of serologic testing may vary from one- to three-monthly

Table 1 Hygienic measures according to prevention of Toxoplasma infection in seronegative
population

Action or situation Prevention measures

Cat contact Wash hands carefully after stroking a cat
Wear gloves when changing the cat litter
Change the litter frequently and wash the tray with hot water (>60 �C)
Avoid the litter in the kitchen

Meals Cook the meat well-done or stew
Avoid microwave cooking for meat
Avoid raw vegetables at restaurants
Avoid raw shellfish
Avoid raw goat milk

Preparation of meals Wash thoroughly vegetables, fruits, and herbs eaten raw, especially if
they grow close to the ground
Wash hands, knives, any containers, and table thoroughly after meat
manipulation or cutting

Water Prefer mineral water to tap water

Gardening or outdoor
activities

Wash hands thoroughly and brush nails after any outdoor activities in
contact with soil
Wear gloves for gardening
Avoid ingestion of water during recreation activities in lakes or rivers
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testing. Some countries do not recommend this screening (the UK, Norway, Finland,
and more recently Switzerland), arguing either for a too high cost or maternal stress
in case of diagnosing a seroconversion or even fetal risk associated with amniocen-
tesis. In France, a trend towards a regular decrease in seroprevalence has been
observed since the 1970s and has been measured through three national perinatal
surveys in 1995 (55%), 2003 (44%), and 2010 (37%), thus questioning the cost of
maintaining a full screening of seronegative women (Robinson et al. 2021).

Postnatal screening of neonates at risk is another option, which has been
implemented in some countries where prenatal screening was not considered to be
a health priority, as is the case in Sweden, Denmark, Poland, or the USA (Massa-
chusetts, New England). It allows the treatment of infected neonates in the aim to
reduce the development of eye or neurologic sequelae. The cost of such screening
has been also debated in Denmark, where it was estimated that the low burden of
disease (1.6 per 10,000 live-born infants) did not justify continuing neonatal screen-
ing (Roser et al. 2010). In contrast, two cost-benefit analyses (CBA) found prenatal
retesting for toxoplasmosis to be cost saving, one with the hypothesis of applying the
French screening protocol in the USA (Stillwaggon et al. 2011) and the other
examining the Austrian screening protocol (Prusa et al. 2017).

As for congenital toxoplasmosis, there is no consensus about serologic screening
in immunodeficient patients, yet an annual serologic testing is usually recommended
in HIV-infected patients previously seronegative for Toxoplasma. Prevention mes-
sages on how avoiding contamination should also be the rule, as for pregnant
women. A chemoprophylaxis is recommended when CD4+ T cells is under 200/μL.

In transplant patients, the decision of Toxoplasma antibody screening varies highly
among countries and is again mostly explained by the differences in the incidence rate
of toxoplasmosis. A case-control study (Fernandez-Sabe et al. 2011) showed that
primary infection observed in about solid organ transplant patients was due to a
mismatch D+/R- in about half of patients, emphasizing the interest of primary
prevention through both donor/recipient screening and hygienic measures. In France,
serologic screening of the organ donor is mandatory and is strongly recommended
(in practice, always done) in the recipient, whereas in the USA serologic screening of
donors and recipients greatly depends on the transplant center. Serology of the donor is
also routinely performed in 11 European countries (Derouin and Pelloux 2008). The
knowledge of both recipient and donor serologic status allows starting primary
chemoprophylaxis at the time of transplantation in case of a mismatch, particularly
for heart transplant patients. More detailed information on the risk and prevention can
be found in a recent review (Robert-Gangneux and Darde 2012).

16.5.2 Impact of Prevention and Screening on the Burden
of Disease: Congenital Toxoplasmosis

A French retrospective study by Wallon et al. (2013) estimated the incidence of
congenital transmission and the proportion of severely impaired infected neonates
before and after onset of screening policy associated with prevention measures and
maternal treatment, i.e., before and after 1992, respectively. They clearly found a
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significant impact of monthly mandatory re-testing of seronegative women on the
transmission rate of congenital infection, as well as an impact of treatment strategy
adapted to prenatal diagnosis. The continuous treatment of women with positive
prenatal diagnosis with pyrimethamine-sulfadiazine significantly reduced the sever-
ity of clinical signs in infected children.

In the USA, several longitudinal clinical studies showed that newborn postnatal
screening and treatment were associated with better neurologic and developmental
outcomes (Roizen et al. 1995; McLeod et al. 2006; Darde et al. 1992). By contrast, in
ancient series, untreated infants, although asymptomatic at birth, developed high
rates of ocular lesions or neurologic sequelae or suffered from recurrent episodes of
retinochoroiditis (72%), despite spot treatment at time of diagnosis and at each
recurrent lesion (Phan et al. 2008). More recently, Stillwaggon et al. (2011) evalu-
ated the societal cost of congenital toxoplasmosis and concluded that implementa-
tion of a similar prevention program as that currently applied in France (maternal
serologic screening, prenatal diagnosis and treatment) would be cost-saving at the
scale of the USA, even if the seroprevalence is low, with an infection rate of 1 per
10,000 live births. However, the pattern of infection in North America could be more
harmful than previously suspected, probably related to the genotypes of circulating
strains. This study estimated the cost of mild vision loss and of severe toxoplasmosis
at a rate of 500,000 US$ and 2.7 million $, respectively.

The role of the epidemiology of parasite strains in North America has recently
been discussed because of the discovery of the circulation of type non-II strains,
which could be more virulent than those responsible for toxoplasmosis in Europe
(McLeod et al. 2012). It has been hypothesized that the disease burden in the USA
could be due not only to the absence of prenatal management or postnatal treatment.
However, the important preventive role of healthcare policies in the decrease of the
burden of toxoplasmosis in France cannot be denied, and a recent cost effectiveness
study modeling the monthly retesting programs vs. neonatal screening has demon-
strated the benefit of the French prenatal screening program (Binquet et al. 2019).

16.6 Cross-References

▶Cats – Revered and Reviled – and Associated Zoonoses
▶Cryptosporidium and Cryptosporidiosis: Trickle or Treat?
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Abstract

Trichinellosis is a cosmopolitan infection transmitted to humans through the con-
sumption of raw or undercooked meat of domestic and wild pigs, horses, and
carnivorous animals infected by nematode larvae of the genus Trichinella. These
parasites are maintained in nature by a sylvatic cycle. Spillover from wild animals to
domesticated animals can occur when there is improper management in segregating
livestock and wildlife. The symptoms associated with trichinellosis vary with the
number of infecting larvae ingested, the time after infection, and the Trichinella
species. Progression of the disease follows the biological development of these
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nematodes. Most of the clinical features of trichinellosis are immunopathological in
origin and are related to the capacity of these parasites to induce allergic responses.

Keywords

Trichinellosis · Trichinella · Meatborne disease · Swine · Game meat

17.1 Introduction

Trichinellosis is a foodborne disease caused by infection with nematode worms of the
genus Trichinella. Infection results from the ingestion of meat of mammals, birds, and
reptiles harboring the infective larvae of the parasite (Gottstein et al. 2009). The
disease has long been known as trichinosis because the parasite genus was formerly
called Trichina (Pozio 2021a). Today, the term trichinellosis has gained wide accep-
tance internationally. The parasite that causes trichinellosis was discovered in the
United Kingdom in 1835. It was first observed in human muscles during a routine
autopsy and was regarded as a mere zoological curiosity for a long time (Gaeta and
Bruschi 2021). The worm was originally named as Trichina spiralis Owen, 1835. In
1895, the genus name was changed to Trichinella (Pozio 2021a). In 1860, T. spiralis
was found in the muscle tissues of a patient who had died of a serious painful muscle
disease, and this important case revealed both the pathogenicity of this zoonotic
parasite and the link between the disease and the ingestion of undercooked pork.
During the latter part of the nineteenth century, the essentials of the life cycle were
worked out, and the pathogenicity of this roundworm was shown dramatically by
several severe outbreaks in Germany (Gaeta and Bruschi 2021).

This group of zoonotic parasites shows a cosmopolitan distribution in all the conti-
nents except Antartica (Pozio and Zarlenga 2013). Today, 13 taxa separated into two
clades are recognized in the genus (Zarlenga et al. 2020), one clade that encompasses
species that encapsulate in host muscle tissues followingmuscle cell reprogramming and
a second clade that does not encapsulate. The species and genotypes of the first clade
parasitize only mammals. Among the three species that comprise the second clade, one
infects mammals and birds (Trichinella pseudospiralis) and two parasitizemammals and
reptiles (Trichinella papuae and Trichinella zimbabwensis) (Zarlenga et al. 2020).

These parasites are unusual among other nematodes in that the worm undergoes a
complete developmental cycle, from larva to adult and then to larva, in the body of a
single host, which strongly influences the epidemiology of these parasites and the
human disease. When the cycle is complete, striated muscles of infected animals and
humans contain a reservoir of larvae, capable of long-term survival. Animals and
humans acquire the infection by ingesting muscle tissues infected by viable larvae.

17.2 Taxonomy

For more than 100 years, the genus Trichinella was considered monospecific, and
Trichinella spiralis was considered the only species with a cosmopolitan distribu-
tion, infecting a very large number of mammals including humans. The domestic
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cycle involving grazing domestic pigs and farm rats was considered the predominant
mode of circulation for T. spiralis; surrounding wildlife were considered as an
ancillary part of on-farm transmission. The expansion of helminthological investi-
gations on wild animals starting from the 1950s highlighted the presence of nema-
todes of the genus Trichinella with biological characters different from those of
T. spiralis, but without discernable morphological characters at any of the develop-
mental stages that could be used to differentiate species (Pozio and Zarlenga 2021).
The switch from a classical taxonomy to new taxonomic studies first based on
crossbreeding experiments in laboratory animals, and then on biochemical (allo-
zymes) and molecular characters, has allowed the identification of ten sibling species
and three genotypes divided into two clades based on the presence or absence of a
collagen capsule around the muscle larva. The clade in which the muscle larvae do
not induce capsule formation infects mammals and birds (T. pseudospiralis) or
mammals and reptiles (T. papuae and T. zimbabwensis). The clade characterized
by the presence of a collagen capsule around the nurse-cell-larva complex infects
only mammals. This clade is comprised of seven species (T. spiralis, T. nativa,
T. britovi, T. murrelli, T. nelsoni, T. patagoniensis, and T. chanchalensis) and three
genotypes (Trichinella T6, T8, and T9). Each taxon is characterized by a well-
defined distribution area; however, there are two species which, for different reasons,
have a cosmopolitan distribution: T. spiralis spread by the passive introduction of
infected swine in most continents and T. pseudospiralis spread by birds worldwide.
Carnivores are the main hosts of Trichinella species and genotypes, with the
exception of T. spiralis which is also very well adapted to swine and consequently
represents the main causative agent of human trichinellosis. This taxonomic scheme
is supported by the analysis of more than ten thousand Trichinella isolates from
different host species and continents. However, there remain some geographical
areas from which no Trichinella parasites have been collected and identified at the
species/genotype level such as Central America and most of South America and
India. The phylogeny of the genus showed that the encapsulated and non-
encapsulated clades diverged from their most recent common ancestor in Asia
about 21 million years ago (mya) with taxon diversifications commencing about
10–7 mya. The currently described thirteen Trichinella taxa cannot be identified by
their morphology at the species or genotype level. Each taxon can be reliably
identified only by molecular methods (Pozio and La Rosa 2010; Sharma et al.
2020; Zarlenga et al. 2020).

17.3 Natural Cycle and Parasite Biology

Nematodes of the Trichinella genus develop two generations of worms in the same
host. Gravid female worms (1.26–3.35 mm � 29–39 μm) embedded in the intestinal
mucosa produce newborn larvae (NBL, 110 � 7 μm) which migrate into the
lymphatic vessels and then enter the blood vessels to reach and penetrate striated
muscle cells. In the muscle cell, NBL develop to the infective L1 (the muscle larva
measure 0.65–1.1 mm � 25–40 μm) in about 15 days without making any molt
unlike other nematodes (Despommier 1998). In muscle cells, larvae are coiled and
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enclosed by a collagen capsule (encapsulated species) or appear to be free among the
muscle fibers (nonencapsulated species). The size of the collagen capsule is about
350–450 � 180–300 μm. In this ecological niche, larvae can survive for many years
(over 20 years in polar bears and up to 40 years in humans) waiting to be ingested by
a new host. When a new host ingests infected muscle tissues, the larvae are released
from the muscle cells in the stomach by digestion. In the duodenum, they penetrate
the villi and within 2 days undergo four molts and rapidly develop to the adult stage.
Males and females copulate, and within 6–7 days postinfection (p.i.), the females
begin to produce NBL for at least 1–2 weeks or longer as influenced by the host’s
immune response at the gut level, which usually develops and results in the adult
worm expulsion.

17.4 Epidemiology

17.4.1 In Animals

Trichinella spp. are prevalent in wildlife. The transmission cycles of the different
Trichinella species and genotypes are closely related to their host species’ biology
and environmental characteristics. Predation probably accounts for the transmission
of these pathogens in some instances, but the eating of carrion is of great epidemi-
ological significance. Carnivores are the main reservoir hosts in the wild. Human
behavior can strongly influence the sylvatic cycles both favoring and reducing the
transmission of Trichinella spp. Carcasses of Trichinella sp.-infected animals left by
hunters in the field after skinning, removing, and discarding the entrails, or road
accidents represent a great biomass of these parasites readily available to the wild
cycle. Epidemiological surveys carried out in Africa, Europe, and North America
have shown that Trichinella spp. are more prevalent in wild animals living in natural
or undisturbed areas such as parks and forests, protected areas, and mountainous
regions, where human activity has not strongly modified the habitat (Pozio and
Murrell 2006). Spillover from wild animals to domestic animals can occur when
there is improper management in segregating livestock and wildlife (Pozio and
Murrell 2006). There is no documented evidence of infection in pigs reared in
herds kept under controlled management conditions (Pozio 2014). Trichinella
spiralis is the species more adapted to swine, and, consequently, it is the species
more frequently detected in domesticated pigs. The domestic and the sylvatic cycles
can function either independently from each other or interactively. The term “domes-
tic cycle” refers to the transmission pattern where the focus is on a swine herd being
fed, e.g., uncooked pork scraps, carrion, uncooked garbage (i.e., garbage-fed pigs),
or the pigs can feed on carcasses that are not promptly removed from the farm;
transmission can also become domestic via synanthropic animals (e.g., rats and
mustelids) living near swine herds (Pozio 2014). Horses fattened with pork scraps
or with carcasses of carnivorous animals became infected with Trichinella spp. The
use of Trichinella-infected meat of slaughtered crocodiles or farmed fur mammals
(e.g., foxes) to feed other farmed crocodiles or foxes, respectively, has been reported
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(Pozio and Murrell 2006; Pozio 2021b). Since nematodes of the genus Trichinella
are mainly circulating among wildlife and backyard or free ranging pigs, these
pathogens do not represent a great concern for the international meat trade. From
the 1950s to today, according to the international literature, there are only 43 reports
describing the importation of Trichinella sp.-infected animals or meat by the inter-
national trade to Europe. Most (60%) of these reports refer to live horses or their
meat, 18.6% to pigs, 4.7% to wild boar, and 14.3% to bears. In contrast, the scientific
literature is rich of reports on meat from pigs, wild boar, and bears, illegally
introduced in personal baggage causing trichinellosis outbreaks in several
European countries (Pozio 2015).

17.4.2 In Humans

The most common source of infection for humans is pork and pork-derived products
from backyard and free-ranging pigs, wild boar, wild pigs, warthog, and bushpig;
other sources responsible for outbreaks and single infections include meat and meat-
derived products of horse, dog, bear, walrus, cougar, fox, badger, and jackal (Pozio
2014, 2021b; Rostami et al. 2017). Suspected meat sources were from soft-shelled
turtle, monitor lizard, and squirrel. Among domestic animals, the meat of sheep and
beef has been considered as the source of trichinellosis in China; however, Tri-
chinella sp. larvae have never been detected in naturally infected sheep and cattle,
suggesting that herbivorous animal meat may be mixed with infected meat from
other sources and sold in restaurants and stores. With the exception of
T. zimbabwensis, Trichinella T8, T. patagoniensis, and T. chanchalensis, all
other species and genotypes of Trichinella have been reported from humans. In
2007, an average yearly incidence of ten thousand trichinellosis infections with a
mortality rate of 0.2% was estimated, cumulating the highest number of infections
detected worldwide in a year (Pozio 2007). Reliable estimates of the incidence of
trichinellosis among humans and its effect on health were investigated between 1986
and 2009 in a systematic review of the international and grey literature (Murrell and
Pozio 2011). During this period, 65,818 cases and 42 (0.06%) deaths were reported
from 41 countries. The WHO European Region accounted for 87% of cases; 50% of
those occurred in Romania, mainly during 1990–1999. The incidence in this country
ranged from 1.1 to 8.5 cases per 100,000 inhabitants. Trichinellosis affected primar-
ily adults (median age 33.1 years) and almost equally men (51%) and women. Out of
196 officially recognized countries in the world, Trichinella spp. infections in
humans, acquired through the consumption of local animals, have been documented
in 47 (23.9%) countries in the last 20 years (Pozio 2021b). Trichinella sp. infections
in humans are more related to cultural food practices which include dishes based on
raw or undercooked meat of different animal origins than to the presence of the
parasite in the domestic and wild animals of the country. Muslim countries are not
exempted from trichinellosis. The largest outbreak (about 500 infected people)
occurred in Izmir (Turkey) for the consumption of meatballs fraudulently made
with beef and pork from domestic pigs infected by T. britovi (Akkoc et al. 2009).
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In France and in Italy, most of the trichinellosis cases are due to the consumption of
raw horse meat, because this food habit is strongly related to the French culture
imported also in Italy (Boireau et al. 2000; Pozio 2015). In Finland, where there is a
high prevalence of infection in animals, no infection leading to disease has been
documented in humans, due to the practice of eating only well cooked meat (Pozio
2007). In Romania, the highest prevalence of trichinellosis in humans occurs in the
Transylvanian region, which was colonized by German people who have kept their
food habits which are known to be risk factors for trichinellosis (Blaga et al. 2007).
In the European Union (EU), the number of human cases and the notification rate
(per 100,000 population) have been kept low from 2015 to 2019. The highest rate
(0.03%) was reported in 2015 and 2017 and the lowest rate in 2018 (0.01%), which
was the lowest rate ever reported since the beginning of Trichinella surveillance at
the EU level in 2007. One death due to trichinellosis was reported in Portugal in
2019, resulting in an EU case fatality of 4.2% (EFSA 2021). In Israel, Lebanon, and
Syria, human outbreaks of trichinellosis have been documented following consump-
tion of pork from wild boars only among the Christian populations or immigrants
from Thailand (Pozio 2007). In Algeria and Senegal, where the majority of the
human population is Muslim, trichinellosis has only been documented in expatriates
from France and very seldom in the local population. The migration of persons from
eastern to western countries of Europe has resulted in several human outbreaks of
trichinellosis in Denmark, Germany, Italy, Spain, and the United Kingdom (Pozio
and Marucci 2003; Gallardo et al. 2007; Stensvold et al. 2007). The increasing
number of international travelers has resulted in many reports of tourists who
acquired Trichinella sp. infections for the consumption of warthog meat in Africa;
of bear meat in Canada and Greenland; of pork in China, Egypt, Indonesia (Bali
Island), Laos, and Malaysia; and wild boar meat in Turkey and Algeria (Pozio and
Murrell 2006). In developed countries of North America and Europe in the last
20 years, there was a switch of the source of trichinellosis from pork and derived
products to wild game meat (Rostami et al. 2017; Pozio et al. 2019).

17.5 Clinical Aspects

17.5.1 In Humans

The incubation period exhibits a variable length related to the number of larvae
ingested, frequency of consumption of infected meat, type of meat consumed (raw,
semi-raw), and the involved Trichinella species. The length of the incubation period
ranges from 2 to 45 days (Table 1). It is generally thought that the shorter incubation
period is correlated with a worse prognosis.

The clinical picture reflects the parasite cycle in the human body. In the early
phase of the infection, i.e., during the intestinal phase, the most common sign and
symptom are diarrhea and abdominal pain, which may be absent in individuals with
a mild infection. The stools that can be loose up to 10–15 times a day are greenish
brown in color and frequently with an admixture of mucus but containing no blood.
Persistent diarrhea usually causes deterioration in the patient’s general conditions,
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leading possibly to dyselectrolytemia and marked hypoproteinemia. Nausea and
vomiting usually appear during the first days of the infection. This symptomatology
usually precedes fever and myalgia by 3–4 days and then disappears in less than
1 week. The frequency of gastrointestinal disturbance is estimated at 6–60% of cases
in various foci of trichinellosis. General weakness, chills, and headache are accom-
panied by fever (occasionally up to 40 �C), which may be continuous and persist up
to 3 weeks during the acute phase in severe clinical forms. In mild cases, subfebrile
body temperatures are frequently noted, which disappear after a few days of effective
treatment. The frequency of fever varies from 41% to 100% of cases in various foci
of the disease. Profuse sweating is frequently reported in trichinellosis (Kociecka
2000; Dupouy-Camet et al. 2002).

The parenteral or muscular phase (also known as systemic phase) corresponds to
the acute phase of the infection, and it is associated with inflammatory and allergic
responses caused by the larvae during migration and invasion of the skeletal muscle
cells. Symmetrical eyelid and periocular edema frequently develop in 17–100% of

Table 1 Clinical symptomatology, laboratory features, and convalescence in the course of
trichinellosis

Clinical symptomatology Severity of the infection Weeks p.i.a

Enteral phase (diarrhea, nausea, vomiting) Severe 0.5/5

Moderate 1/3

Mild

Parenteral phase

Myalgia Severe 1.5/8

Moderate 2/6

Mild 2/5

Fever Severe 1/6.5

Moderate 2/5.5

Mild 2/3.5

Periorbital edema, conjunctivitis Severe 1/6

Moderate 1.5/5.5

Mild 1.5/4.5

Laboratory features

Eosinophilia Severe 1.5/10

Moderate 2/8.5

Mild 3/7

CPK Severe 1.5/8

Moderate 2.5/6

Mild 3/5.5

Anti-Trichinella IgG Severe 3–4/years

Moderate 3–4/years

Mild 4–6/15–20

Convalescence Severe 6/16

Moderate 5/12

Mild 5/9
aWeek of onset/disappearance
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the patients, and the edema can involve the entire face. In severe cases, edema may
even extend to the upper and lower extremities and usually vanishes in 5–6 days,
particularly after glucocorticoid treatment. Eyelid edema is usually accompanied by
conjunctival hyperemia, itching, lacrimation, and, occasionally, light intolerance.
Eye pains upon ocular movements have been observed in around 77% of patients.
Also, disturbed sight acuity and sometimes bilateral exophthalmia deserve attention.
Nystagmus, reflecting involvement of ciliary muscles of patients, may occur.
Approximately 25% of patients exhibit petechiae and subungual hemorrhages.
Early symptoms develop at varying intervals and intensity. They also do not
disappear in a defined constant sequence (Pozio et al. 2003).

Muscle pain involves various groups of muscles, and the intensity reflects the
severity of the disease course. Pain develops in nuchal and trunk muscles, in the
muscles of the upper and lower extremities, and less frequently in masseter muscles.
It affects patients during execution of movements (particularly in lower extremities),
while spontaneous pain is less frequently observed. Moreover, most persons with
severe trichinellosis or phlebitis associated with trichinellosis also experience myalgia
at rest. In some patients with severe course, adynamia dominates, which may persist for
a long time, reflecting pronounced intensity of angiomyositis-type pathology or neu-
romuscular disturbances. Severe myalgia generally lasts 2–3 weeks (Pozio et al. 2003).

Itching and numbness or tingling sensation in various muscle groups frequently
manifest together with muscle pain. Restricted motility due to muscle pain associ-
ated with movements may lead to contractions, particularly in knee and elbow joints,
nuchal pseudorigidity, and difficulties in opening the mouth. The signs gradually
subside during convalescence, to arrive to complete regression, especially with the
aid of physiotherapy.

Fever, eyelid and periorbital edema, and muscle pains form the principal set of
clinical signs/symptoms of trichinellosis. They are usually accompanied by hyper-
eosinophilia and by high white blood cell counts. A correlation between the eosin-
ophil levels and serum muscle enzymes such as lactate dehydrogenase (LDH) and
creatine phosphokinase (CPK) has been observed in these patients. According to a
retrospective survey on trichinellosis outbreaks involving 5377 cases, carried out
worldwide during 1986–2009, the typical clinical signs of trichinellosis were myal-
gia, diarrhea, fever, facial edema, and headaches that, after treatment, disappeared
within 2–8 weeks. Their rapid recovery reflects improvements in diagnostic methods
and drug treatment (Murrell and Pozio 2011).

17.5.1.1 Complications
Complications usually develop within the first 2 weeks in severe cases but also in
moderate cases, for individuals improperly treated, or those for whom the treatment
was started too late. A positive correlation has been observed between age and the
frequency and severity of complications (Dupouy-Camet et al. 2002).

Cardiovascular disturbances can occur in moderate or severe cases, usually
between the third and fourth week p.i. (Compton et al. 1993; Lazarević et al.
1999; Puljiz et al. 2005; Neghina et al. 2010; Messiaen et al. 2016). Myocarditis
develops in 5–20% of symptomatic persons. The symptoms include pain in the heart
region, tachycardia, and electrocardiogram abnormalities. (i.e., flattened T waves,
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decreased ST, lowered QRS complex, acute Q waves, and disturbances in atrioven-
tricular or interventricular conduction). Intensity of the signs/symptoms depends
upon the time at which therapy was started and the health condition before the larval
invasion began. Pain in the heart region (6.2%) and tachycardia (22.1%) occur, with
a possible evolution to a fatal ventricle fibrillation (Pozio et al. 2003). Thromboem-
bolic disease can also occur, specifically deep thrombophlebitis, intraventricular
thrombi, and/or pulmonary embolism, which can all be fatal. Sudden death may
result from embolism of the pulmonary artery (Kociecka 2000).

Neurological complications (neurotrichinellosis; Bruschi et al. 2013) include a
variety of signs and symptoms (Ellrodt et al. 1987; Fourestie et al. 1993; Bruschi
et al. 2013) and have been reported in 3–46% of patients, depending on the
outbreaks. Persons with severe disease can show consciousness disorders or
excessive excitement and frequently somnolence and apathy; some of the persons
with these symptoms show signs of meningitis or encephalopathy. Dizziness,
nausea, and tinnitus are transient. Anisocoria, facial nerve paresis, and Babinski
reflex have also been observed in severe cases. Brain damage, which is usually
observed within a few days after the onset of fever, can result in diffuse enceph-
alopathy or focal signs such as disorientation, memory disturbances, frontal syn-
drome, behavioral disturbances, transient hemiparesis or hemiplegia, oculomotor
dysfunction, aphasia, and cerebellar syndrome. Small hypodensities are seen with
the computer tomography (CT) scan or magnetic resonance imaging (MRI)
(Fourestie et al. 1993; Feydy et al. 1996). In most persons with neurological
complications, there is an improvement of focal lesions within 2–4 weeks
p.i. Most CT scan or MRI brain abnormalities disappear in 4–8 weeks
p.i. Neurological complications could be less frequent if the infected person is
treated early. Neurological complications and myocarditis, which are both life-
threatening, are often simultaneously present (Fourestie et al. 1993).

Complications of the ocular lesions include edema and altered microcirculation at
the level of the uvea, the retina, and, in some cases, in the optic nerve. Rarely, lesions
of the retina may be induced by migrating Trichinella larvae, which penetrate ciliary
arterioles and the central artery of the retina, leading to irreversible damage to eyesight.
An intense invasion of the muscles of the ocular bulb provokes pain when moving the
eyeballs, muscle paralysis, diplopia, or a disturbed accommodation (Pozio et al. 2003).

Dyspnea is relatively common and is caused primarily by parasite invasion and
subsequent inflammation of respiratory muscles such as the diaphragm. Respiratory
complications are uncommon. They can occur during both the early and late stages
of trichinellosis. They consist of pneumonia, obstructive bronchitis, or Löffler-type
infiltrates.

Digestive complications occur during the acute stage of infection, and they
consist of massive proteinic exudation leading to hypoalbuminemia and localized
edemas, acute intestinal necrosis, or prolonged diarrhea (Dupouy-Camet et al. 1998).

Death is rare. Of the more than 6500 infections reported in the EU from 1980 to
2005, only five fatalities were documented, all due to thromboembolic disease, in
individuals over 65 years of age; deaths have been reported in two large outbreaks
which involved more than 1000 cases (Ancelle et al. 1988). In a study period of
24 years (1986–2009), 42 deaths occurred worldwide (Murrell and Pozio 2011).
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Most of the deaths were caused by T. spiralis due to its high pathogenicity to
humans; less than 20 deaths were caused by other taxa (T. nativa, T. murrelli,
T. nelsoni, and T. papuae) reported to have caused infections in humans.

The chronic stage begins when the adult females cease to release migrating larvae,
and those already established have completed their development into the muscle cells.
The transition to this stage is characterized by the progressive disappearance of the
signs and symptoms of the disease and by the return of laboratory parameters to normal
values. This stage usually begins between the sixth and the 8 week p.i., but infected
persons might still have a severe asthenia for several weeks and chronic muscular pain
for up to 6 months. Most persons will then become asymptomatic, although live larvae
will persist in their muscles for years if they are not properly treated.

17.5.2 In Animals

Trichinellosis in animals has only been observed in the course of experimental
infections, for both the acute and the chronic stages of the disease. In naturally infected
pigs and horses, no clinical signs of trichinellosis can be observed. This makes control
and prevention difficult, since farmers may mistakenly think that infected animals are
healthy, as their appearance and growth remain within normal parameters. Significant
differences in weight gain (10–15%) were observed in domesticated pigs experimen-
tally infected with T. spiralis larvae from 40 to 100 days p.i. in comparison with
uninfected animals (Ribicich et al. 2007). The impact of T. spiralis infection on weight
gain was observed in pigs (Ribicich et al. 2007) but not in wild boar (Lacour et al.
2013). In experimentally infected horses, transient muscular disorders were observed,
but none of the horses had fever (Soule et al. 1989).

17.6 Diagnosis

17.6.1 In Humans

The diagnosis of trichinellosis should be based on anamnesis (e.g., raw meat con-
sumption), clinical signs and symptoms, and laboratory tests (immunodiagnosis or
muscle biopsy). According to the European Centre for Disease Prevention and Control
case definition, any person meeting the clinical criteria (i.e., at least three of the
following six criteria: fever, muscle pain, diarrhea, facial edema, eosinophilia, and
subconjunctival, subungual, and/or retinal hemorrhages) with an epidemiological link
is considered as a probable case. Any person meeting the clinical criteria and the
laboratory criteria (antibody response specific to the Trichinella spp. detected using
indirect immunofluorescent assay (IFA), enzyme-linked immunosorbent assay
(ELISA), or Western blot (WB) is considered as a confirmed case (European Com-
mission 2018). The International Commission on Trichinellosis (ICT) recommends
ELISA for screening followed by WB to confirm ELISA-positive sera. Both tests
should use excretory/secretory products as antigens, which are obtained from in vitro
maintenance of T. spiralis muscle larvae. These antigens recognize anti-Trichinella
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antibodies produced against the larvae of all species (Bruschi et al. 2019; Gómez-
Morales et al. 2012). Seroconversion occurs between 12 and 60 days p.i. To recover
the larvae for species identification or confirmation of infection, muscle biopsy
(0.2–0.5 g of muscle tissue) should be collected preferentially from the deltoid muscle.
Trichinella larvae can be detected in the biopsy by compressorium, HCl-pepsin
digestion, or histological analysis. The collection of the muscle biopsy is seldom
because it is an expensive, invasive, and a very painful method.

17.6.2 In Animals

According to the European Commission (2015) or the ISO 1870/2015, the artificial
digestion of a muscle sample collected from preferential muscles or an equivalent
method should be used to test the presence of Trichinella larvae in meat from all
Trichinella-susceptible animals intended for human consumption, unless carcasses
have undergone a freezing treatment. For species or genotype identification, a single
multiplex PCR is recommended by the ICT (Pozio and Zarlenga 2021). Serological
tests are recommended only for epidemiological studies, since animal hosts can
harbor infective larvae before antibodies are detectable. On the other hand, for some
species (T. britovi and T. pseudospiralis), the persistence of muscle larvae in the
muscle is shorter than that of specific antibodies (Pozio et al. 2020). For these
reasons, serological methods should not be used for the detection of Trichinella
infection in individual food animal carcasses to assure food safety (Gajadhar et al.
2009; Gamble et al. 2004).

17.7 Therapy

The two drugs of choice are mebendazole (25 mg/kg 2–3 times day for 15 days) and
albendazole (20 mg/kg 2–3 times a day for 15 days). Corticosteroids should be used
for symptomatic treatment (e.g., prednisolone 30–60 mg/day) and always in com-
bination with anthelmintic, but caution should be exercised due to the possibility of
anaphylactic shock (Dupouy-Camet et al. 2002). Treatment with benzimidazoles is
very effective during the intestinal phase, and as the development of the larvae
progresses, the treatment becomes less and less effective (Pozio et al. 2001).

17.8 Prevention

Since parasites of the genus Trichinella circulate mainly among wildlife, the main
preventative measures for farmed animals are to avoid the following: (1) access to
wild animal carcasses, their scraps, and offal to domesticated animals; (2) the use of
wild animal carcasses, their scraps, and offal for feeding domesticated animals;
(3) access to pig carcasses, their scraps, and offal to domesticated animals; and
(4) free range of domesticated pigs in the wild (Office International des Epizoties
2013; Pozio 2014). The best result to prevent Trichinella sp. transmission in the farm
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and, at the same time, to prevent many other zoonotic and non-zoonotic infectious
diseases at the farm level has been obtained from breeding pigs in high containment
level farms, which must be periodically monitored by an independent body. An
excellent example is represented by the European Commission (2015).

To reduce the spread of Trichinella sp. among wild animals, public health
services must educate hunters not to leave the carcasses or parts thereof of hunted
animals on the ground or in unfenced waste dumps. Carcasses of animals killed by
cars should be quickly removed, and wild animals should be prevented from
accessing food waste dumps.

17.8.1 Prevention at the Consumer Level

Consumer education about the cause and mode of Trichinella worm transmission
gives the ability to avoid infection by eschewing meat that has not been frozen or
cooked thoroughly. Ethnic or cultural practices that entail special risk may call for
special educational measures. Cooking meat at an internal temperature of 70 �C kills
the larvae in 1 minute, that is, when the meat color switches from pink to brown.
Grilled meat or meat-derived products (e.g., sausages) can be at high risk, because
larvae can survive in uncooked muscle portions in the core of the product or close to
bones. Microwaves cannot be considered secure to kill Trichinella sp. larvae. Freez-
ing meat is also an alternative way to kill the larvae, but the freezing time and
freezing temperature should be monitored in the core of the meat products with a
recording system. The use of a home freezer can represent a risk, because the
temperature is not controlled, and frequent thermal shocks due to its frequent daily
use may occur. Furthermore, muscle larvae of some Trichinella species can survive
freezing for a long period of time; in fact, human infections caused by the consump-
tion of previously frozen wild boar or bear meat have been documented (Gari-
Toussaint et al. 2005; Houzé et al. 2009).

The survival time of Trichinella larvae in cured meat products is strictly related to
the curing time and curing conditions. In industrialized products, fermentation or
drying kills larvae in two weeks, that is, once the water activity value is reduced to
0.90, one could assume that Trichinella larvae are no longer infective (Porto-Fett
et al. 2010). At high risk, there are homemade meat products from game and from
free-ranging and backyard pigs, since the curing conditions and the curing times are
not controlled and the prevalence of infection can be quite high in these animals.
Trichinella larvae survive in meat for a long period of time under vacuum, lard, oil,
or other substances that prevent dehydration.

17.9 Investigations in the Course of Trichinellosis Outbreaks

As previously reported, the clinical picture of trichinellosis is very complex and
difficult for physicians to interpret, if they have no previous experience. Generally,
Trichinella infection affects a group of individuals who have consumed the same
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food based on raw or undercooked meats or their derivate products (e.g., sausages,
salami). Single cases of trichinellosis are very rare and often appear as such only
because a single individual has consumed a large amount of meat infected by a low
number of larvae. Consequently, individuals who have consumed less of the same
meat are asymptomatic or pauci-symptomatic. The intestinal phase hardly comes to
the attention of physicians. It is the invasive phase which, due to the severity of the
symptoms, induces patients to go to a hospital. When the physician suspects that it
may be trichinellosis, he/she should immediately question the patient(s) about what
kind of meat was consumed in the last 2–3 weeks, where this food was consumed,
and with whom it was consumed. As soon as this initial information has been
acquired, the physician must notify the public health service and the veterinary
service to try to trace the infected meat that may have not yet been consumed and
to identify the animal species and, if it is pig meat, the farm of origin. In most cases,
investigations reveal that the source of the infection is to be traced back to a pig
illegally bred or to an animal subject to hunting, often poached, and not subjected to
veterinary controls. If the meat suspected to be the source of the infection can be
traced in refrigerators, it must be immediately confiscated and tested by artificial
digestion for the isolation of the larvae and their subsequent typing at the species
level and the count of larvae per gram of muscle tissue. This information is very
useful for physicians to evaluate the severity of the infection, the clinical course, and
the antibody response and for veterinarians to know the risk of transmission of the
pathogen to other animals at the farm or to wild animals.

17.10 Conclusions

Although the parasites of the genus Trichinella are among those most studied and
controlled by the veterinary services, they continue to represent a public health
problem that varies from country to country according to the conditions of pig
farming and the consumption of game meat and, above all, based on food and
cultural habits. Therefore, it is necessary that the public health services in conjunc-
tion with the veterinary services play a control and preventive role. Furthermore, this
infection occurs sporadically in “leopard spots” in different countries for which most
of the physicians do not know the disease and have diagnostic difficulties due to the
lack of reliable tests.
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Abstract

In the past decades, we faced a rapid increase in human infections caused by third-
generation cephalosporin-resistant bacteria, e.g., Escherichia (E.) coli, Klebsiella
(K.) pneumoniae, and Salmonella, mainly due to the plasmid-encoded production
of extended-spectrum β-lactamases (ESBLs) and AmpC β-lactamases. The primary
reservoirs of ESBL/AmpC-producing bacteria are still contentious. However, it is
believed that livestock animal- and food-related sources play a possible but yet not
quantifiable role in the spread of such bacteria. The use of large quantities of
antibiotics in this sector, but also in the medical field, undoubtedly contributes to
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the global rise of antimicrobial resistant (AMR) bacteria. Entry of multidrug-
resistant microorganisms early in the livestock production cycle, as well as their
frequent occurrence in healthy animals and food products, together with the finding
of common molecular characteristics suggests that a livestock animal-to-human
transmission could occur. However, links between ESBL/AmpC-producing bacte-
ria from these two sources have been drawn mainly from observational epidemi-
ological data while studies providing unquestionable proofs for transfer
directionality and quantifying the risk for human health are limited. In any case,
food animal production should be regarded a major player in the expansion of the
global resistome. Therefore, efforts need to be further directed toward reducing
reliance on antimicrobials in this sector wherever possible. More than ever, good
veterinary and farming practices, including responsible use of antibiotics and
implementation of biosecurity, hygiene, and disease prevention, e.g., by vaccina-
tion or by improving the animals’ gut health, are regarded essential in the contain-
ment of AMR. Many fields, including medicine, veterinary medicine, animal
husbandry, environment, and trade, are involved in this complex issue. Thus,
isolated, sectorial efforts in the food animal production field will not be that
efficient unless concerted efforts from all those involved are applied on a global
scale, following a One Health approach.

Keywords

ESBL · AmpC · Livestock · Food · Plasmid · HGT · Clonal spread ·
Antimicrobial usage

18.1 Resistance Mechanisms in Broad-Spectrum
Cephalosporin-Resistant Gram-Negative Bacteria

Beta-lactams are the most widely used antibiotics in clinical practice over the world
and strong selective pressures upon them have resulted in a continuous increase of
AMR bacteria (Bush and Bradford 2016; WHO 2018a,b). The β-lactams interfere
with the metabolism of the bacterial cell wall by mimicking and thereby inactivating
one of the building blocks, i.e., penicillin-binding proteins, used by enzymes to
construct peptidoglycan (Bush and Bradford 2016). Resistance to β-lactams can be
due to mutations in the penicillin-binding proteins, a reduced permeability of the cell
wall, and the production of β-lactamase enzymes able to hydrolyze and inactivate the
β-lactam-ring, which is by far the most common mechanism in Enterobacterales.
Penicillin was one of the first β-lactams developed for clinical use in humans, and as
early as 1940, β-lactamase activity was described as a penicillin-inactivating mech-
anism that threatened the use of this critical class of β-lactam antibiotics (Bush and
Fisher 2011). With the introduction of new β-lactams (e.g., the penicillin derivatives
methicillin and oxacillin, first to fourth generation) and most recently fifth-
generation cephalosporins, monobactams, and carbapenems with improved activity
on specific bacteria and increasing stability to hydrolysis, new β-lactamases emerged
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and are continuously evolving with the ability to hydrolyze the β-lactam bond in
almost all β-lactam-containing molecules (Bush and Fisher 2011; Bush and Bradford
2020). To date almost 3000 unique, naturally occurring small-, broad-, and
extended-spectrum β-lactamases grouped into four Ambler classes A–D based
upon amino acid sequence homology have been described. Class A and C
β-lactamases are the most commonly found in Enterobacterales and are mainly
represented by extended-spectrum β-lactamases (ESBLs) and AmpC β-lactamases
(in this chapter referred to as “AmpCs”), respectively (Smet et al. 2010; Bush and
Fisher 2011; Bush and Bradford 2020).

Enterobacteriaceae producing ESBLs are resistant to third- and fourth- genera-
tion cephalosporins and to aztreonam, while they are usually inhibited by
β-lactamase-inhibitors, such as clavulanate, sulbactam, tazobactam, and avibactam.
They are also not hydrolyzed by cephamycins and carbapenems. While early ESBLs
mainly evolved from natural narrow-spectrum TEM-1/TEM-2 (named after a Greek
patient “Temoneira”) and SHV-1 (“sulfhydryl reagent variable”) β-lactamases,
CTX-M (cefotaximase Munich)-type enzymes, all of which reveal an ESBL pheno-
type, succeeded over the last decades and currently represent the most common
ESBLs (Livermore et al. 2007; Liakopoulos et al. 2016; Bevan et al. 2017; Bush and
Bradford 2020). Other ESBL groups, such as OXA, GES, PER, and VEB
β-lactamases, have been described more recently and are found only sporadically
and often in nonfermenting gram-negative bacteria, including Pseudomonas and
Acinetobacter spp. (Potron et al. 2015). The genes that encode CTX-M-type ESBLs
have once been mobilized from the chromosomes of environmental Klyuvera spp.
and nowadays are predominantly encoded on transferable plasmids in both clinical
relevant and commensal bacteria (Livermore et al. 2007). Currently, members of the
Enterobacterales order are the most often encountered bacteria possessing ESBL/
AmpC enzymes. After their initial observation in humans in the 1980s, ESBL/
AmpC-producing Enterobacteriales emerged in companion animals more than a
decade later and shortly after that in food-producing animals as well as in wildlife
and various environmental sources (Guenther et al. 2011; Ewers et al. 2012; Lee
et al. 2020; Palmeira et al. 2021). The rapid and extensive dissemination of CTX-M-
type ESBLs in medical and veterinary settings, among commensal bacteria of
humans and animals and in the environment, is regarded as one of the most
successful histories of AMR observed in the antibiotic era. It is probably driven by
one or a combination of the following factors: (i) efficient capture and spread of
blaCTX-M genes by mobile genetic elements; (ii) association of these mobile elements
with highly successful bacterial genotypes; and (iii) extensive use of extended-
spectrum cephalosporins and other antimicrobials which can co-select ESBL-pro-
ducing strains resulting in high selective pressure (D’Andrea et al. 2013).

AmpC- β-lactamases historically were chromosomal cephalosporinases in Pseudo-
monas aeruginosa and many Enterobacterales (Jacoby 2009; Bush and Bradford
2020). Since the 1980s, a growing number of genes for AmpC enzymes have escaped
from the chromosome of different gram-negative bacteria onto transmissible plasmids.
These “acquired” or “plasmidic” AmpCs consequently can now appear in bacteria
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usually lacking or poorly expressing chromosomal blaampC genes, such as E. coli or
K. pneumoniae. AmpC-β-lactamase mechanisms can be divided into the following
categories: (a) inducible resistance by chromosomally encoded ampC genes (e.g.,
Enterobacter cloacae, Citrobacter freundii, and P. aeruginosa); (b) resistance due to
mutations in promoter and/or attenuator sequences (e.g., E. coli and Acinetobacter
baumannii); or (c) plasmid-mediated resistance (e.g., K. pneumoniae, E. coli, Salmo-
nella, etc.) (Tamma et al. 2019). Although many gram-negative bacteria produce a
chromosomal β-lactamase (cAmpC), it is the transferable plasmidic AmpC that is
responsible for most of the multidrug resistance observed in gram-negative isolates
(Bush and Fisher 2011; Tamma et al. 2019). AmpC-β-lactamases mediate resistance to
most penicillins, first- to third-generation cephalosporins, cephamycins, and inhibitor
β-lactam combinations (e.g., amoxicillin/clavulanate), but usually not to fourth-
generation cephalosporins and carbapenems (Jacoby 2009). According to their orig-
inal chromosomal producers they once developed from, AmpCs can be divided into at
least five phylogenetic groups: the Citrobacter freundii group (CMY-2-like, LAT, and
CFE), the Enterobacter group (MIR and ACT), the Morganella morganii group
(DHA), the Hafnia alvei group (ACC), and the Aeromonas group (CMY-1-like,
MOX, and FOX) with the most prevalent and widely disseminated being CMY-2-
like enzymes (Meini et al. 2019). Although to date resistance due to pAmpCs is less
common than ESBL production in most parts of the world, it may be (i) more difficult
to detect in the clinical laboratory, probably underestimating its occurrence, and
(ii) broader in substrate spectrum, probably resulting in significant therapeutic failure
(Jacoby 2009; Meini et al. 2019).

Broad-spectrum cephalosporins have long been the treatment of choice for
serious infections with enterobacterial and other gram-negative pathogens. Since
ESBL/AmpC-producing bacteria rapidly increased over the past two decades, other
critically important antimicrobials had to be used alternatively (Bush and Bradford
2016). However, mobile genetic elements, such as plasmids and transposons, fre-
quently encode not only ESBL/AmpC genes but in addition genes coding for
resistance, e.g., to aminoglycosides, quinolones, sulfonamides, and tetracyclines.
Thus, the way was paved for the spread of bacteria with broad-spectrum cephalo-
sporin resistance in both hospital settings and the community. As a result, clinicians
were increasingly forced to use carbapenems for the treatment of severe infections
caused by multidrug-resistant bacteria. This in turn has led to the selection of
acquired carbapenemases among Enterobacterales, e.g., KPC (K. pneumoniae
carbapenemase), OXA (oxacillinase)-48-like, NDM (New Delhi meta-
llo-β-lactamase), VIM (Verona integron metallo β-lactamase), and other gram-
negative bacteria, such as A. baumannii (e.g., OXA-23-like and OXA-58-like).
Resistance to carbapenems is currently one of the most pressing public health threats
relating to antibiotic resistance (Nordmann 2013; Dropa and Daoud 2022). Again, it
was first described in humans and later, and still relatively rare, in companion and
livestock animals (Fischer et al. 2012; Poirel et al. 2012; Nordmann 2013; Stolle
et al. 2013; Ewers et al. 2016; Koeck et al. 2018).
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18.2 Livestock Animals and Food as a Possible Source
of ESBL/AmpC-Producing Bacteria

The primary reservoirs of ESBL/AmpC-producing Enterobacteriaceae are still
controversial. Early reports described the occurrence of these bacteria in healthy
humans (Valverde et al. 2004; Pitout et al. 2009; Overdevest et al. 2011), compan-
ion animals (Ewers et al. 2010, 2011; Dierikx et al. 2012; Pomba et al. 2014), wild
animals (Literak et al. 2010; Fischer et al. 2014), and the environment (Mesa et al.
2006; da Costa et al. 2013). Since the late 1990s, ESBLs/AmpCs have been
detected in poultry (Hasman et al. 2005; Kojima et al. 2005; Girlich et al. 2007;
Fischer et al. 2017; Saliu et al. 2017), pigs (Riano et al. 2006; Djeffal et al. 2017;
Vidovic and Vidovic 2020; De Koster et al. 2021), cattle (Frye et al. 2008; Wieler
et al. 2011; Madec et al. 2012; Reist et al. 2013; Hering et al. 2014; Duse et al.
2015; Bergspica et al. 2020; De Koster et al. 2021), and retail meat (Jensen et al.
2006; Jouini et al. 2007; Bergenholtz et al. 2009; Doi et al. 2010; Cohen Stuart
et al. 2012; Geser et al. 2012a,b; Kola et al. 2012; Vidovic and Vidovic 2020)
almost globally. Hence, several studies raised questions in particular about the
possible role of livestock animal- and food-related reservoirs in the spread of
ESBL/AmpC-producing bacteria (Canton et al. 2008; Carattoli 2008; Hunter
et al. 2010; Smet et al. 2010; Ewers et al. 2012; Seiffert et al. 2013; Vidovic and
Vidovic 2020). Notably, healthy animals might not only carry multidrug-resistant
commensal, i.e., nonpathogenic microorganisms, but may particularly be a source
for primary or secondary pathogens leading to various diseases (e.g., gastroenter-
itis, urinary tract infection, wound infection, bacteremia, and septicemia) in immu-
nocompromised patients or even in healthy individuals (Canton et al. 2008; Smet
et al. 2010). One of the earliest descriptions of poultry as carriers of ESBLs and
AmpCs was by Brinas et al. (2003), who recovered CTX-M-14, SHV-12, and
CMY-2 β-lactamases in E. coli from the feces of healthy chickens in Spain in 2000
(Brinas et al. 2003). After that, studies from numerous countries followed and
reported about the frequent presence of different types of ESBLs and AmpCs in
E. coli and less frequently in Salmonella isolates from poultry (Girlich et al. 2007;
Smet et al. 2008, 2010; Randall et al. 2011; Ewers et al. 2012; Saliu et al. 2017; Lee
et al. 2020). First indications for the presence of ESBLs/AmpCs in healthy pigs
came from Spain, where an SHV-12-producing Salmonella isolate was identified in
1999 (Riano et al. 2006), and from the USA, where researchers detected CMY-2-
producing E. coli isolates during the years 1998 and 1999 (Winokur et al. 2000).
Nearly within the same time frame, initial reports were published from the first
findings of AmpC-producing Salmonella and ESBL-producing E. coli isolates in
healthy cattle in the USA (Gupta et al. 2003) and Japan (Duse et al. 2015),
respectively. Likewise, ESBL/AmpC-producing bacteria were recovered more
than a decade ago from sick animals, animal manure, and the farm environment,
indicating additional sources (Mesa et al. 2006; Carattoli 2008; Smet et al. 2010;
Ewers et al. 2012; Friese et al. 2013).
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18.3 Occurrence of ESBL/AmpC-Producing Bacteria in Livestock
Animals

Total prevalences of ESBL/AmpC-producing bacteria in healthy animals of the
major livestock species, i.e., poultry, pigs, and cattle, vary largely with study type.
Nevertheless, poultry production was considered as the major contributor to the
selection and spread of third-generation cephalosporin-resistant bacteria. Here, per-
centages of ESBLs (mainly targeted in the cited studies) and/or AmpCs range from
0.1–26.6% for Salmonella spp. (Smet et al. 2008, 2010; Randall et al. 2011; Ewers
et al. 2012; Bai et al. 2015; Djeffal et al. 2017; Sabry et al. 2020) and from
1.7–96.4% in E. coli isolates (Kojima et al. 2005; Riano et al. 2006; Girlich et al.
2007; Smet et al. 2008, 2010; Ewers et al. 2012, 2021; Geser et al. 2012a,b; Dierikx
et al. 2013; Laube et al. 2013; Hering et al. 2014; Huijbers et al. 2015; Nguyen et al.
2019; Gazal et al. 2020; Kuhnke et al. 2020; Kakooza et al. 2021) mainly originating
from broilers, but also from turkeys in different European, Asian, and African
countries and in North and South America. Also Klebsiella pneumoniae, which
are of critical importance in human medicine, have been identified as ESBL pro-
ducers in broiler carcasses (Wu et al. 2016; Projahn et al. 2019; Chenouf et al. 2021).

Rates of Salmonella and E. coli isolates producing ESBLs/AmpCs described for
pigs are between 0.2% and 8% and between 1% and 84% (Riano et al. 2006; Wu
et al. 2008; Smet et al. 2010; Ewers et al. 2012, 2021; Hammerum et al. 2014;
Hansen et al. 2014; Randall et al. 2014; Stefani et al. 2014; von Salviati et al. 2014;
Dohmen et al. 2017; Kraemer et al. 2017; Kaesbohrer et al. 2019; Bergspica et al.
2020; Kuhnke et al. 2020; Lay et al. 2021), and those for cattle these range from
0.6–2.4% and from 0.7–91.0%, respectively, in the cited studies (Gupta et al. 2003;
Frye et al. 2008; Hunter et al. 2010; Smet et al. 2010; Wieler et al. 2011; Ewers et al.
2012, 2021; Hordijk et al. 2013; Reist et al. 2013; Duse et al. 2015; Hille et al. 2017;
Palmeira and Ferreira 2020; Weber et al. 2021; Gelalcha and Kerro Dego 2022). The
overall heterogeneity of these global data may not simply refer to differences
between animal species or national/local variations in pathogen prevalence and
susceptibility patterns or to global differences in antimicrobial use. It could be also
due to different study designs, i.e., with respect to inclusion criteria (e.g., animal age,
production system, and previous antimicrobial treatment) and microbiological pro-
cedures (e.g., usage of selective or nonselective cultivation media; sample enrich-
ment). However, it was commonly agreed that livestock should be regarded as major
player in the maintenance and/or expansion of the global bacterial resistome with a
noticeable trend toward a more frequent colonization with ESBL/AmpC-producing
bacteria of poultry compared to pigs and cattle (in rank).

With the increased pressure of AMR in the veterinary field, several European
countries, including Germany (GERMAP), Finland (FINRES), Sweden (SVARM),
Denmark (DANMAP), the Netherlands (MARAN), and Norway (NORM-VET),
established active surveillance and monitoring programs to provide an estimation of
whether the level of resistance has increased or decreased over time and to measure
the impact of specific interventions or programs implemented at the national level
(Mader et al. 2022). Such programs have also been initiated by non-European
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countries, such as Canada (CIPARS 2002–2021), the USA (NARMS 2003–2018),
and Japan (JVARM 2000–2017). Since 2004, Member States of the European Union
are required to monitor and report AMR data on Salmonella and Campylobacter on
mandatory basis and on indicator bacteria, i.e., commensal E. coli and enterococci on
voluntary basis from food-producing animals (at farm or slaughterhouse level) and
food thereof. In accordance with Commission Implementing Decision 2013/652/EU,
the monitoring in indicator E. coli isolates has also become mandatory. Under the
framework of Directive 2003/99/EC, the European Food Safety Authority (EFSA)
publishes these data in a yearly joint summary report with the European Center for
Disease Prevention and Control (ECDC) (EFSA/ECDC 2022). In addition, non-
governmental initiatives, such as the AMR monitoring undertaken by the Centre
Européen d’Etudes pour la Santé Animale (CEESA), initiated pan-European pro-
grams to create insight into the AMR development to provide an alert for the
pharmaceutical companies to increase resources in research and development of
novel antibiotics (Schrijver et al. 2018). Among the four different programs
conducted by CEESA, the European Antimicrobial Susceptibility Surveillance in
Animals (EASSA) examines the AMR of zoonotic and commensal bacteria in
healthy food animals, and VetPath surveys AMR of bacterial pathogens from
diseased animals. CEESA programs are financed by the veterinary pharmaceutical
industry, but the results are presented to peer-reviewed journals to ensure indepen-
dent reporting (de Jong et al. 2013; Schrijver et al. 2018; Ewers et al. 2021). It should
be noted that EFSA and EASSA make use of different readouts. EFSA categorizes
all isolates with a MIC value above the epidemiological cutoff (ECOFF) as “resis-
tant,” while EASSA categorizes strains into “decreased susceptible” and “clinically
resistant” as they apply both ECOFFs and clinical breakpoints (Moyaert et al. 2014).

In the years 2019–2020, presumptive ESBL producers (i.e., isolates with minimal
inhibitory concentartions [MICs] >1 mg/L for cefotaxime and/or ceftazidime and a
synergy test positive for any of these antimicrobials together with susceptibility to
meropenem) and presumptive AmpC producers (i.e., isolates with MICs >1 mg/L
for cefotaxime and/or ceftazidime and cefoxitin MIC >8 mg/L together with sus-
ceptibility to meropenem) determined by routine monitoring (i.e., by using non-
selective culture medium) in Salmonella isolates from broilers, fattening turkeys,
and laying hens in EU Member States were observed at very low levels, varying
between 0% and 1.9% (EFSA/ECDC 2022). For indicator E. coli isolates from
broilers, fattening turkeys, fattening pigs, and bovines >1 year, the levels ranged
from 0.1–1.5%. To ensure comparability of official monitoring data across the
European Union, the EFSA provided technical specifications on the harmonized
monitoring (e.g., usage of selective primary isolation media) and reporting (e.g.,
usage of epidemiological cutoffs instead of clinical breakpoints) of AMR (EFSA
2012). Data from the specific monitoring of ESBL and AmpC producers (using
selective culture medium containing cefotaxime at 1 mg/L, as recommended by
EUCAST) differ considerably from routine monitoring data. Percentages for pre-
sumptive ESBL producers ranged between 29.7% (broilers) and 34.1% (pigs), and
those for AmpC producers between 3.6% (bovines, <1 year) and 11.3% (broilers).
Marked variations in the prevalence of presumptive E. coli ESBL/AmpC producers
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were reported between the EU Member States. It ranged from 2.1% (Cyprus) to
99.2% (Italy) in fattening pigs, from 1.1% (Italy) to 70.8% (Germany) in bovine
animals >1 year of age, from 0.3% (Finland) to 98.6% (Slovakia) in broilers, and
from 0% (Sweden) to 70.4% (Spain) in fattening turkeys (EFSA/ECDC 2022). The
median occurrence of presumptive ESBL/AmpC producers was quite similar to the
figures obtained in 2018. It appears that E. coli is the major source of third-
generation cephalosporin resistance, which is less frequently found in Salmonella
isolates. Of note, a statistically significant decrease in the prevalence of ESBL/
AmpC producing E. coli has been observed in both broilers and turkeys over the
period 2016–2020. A previous study from the Netherlands demonstraed a decreasing
prevalence of contamination with ESBL E. coli in retail chicken already in the period
from 2013–2015 (Huizinga et al. 2019). Another study from France reported that the
nationwide drastic reduction of ceftiofur use and all other antibiotics in chicken
production late 2011 had no impact yet on the ESBL/AmpC prevalence in retail
chicken meat in that country (Casella et al. 2017).

The percentages of livestock animals colonized with third-generation cephalo-
sporin resistant and/or ESBL/AmpC-producing E. coli mostly exceed what has been
determined for human healthy carriers so far. While initially human fecal carriage of
predominantly ESBL-producing isolates has been mainly reported along with nos-
ocomial outbreaks, these isolates passed into the community almost in the
mid-2000s (Canton et al. 2008). Proportions of humans colonized with ESBL-
producing bacteria strongly vary by the study population and only exceptionally
amount up to 80%, if, for example, travel-related fecal colonization, i.e., coloniza-
tion after people had traveled to ESBL/AmpC “high-risk countries,” is also consid-
ered (Ewers et al. 2012; Geser et al. 2012a,b; Nicolas-Chanoine et al. 2013; Seiffert
et al. 2013; Kuenzli et al. 2014; Lubbert et al. 2015; Arcilla et al. 2017). This
emphasizes the importance of the community reservoir in the evolution and dynam-
ics of ESBL/AmpC-producing pathogens.

The contribution of food sources to the burden of antimicrobial resistance in
humans is another controversial issue. Contamination of meat products with AMR
bacteria may not only contribute to a theoretical spread of these organisms within the
human population but also to a rapid transfer of AMR genes from foodborne
commensals to human pathogens (da Costa et al. 2013). People could ingest
ESBL/AmpC-producing bacteria by consuming the contaminated food directly or
through cross-contamination on noncooked foods. Indeed, the presence of ESBL/
AmpC-producing bacteria on retail meat has been documented repeatedly since
many years (Hasman et al. 2005; Bergenholtz et al. 2009; Doi et al. 2010; Egea
et al. 2012; Geser et al. 2012a,b; Casella et al. 2017; Kaesbohrer et al. 2019). Mainly
following selective enrichment procedures, rates of ESBLs/AmpCs and/or presump-
tive ESBLs/AmpCs detected in beef and pork meat ranged from 0–21.7% (Jensen
et al. 2006; Jouini et al. 2007; Lavilla et al. 2008; Ewers et al. 2012; Geser et al.
2012a,b; Kaesbohrer et al. 2019; Vidovic and Vidovic 2020). Much higher pro-
portions, almost ranging between 30% and 100% have been reported in several
studies performed on poultry meat in the recent couple of years worldwide (Hasman
et al. 2005; Jouini et al. 2007; Bergenholtz et al. 2009; Doi et al. 2010;
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Leverstein-van Hall et al. 2011; Overdevest et al. 2011; Randall et al. 2011; Cohen
Stuart et al. 2012; Egea et al. 2012; Ewers et al. 2012; Kola et al. 2012; Kluytmans
et al. 2013; Casella et al. 2017).

According to the latest report from EFSA/ECDC, in 2019–2020, presumptive
ESBL/AmpC producers were observed in Salmonella isolates from broiler, pig, and
bovine meat at very low levels during routine monitoring, varying between 0% and
0.2% (EFSA/ECDC 2022). Specific monitoring revealed presumptive E. coli ESBL/
AmpC producers in pig, bovine, and broiler meat varying between 0.7% and 9.3%
(AmpC) and between 4.3% and 23.4% (ESBL). These data again varied consider-
ably between countries. The prevalence of presumptive E. coli ESBL/AmpC pro-
ducers ranged from 0.3% (Finland) to 100% (Malta) in broiler meat, while it was less
variable in meat from pigs, ranging from 0% (Finland and the Netherlands) to 24.4%
(Portugal) and from bovine animals, where it ranged from 0.3% (UK) to 24.0%
(Bulgaria).

Notably, reports about differences in ESBL/AmpC contamination of conven-
tional versus organic (restricted antimicrobial use in animal rearing) chicken or retail
chicken products are controversial. According to studies from Germany
(43.9% vs. 36%) (Kola et al. 2012) and from the Netherlands (100% vs. 84%)
(Cohen Stuart et al. 2012), there was a difference but it was not significant. It was
suggested that ESBL-colonized 1-day-old chickens were introduced into organic
farms or that cross-contamination between conventional and organic flocks during
rearing or slaughtering or through an ESBL-contaminated environment accounted
for the colonization of animals. Colonization of 1-day-old chickens and farm
environmental contamination with ESBL-producing bacteria has also been shown
in other studies (Bortolaia et al. 2010; Laube 2013). Also in a study from the USA,
substantial variations in bacteria resistant to critically important antimicrobials were
not found among organic and conventional retail chicken products (Mollenkopf et al.
2014). In contrast, significant differences were observed in studies from Italy
(27.9% vs. 12.9% cloacal isolates; 31.3% vs. 1.4% skin isolates) (Musa et al.
2020) and Turkey (46% vs. 22%) (Uyanik et al. 2021). Regarding pigs, a recent
study demonstrated that the percentage of ESBL-positive pens was significantly
higher on conventional (55.2%) than on organic farms (44.8%) (Meissner et al.
2022). However, the authors determined similar proportions of ESBL-positive pens
on conventional farms (54.3–61.9%) and a wide variation (7.7–84.2%) on organic
farms. They found that the original farms, from which weaner pigs were purchased,
had a major influence on the ESBL status.

Another important criterion in the complex issue of AMR is age-related and
production cycle–dependent colonization of animals. The industrial production of
broiler meat is the final or bottom level of a four-step pyramid, below the parent,
grandparent, and primary breeder steps, and few reports suggest that ESBL/AmpC-
producing bacteria are not uncommon in the top of some production pyramids. For
instance, in Sweden, transmission of such bacteria from imported breeding chickens
was documented by findings of E. coli carrying respective resistance genes in
environmental samples from hatcheries rearing production animals or breeding
stock (parent animals) (SVARM 2003–2021). Obviously, ESBL/AmpC-producing
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E. coli have also been introduced in the Dutch poultry production chain through
imported day-old grandparent chickens and the occurrence of these bacteria in the
different levels of layers are likely attributed to vertical transmission (MARAN
2003–2022). In a longitudinal study from Denmark, a significant decrease in the
carriage of identical ESBL-producing E. coli was detected from piglets to weaners
and finishers (AbuOun et al. 2021). A reverse relationship between the prevalence of
AMR bacteria in the intestinal microbiota and animal age has been demonstrated at
dairy farms as well, which has been attributed either to a higher fitness of the
resistant strains in young calves or selection pressure due to the feeding of waste
milk that may contain antimicrobial residues (Geser et al. 2012a,b; Hordijk et al.
2013; Weber et al. 2021). A scoping review published by Gaire et al. (2020) also
revealed an age-dependent AMR phenomenom in cattle and swine that was
irrespective of geographic location and specific production practices (Gaire et al.
2020). Such findings emphasize that knowledge about the epidemiology of ESBLs/
AmpC at the farm level should be improved as it may be of great value for the proper
design of surveillance and intervention studies.

18.4 ESBL/AmpC Types

Irrespective of the origin, i.e., associated with fecal carriage or food contamination,
CTX-M-1 has long been by far the most frequent ESBL type identified in all major
groups of livestock animals in Europe and in other parts of the world, followed by
CTX-M-14, TEM-52, and SHV-12. Other ESBL types frequently isolated include
variants belonging to the CTX-M (e.g., CTX-M-2, -3, -8, -9, -15, 20, -27, -32,
and -55), SHV (e.g., SHV-2 and -5), TEM (e.g., TEM-20, -24, -71, -106, and -126),
and OXA (e.g., OXA-10) families (Ewers et al. 2012; Seiffert et al. 2013; Saliu et al.
2017; Palmeira and Ferreira 2020; Widodo et al. 2020). The type of AmpC
β-lactamase detected was almost always the CMY-2 variant, followed by DHA-1,
while other types are detected less often. CMY-2 is also one of the major enzyme
isolated from poultry in Europe, while it is less common in bacteria from pigs and
cattle (Smet et al. 2008; Doi et al. 2010; Kola et al. 2012; Fischer et al. 2017; Saliu
et al. 2017; MARAN 2022).

The most frequent ESBL types in humans worldwide are CTX-M-15 and
CTX-M-14, while CTX-M-1, which was initially rarely present in humans, slightly
increased in recent years (Bevan et al. 2017). The blaCTX-M-15 gene has spread in a
pandemic fashion, mainly driven by plasmids of incompatibility group IncF and by a
certain E. coli clonal lineage, namely multilocus sequence-type ST131 (Livermore
et al. 2007; Pitout and DeVinney 2017). CTX-M-14 is also prevalent in poultry and
cattle in Asia and to a moderate extent in livestock animals in non-Asian countries,
suggesting possible transmission scenarios in the respective area. It is rather inter-
esting to note that the most common ESBL type in humans, namely CTX-M-15, has
invaded animal production compartments only in the past years, after a long period
of low impact in livestock animals compared with a common occurrence in com-
panion animals (Ewers et al. 2012). This enzyme type is no longer rare in bacteria
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from livestock sources and its presence was increasingly detected in bacteria from
cattle, poultry, and pig sources (Smet et al. 2010; Randall et al. 2011; Wieler et al.
2011; Hammerum et al. 2012; Madec et al. 2012; Fischer et al. 2014; Diab et al.
2017; Djeffal et al. 2017; Saliu et al. 2017; Fournier et al. 2020; Palmeira and
Ferreira 2020; Ramos et al. 2020). Also, the shiga toxin producing E. coli O104:H4
strain, that was responsible for a severe outbreak of enterohaemorrhagic E. coli
(EHEC) infection via contaminated food in Germany in 2011, carried ESBL-type
CTX-M-15 (Ewers et al. 2011). For a detailed spatial and temporal distribution of
ESBL/AmpC type in livestock animals, the author would like to refer to scientific
reviews (Ewers et al. 2012; Saliu et al. 2017; Palmeira and Ferreira 2020; Ramos
et al. 2020) and the annual EFSA/ECDC and national EU Member State reports.

The frequent carriage of ESBL/AmpC-producing bacteria by healthy cattle, pigs,
or poultry and high prevalence of these organisms in food products indicates that
food-producing animals may be the origin of at least part of the human infections.
The following chapter will show that knowledge on the genetic makeup and
epidemiology of plasmid and bacterial host is the minimum necessary for further
assessing the foodborne risk and may also be valuable for source attribution. It is
generally accepted that thorough cooking destroys bacteria in food, while cross-
contamination to uncooked food may occur in case of inadequate hygiene measures,
and these are important lessons from foodborne outbreaks due to Salmonella,
Campylobacter, and enterohemorrhagic E. coli (EHEC) bacteria. As we currently
cannot determine the magnitude of the mode of transmission of ESBL/AmpC-
producing bacteria via the food chain, this theoretical hazard to human health
requires further assessment.

18.5 Antimicrobial Drug Usage and Its Supposed Impact
on the Emergence of ESBL/AmpC-Producing Bacteria
in Livestock Animals

Antimicrobials are essential for both human and animal health. Many antimicrobial
drugs administered to food animals are the same classes as those utilized in human
medicine. Any antimicrobial usage (AMU), whether in the human or animal sector,
can select for AMR and promotes the dissemination of AMR bacteria, regardless
they are commensals, pathogens, or environmental strains. This greatly influences
the population structure of microbial communities resulting in unpredictable conse-
quences for public health (EFSA/ECDC 2013). Even though this is widely accepted,
the evidence linking antibiotic use in food-producing animals with AMR bacteria
emerging in humans is a long and controversially discussed issue. With the increas-
ing emergence of ESBLs/AmpCs and more recently of carbapenemases in bacteria
implicated in human infections, this debate reached a novel peak. Antimicrobial
resistance genes and AMR bacteria have mainly evolved as a result of selective
pressure, which is amplified by misuse (e.g., unnecessary use, subinhibitory dosage,
or inappropriate duration of treatment) and overuse, particularly of broad-spectrum
antimicrobials (Chantziaras et al. 2014; Guardabassi et al. 2018). In addition, we
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must be aware that AMRmay also be of ancient origin, implying that we all basically
live in a surrounding filled with AMR genes and their precursors, the so-called
resistome (D’Costa et al. 2011). The resistome refers to the collection of all AMR
genes associated with microbiota in a given environment and is greatly influenced by
the AMU in the different medical sectors. Based on metagenomic sequencing, it has
been shown that there are abundant AMR genes in the fecal microbiota of food-
producing animals which were not always always directly related to AMU, but were
undoubtedly influenced by the use of injectable antimicrobials or their administra-
tion through feed or water (Ma et al. 2021). Understanding the complex events in the
microevolution and dissemination of AMR in different compartments is therefore
essential to estimate the impact of food animal production on this global health crisis.

Antimicrobial usage can differ in humans and food-producing animals in terms of
methods of administration and quantities administered. There are also important
variations between and within food-producing animal species, as well as between
countries (Guardabassi and Kruse 2008; EFSA/ECDC 2013). In humans, antibiotics
are administered individually to patients for therapeutic purposes, i.e., to treat
infections, whereas prophylactic use of drugs to prevent the emergence of infections
is the exception. This is quite comparable to what we encounter in small-animal and
equine veterinary medicine. Antimicrobial prophylaxis refers to the administration
of an antimicrobial substance to a healthy animal in the presence of a specific risk
factor or stressors, such as weaning for piglets, intra- or interfarm transportation of
calves, or drying off for dairy cows (Guardabassi et al. 2018; EMA 2019; Jerab et al.
2022). According to the WHO (2018a,b) and the European Medicines Agency
(2019), unnecessary prophylactic AMU should be avoided, particulary if it is used
to compensate poor health management and biosecurity. It should be restricted to
individual animals or a group of animals at high risk of developing infections that
have a significant impact on animal health and herd productivity (Guardabassi et al.
2018, WHO 2018a,b, EMA 2019).

In industrial farming, antimicrobials are commonly given to a whole group of
animals (herd or group medication) to treat both diseased and clinically healthy
in-contact animals that are presumably infected. Metaphylaxis shall prevent healthy
animals from developing clinical signs and to prevent further spread of the disease
(Guardabassi et al. 2018). The European Surveillance of Veterinary Antimicrobial
Consumption (ESVAC) report from 2021 revealed that 86.9% of the antimicrobial
products sold for veterinary care in Europe were products suitable for group med-
ication (i.e., oral powders, oral solutions, and premixes) (EMA 2021; Jerab et al.
2022). Metaphylaxis in commercially reared cattle and pig holdings was most often
implemented after weaning, transportation, and regrouping as these stressors often
result in disease (Kasabova et al. 2021; Jerab et al. 2022). The new VMP Regulation
(EU) 2019/6, which came into force in January 2022, states: “Antimicrobial medic-
inal products shall be used for metaphylaxis only when the risk of spread of an
infection or of an infectious disease in the group of animals is high and when no
other appropriate alternatives are available” (EC 2019; Jerab et al. 2022). It also
provided for a wide range of additional, concrete measures to fight AMR and to
promote a prudent and responsible AMU in animals. These include the obligation for
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Member States to collect data on the sales and use of antimicrobials in animals per
species; the possibility to reserve certain antimicrobials for human use only; a ban on
the preventive use of antibiotics in groups of animals; and a reinforced ban on the use
of antimicrobials for promoting growth and increasing yield (EC 2019). Notably,
several member states have already implemented programs to collect antimicrobial
sales data for animals, but often not per animal species. In Germany, for example,
obligatory monitoring was adopted by the 16th Amendment of the German Phar-
maceuticals Act (“Arzneimittelgesetz,” AMG) in 2014, which regulates the official
monitoring of the use of antibiotic drugs for weaners and fattening pigs, beef cattle,
and poultry (Schaekel et al. 2017). Indeed, veterinary professional associations
strongly advocate the principles of antimicrobial stewardship and responsible use.
However, there is some concern that a ban of metaphylactic group treatment could
likely result in high morbidity and mortality, for example, due to infections with
E. coli in all major livestock species and with Streptococcus suis in pigs (Jerab et al.
2022). A recent study performed over a period of 11 months demonstrated a
significant decline of multidrug-resistant E. coli and a significant increase in the
proportion of isolates that were fully susceptible to the tested antimicrobials after
withdrawal of group treatment of pigs on a farm (De Lucia et al. 2021). The authors
suggested that their findings might support policymakers in the implementation of
measures to control AMR and reduce antimicrobial use.

Another practice still common in livestock production in some countries is the
use of antimicrobials to spur animal growth and to improve feed efficiency (Gilbert
2012). Antimicrobial use for growth promotion refers to the exposure of healthy
animals to subtherapeutic concentrations in feed to improve growth rate, efficiency
of feed utilization, and reproductive performance (Guardabassi et al. 2018). Since
1997, the WHO, together with the Food and Agriculture Organization (FAO) and
the World Animal Health Organization (OIE), has consistently recommended
restrictions on nontherapeutic uses of antimicrobials in food animals, which resulted
in several countries adapting their legislation over time (Anonymous 2007).
The European Union banned most antimicrobial growth promoters (AGPs)
(e.g., avoparcin, tylosin phophate, bacitracin zinc, virginiamycin, and spiramycin)
at the end of the 1990s because their in-feed application has been associated with the
selection of resistance to clinically important antimicrobials in human medicine
(Aarestrup et al. 2001). For example, in the Netherlands, 14% of people living
near turkey farms where the growth promoter avoparcin was used were found to
carry vancomycin-resistant enterococci (VRE), which are frequent causes of noso-
comial infections (Bergspica et al. 2020). Soon after the remaining growth promoters
have been phased out in Europe from January 2006, some types of antimicrobial
resistances were indeed substantially reduced and the supposed benefits of growth
promoters could obviously be achieved by other measures aiming at disease control,
such as good health management conditions, biosecurity, and vaccination
(Guardabassi and Kruse 2008). In recent years, many countries worlwide prohibited
or restricted the addition of AGPs to feed. For example, the USA prohibited the use
of medically important antimicrobials for growth promotion in 2017, while they still
allow the use of nonmedically important antimicrobials, such as the ionophores
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(Food and Drug Administration Center for Veterinary Medicine 2017). Recently, the
Chinese government launched a regulation to withdraw medicated feed additives in
accordance with the National Action Plan to Combat AMR from Animal Resources
(2017–2020). Vietnam announced the ban of AGPs in 2020, and Bangladesh,
Bhutan, Indonesia, Myanmar, Nepal, Sri Lanka, and Thailand have announced
some AGP restrictions (Ma et al. 2021).

Nowadays a wide range of antimicrobial agents are authorized for use in the food
animal production and these are frequently the same, or belong to the same classes,
as those used in the human medicine (EFSA/ECDC 2013). Due to public health
concerns, a much greater scrutiny is focused on therapeutic use of antimicrobials in
food-producing animals, particularly for substances that have analogues in human
medicine (Meini et al. 2019), in particular if these are ranked as “critically impor-
tant.” To be classified in this category, an antimicrobial agent must serve the
following criteria: the antimicrobial class is (i) the sole, or one of limited available
therapies, to treat serious bacterial infections in people alternatives to treat human
diseases, and (ii) used to treat diseases caused by (1) bacteria that may be transmitted
from nonhuman sources, or (2) bacteria that may acquire resistance genes from
nonhuman sources (WHO 2018a,b). Some antibiotic classes, including third- and
fourth-generation cephalosporins, quinolones, and aminoglycosides, are defined as
“critically important” for both human and animal health, by WHO and OIE, respec-
tively (Pomba et al. 2018). This raises a particular concern in the prioritized use of
these antimicrobials in the veterinary area to assure an appropriate balance between
animal health needs and public health considerations (Anonymous 2007). Regarding
the emergence of ESBL/AmpC-producing bacteria, the possible selective pressure
by β-lactam antibiotics is of special interest. Systematic reviews and guidelines
about β-lactams currently licensed for use in food-producing animals have been
published previously (Burch et al. 2008; Constable et al. 2008; Smet et al. 2010;
Liebana et al. 2013). Due to a very broad spectrum, short or zero withdrawal times
for milk and the availability of “long acting” formulations for certain indications
cefquinom and ceftiofur are commonly used in veterinary medicines where they are
authorized for the treatment of various diseases caused by defined pathogens in cattle
and pigs (Burch et al. 2008; Constable et al. 2008; Liebana et al. 2013). The former
authorization of ceftiofur for injection of day-old chicken for prevention of septice-
mia in some Member States of the EU has been phased out and currently no
cephalosporin-containing products are licensed for poultry species in the EU and
in many other countries.

According to a joint report by the ECDC, EFSA, and EMA, an analysis of AMU
and ESBL/AmpC prevalence data from food-producing animals based on the time
periods 2015–2016, 2016–2017, and 2017–2018 showed a statistically significant
association between the prevelance of ESBL/AmpC-producing E. coli and consump-
tion of third- and forth-generation cephalosporins in livestock production (ECDC
(European Centre for Disease Prevention and Control) 2021). In addition, several
experimental and on-farm studies have been published supporting the hypothesis
that the veterinary use of β-lactams, and also undetermined factors not related to
antimicrobial use, may select for ESBL/AmpC-producing Enterobacteriaceae in
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animals. There is, for example, evidence that parental therapy with ceftiofur signif-
icantly increases the likelihood of dairy cows to be colonized with third-generation
cephalosporin-resistant E. coli (Tragesser et al. 2006; Volkova et al. 2012; MARAN
2022). In Denmark, an increased frequency of ESBL-producing E. coli was identi-
fied on farms with high versus no consumption of third- and fourth-generation
cephalosporins (70% ESBL versus 20% ESBL) (Hammerum et al. 2014). In pigs
inoculated intragastrically with an E. coli expressing CTX-M-1 an increase in the
number of CTX-M-1-producing E. coli was highest after administration of cepha-
losporins and interestingly this was mainly due to the proliferation of indigenous
isolates that probably acquired the ESBL plasmids via conjugation (Cavaco et al.
2008). The authors pointed out that pigs treated with cephalosporins and sent to
slaughterhouses shortly after the end of the withdrawal time may still shed high
numbers of ESBLs (up to 106 CFU/g feces), favoring contamination of food
products and the environment. In Canada, a strong correlation between a reduction
in ceftiofur-resistant Salmonella Heidelberg and E. coli (both producing AmpC)
from human infections and retail poultry and withdrawal of ceftiofur use for disease
prophylaxis in hatcheries has been reported (Dutil et al. 2010). Usage of ceftiofur
and cefquinom and probably also environmental contamination due to the excretion
of their metabolites mainly with the urine may have influenced the emergence of
acquired AmpCs and ESBLs in both gram-negative pathogens and commensals in
livestock animals (Aarestrup 2005; Tragesser et al. 2006; Subbiah et al. 2012). A
study from Japan revealed a decreased resistance to broad-spectrum cephalosporins
in E. coli from healthy broilers after voluntary withdrawal of ceftiofur (Hiki et al.
2015). Finally, an association between the prophylactic (“off-label”) use of ceftiofur
in 1-day-old piglets for disease prevention and the occurrence of CTX-M-1-produc-
ing E. coli, which could not be detected on control farms without a recent history of
ceftiofur usage, was recently demonstrated (Apostolakos et al. 2020). Conversely,
the transfer of a CMY-2 plasmid to Salmonella spp. and commensal E. coli in cattle
was not attributed to ceftiofur treatment (Poirel et al. 2018). Similarly, CTX-M-
producing E. coli persisted on a dairy farm in the absence of the use of any β-lactam
for longer than 6 months (Liebana et al. 2006).

Most ESBL/AmpC-producing bacteria carry further resistances to commonly
used veterinary drugs, e.g., amoxicillin, sulfonamides, trimethoprim, fluoroquino-
lones, and aminoglycosides, such that dropping the use of cephalosporins may be
only one out of several necessary steps in reducing AMR resistance (EFSA/ECDC
2013). Co-selection of third-generation cephalosporin resistance, as evidenced by
the isolation of ceftiofur-resistant CMY-2-producing E. coli upon administration of
florfenicol, has, for example, been reported recently for French cattle (Meunier et al.
2010). In a study from Belgium, the administration of amoxicillin in poultry was
significantly associated with the emergence of third-generation cephalosporin-resis-
tant E. coli (Persoons et al. 2011). Likewise, an experimental chicken model clearly
illustrated how, in E. coli, “old” antimicrobials, e.g., amoxicillin, may co-select
antimicrobial resistance to third-generation cephalosporins by favoring resistance
plasmid exchange (Dheilly et al. 2012). However, beyond antimicrobials the authors
identified poor hygienic condition, lack of acidification of drinking water, repeated
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feed changes during the production cycle, and hatchery of origin as additional risk
factors possibly promoting the spread of resistant bacteria in poultry.

Since clear evidence has been provided for a linkage between AMU and selection
of third-generation cephalosporin-resistant organisms in livestock animals, a signif-
icant reduction and rationale therapeutic use of antimicrobial agents is warranted.
With respect to this, various national and international veterinary organizations have
developed general ethical guidelines to encourage a prudent use of antibiotics in line
with a “good veterinary practice” (Guardabassi and Kruse 2008). This would for
instance include: (i) the use of antimicrobials by veterinary prescription and over-
sight only (which is a standard prerequisite for the use of veterinary medical products
containing antimicrobials for food-producing animals in the European Union
already); (ii) decision on therapeutic options guided by susceptibility testing of the
identified pathogen; and (iii) prioritization of antimicrobial use according to the
critical importance of the respective substance for humans, and several other issues
aiming to reduce AMR in livestock animals while ensuring animal welfare at the
same time. The decision on exceptional off-label use of antimicrobials (i.e., use in a
different species, for a different disease, or at a dosage different to that on the label)
to avoid causing unacceptable suffering should strictly follow a specific cascade
(Directive 2011/82/EC). This is also to ensure a restrictive use of substances of
critical importance for human health. In several countries, off-label use of cephalo-
sporins in food-producing animals is no longer allowed, after it has long been used in
the USA and Europe to prevent early mortality due to septicemia in poultry hatch-
eries or to treat diarrhea or prevent systemic infection in piglets (EFSA/ECDC 2013;
Seiffert et al. 2013). Several national guidelines from EU Member States, including
the German guideline for prudent use of antimicrobials in veterinary medicine,
recommend a restrictive use of antimicrobials ranked as critically important for
human health in sick individual animals and only in case microbiological identifi-
cation and susceptibility testing of the target pathogen have been performed
(BTK-AGTAM 2015). The US Food and Drug Administration has proposed a ban
on the use of ceftiofur in livestock which was heavily criticized by representatives
from the veterinary field as an intrusion on veterinary practice, whereas people from
food safety agencies considered it at best a minor step (Kluytmans et al. 2013). As
mentioned before, pig and poultry producers in some countries have introduced
voluntary bans on the use of broad-spectrum cephalosporins; in other countries, e.g.,
in Germany, third- and fourth-generation cephalosporins are not authorized for
poultry (DANMAP 2003–2021; MARAN 2003–2022).

In Denmark, the occurrence of ESBL E. coli in pigs at slaughter fell from 11.8%
in 2010 to 3.6% in 2011, that of pigs tested on farms from 11% in 2010 to 0% in 2011
after the voluntary ban was introduced in July 2010 (Agerso and Aarestrup 2013).
Also in the Netherlands, some benefits regarding a drop in AMR are seen after the
reduction in the use of antimicrobials (>50%) by the veterinarians over the last
couple of years. Compared with 2009, a steady decrease in resistance in several
animal species, including pigs, to antimicrobials of critical importance for human
health has been reported (MARAN 2003–2022). Finally, two systematic reviews,
that analyzed a large body of literature, showed that interventions designed to reduce
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use of antibiotics in food-producing animals have a positive effect on reducing the
prevalence of AMR in both animals and humans, particulary those humans that are
in direct contact with food-producing animals (Tang et al. 2017; Scott et al. 2018).
Although these data are very encouraging, long-term implications for animal health
cannot entirely be foreseen yet.

The overall quantity of antibiotics used in the food-producing animal industry is
difficult to assess due to a number of confounding factors in the provided data (e.g.,
use of different technical units, lack of precise information on specific purpose for
antibiotic use, and clear separation of antibiotic use for food-producing animal
species and companion animals) (Seiffert et al. 2013). The majority of high-income
countries have national monitoring programs that capture antibiotic prescriptions in
animals. In some countries, the date are stratified by animal species, age, and disease
indication (Sanders et al. 2020). In contrast, due to a lack of capacitiy or resources,
only 6% of low-income countries monitor AMU in animals, most probably due to
lack of capacities (WHO 2021).

In 2009, the European Surveillance of Veterinary Antimicrobial Consumption
(ESVAC) was launched by the European Medicine Agency (EMA) to develop a
harmonized approach for the collection and reporting of data on veterinary antimi-
crobials based on national sales figures, and combined with estimations of consump-
tion in at least the major groups of species, including poultry, pigs, and veal valves
(EMA 2021). The ESVAC strategy for 2016–2020 aimed to enable the analysis of
European-level trends in AMU per animal species using data that are standardized
between countries. Werner et al. (2018) provided an excellent, comprehensive
summary about relevant methods and applications in national, EU-wide, and global
programs to monitor the usage of antimicrobial drugs in animals. They further
discuss key figures and variables that are essential to describe AMU in animals
and give an overview of monitoring systems in the European Union and in
non-European countries.

18.6 Transmission of ESBL/AmpC-Producing Bacteria
or Resistance Genes Between Livestock Animals
and Humans and Zoonotic Aspects

A number of ESBL/AmpC-producing bacteria, such as E. coli, K. pneumoniae,
Salmonella, and other gram-negative bacteria, are not only of clinical and economic
impact in human medicine, but can also cause infections in animals and are potent
colonizers of the gut of healthy animals at the same time (Canton et al. 2008; Smet
et al. 2010; Ramos et al. 2020). This makes a transmission of these microorganisms,
whether they are AMR or not, between animals and humans a possible scenario.
Transmission of ESBL/AmpC-producing bacteria can occur through direct contact
or indirectly via the food chain and the environment (Carattoli 2008). The transfer
and spread of ESBLs/AmpCs among different habitats (i.e., animals, humans, and
the environment) is mainly driven by mobile genetic elements, such as plasmids,
insertion sequences, integrons, and transposons. Due to an often occurring physical
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linkage of multiple genetic determinants on the same plasmid, self-conjugative
properties, and the capability to acquire additional mobile genetic elements (e.g.,
insertion sequences and transposons), plasmids have been signified as major vehicles
of ESBLs/AmpCs in gram-negative bacteria over the past decades (Bush and Fisher
2011; Carattoli 2013). Different ESBL/AmpC types are linked with distinct plasmid
incompatibility (Inc) groups (based on replicon types) and these plasmid scaffolds
are important factors in understanding the spread of AMR bacteria across the
different habitats. For instance, the blaCTX-M-1 gene is frequently carried by IncN,
IncFII, IncFIB, and IncI1 plasmids and those plasmids have been observed in human
samples as well (Carattoli 2013; EFSA/ECDC 2013). Several bla genes are fre-
quently, although not exclusively, associated with plasmids of distinct Inc. groups,
such as blaCTX-M-1 with IncN, IncI1 and IncF, blaCTX-M-14 with IncK and IncF,
blaCTX-M-15 with IncF and IncI1, blaCMY-2 with IncI1 and IncA/C, and SHV-12 with
IncF, IncI1, and IncX3 (Carattoli 2009, 2013; Seiffert et al. 2013; Hammerum et al.
2014; Liakopoulos et al. 2016). Apart from plasmid dissemination by horizontal
gene transfer, clonal expansion of distinct bacterial genotypes largely contributed to
the public health burden of AMR. This is probably best exemplified by the pandemic
dissemination extraintestinal pathogenic E. coli O25b:H4-ST131 subclades
C1/H30R (associated with fluoroquinolone resistance) and C2/H30-Rx (associated
with extended-spectrum cephalosporin resistance conferred by the ESBL CTX-M-
15) that cause millions of AMR infections annually (Pitout and DeVinney 2017;
Duprilot et al. 2020).

Accordingly, investigating outbreaks due to ESBL/AmpC-producing bacteria,
tracing the spread of AMR determinants in epidemiologically linked strains, and
comparison of strains from different sources on a global scale substantially relies on
a combinational methodological approach, considering both bacterial host and
resistance genes carrying plasmid. An integral part of plasmid epidemiological
surveillance is plasmid replicon typing to determine incompatibility groups. Plasmid
multilocus sequence typing (pMLST), by which plasmids are assigned to sequence
types (STs) (http://pubmlst.org/plasmid/), allow for an even finer resolution, e.g., of
same plasmid families revealing identical replicon types. The latter is in analogy to
the MLST for bacterial genomes (e.g., for E. coli [http://mlst.ucc.ie/mlst/dbs/Ecoli/])
which also aims at identifying groups of clonally related strains (Carattoli 2011;
Seiffert et al. 2013). With the increasing affordability of whole genome and plasmid
sequencing, higher-resolution methods became available that will have a great
impact on the assessment of possible transmission events of ESBL/AmpC-producing
bacteria and their plasmids between different ecological compartments.

Although the majority of cases of colonization with ESBL/AmpC-producing
bacteria among humans cannot be clearly linked to livestock and food-producing
animals (on a sound scientific basis), several studies suggested that direct contact
with livestock animals can be a risk factor for human colonization. In an experi-
mental model mimicking the human gut microbiota, an E. coli strain of poultry
origin established itself very well and easily transferred its plasmid (IncI) and bla
gene (TEM-52) to commensal human E. coli even in the absence of antimicrobial
selective pressure (Smet et al. 2011). This may not simply demonstrate a theoretical
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scenario as supported by previous findings that the prevalence of ESBL-producing
E. coli among people working in meat-processing companies or among farmers was
higher than usually recorded for the general population at the given time and region
(Lavilla et al. 2008; Geser et al. 2012a,b; Dierikx et al. 2013). Moreover, in some
studies, patients suffering from gastrointestinal disease due to infections with ESBL-
producing Salmonella had more contact with food-producing animals than subjects
with susceptible isolates (Gupta et al. 2003; Fey et al. 2000). In a study from the
Netherlands, human and pig isolates within the same farm harbored similar ESBL
gene types and had identical sequence and plasmid types on two farms, suggesting
clonal transmission. The ESBL carriage in humans (6%) was associated with the
average number of hours working on the farm per weak and with the presence of
ESBLs in pigs (Dohmen et al. 2015). Genetically related IncI1 plasmids (i.e., with
the same plasmid sequence type) carrying the blaCTX-M-1 gene were determined in
E. coli and Salmonella isolates from colonized and diseased humans, food-produc-
ing animals, and from meat samples in various European countries (Carattoli 2011;
Leverstein-van Hall et al. 2011). Similar reports refer to blaCTX-M-1 gene carrying
IncN plasmids that are extensively distributed among different livestock animal
species, but were also identified in Enterobacteriaceae from humans and retail
meat (Cavaco et al. 2008; Moodley and Guardabassi 2009; Bortolaia et al. 2010;
Carattoli 2011; Randall et al. 2011; Ewers et al. 2021). In a study from Germany, an
ESBL E. coli isolate from a farm worker and a cattle fecal sample from the same
farm shared an identical sequence type (ST3891) and CTX-M allele, indicating a
zoonotic transfer. Two other pairs of human-pig and human-cattle E. coli isolates
encoded the same ESBL genes but did not share the same ST, which may indicate
resistance plasmid transfer (Dahms et al. 2015). In 6 of 18 farmers (33%), Dierikx
et al. (2013) identified isolates producing ESBL/AmpC types (CTX-M-1, SHV-12,
and CMY-2), which were also present in the samples from their animals. Five
farmers even showed identical plasmid families (IncI1, IncK, and IncN) and in
isolates from two farmers the genes were carried on identical plasmid subtypes
(IncI1-ST12 and IncN-ST1) indicating plasmid transfer between animals and
farmers in the Netherlands (Dierikx et al. 2013). A Danish study demonstrated the
presence of E. coli with identical CTX-M enzymes, macrorestriction profile, and
MLST type in both pigs and farmers at 4 of 20 investigated pig farms (Hammerum
et al. 2014). According to their findings, the authors considered it likely that the
CTX-M-1-, CTX-M-14-, and CTX-M-27-producing E. coli frequently detected in
patients in Denmark could be of animal origin. However, they suggested that further
studies would be neccessary to quantify a possible zoonotic link between ESBL-
producing E. coli and human infections. Using whole genome sequence analysis,
van Hoek et al. (2020) could only confirm six of eight previously suggested (based
on E. coli STs, plasmid families, and ESBL/AmpC genes) transmission events
between broilers, farmers, and their family members on the same farm (van Hoek
et al. 2020), underlining the added value of high-resolution methods. Likewise, de
Been et al. (2014) could demonstrate that the majority of ESBL/AmpC-producing
E. coli isolates from broilers, meat, and human infections, that were supposed to be
identical based on lower-resolution methods, were indeed rather dissimilar based on
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WGS analysis (de Been et al. 2014). Plasmid reconstructions revealed three distinct
plasmid lineages of the IncI1 and IncK type that carried ESBL/AmpC genes. As the
plasmid backbones within each lineage were virtually identical and were shared by
genetically unrelated human and animal isolates, the authors suggested that ESBL/
AmpC genes are mainly disseminated in animals and humans via distinct plasmids
rather than by clonal transmission of strains.

There are also studies that found no transmission link between zoonotic and/or
AMR pathogens of animal and human origins. Ludden et al. (2019) compared more
than 430 E. coli isolates, including 155 ESBL-producing isolates from livestock and
retail meat with the genomes of 1517 E. coli isolates associated with blood stream
infections from the UK. They found that these two groups of E. coli were genetically
distinct populations that in addition revealed only a limited overlap in AMR-gene-
carrying mobile elements (Ludden et al. 2019). Investigating genomic and plasmid
backbone, Kluytmans et al. (2013) found just one perfect match between geograph-
ically and temporally matched E. coli from humans and chicken meat (Kluytmans
et al. 2013), implicating chicken meat as a source of human colonization with ESBL-
producing E. coli isolates. Also other authors found that ESBL-producing E. coli
from humans were generally different to that from animals, i.e., chickens, cattle,
turkey, and pigs in the same region (only 1.2% [3/258] related strains), as judged
from antimicrobial and virulence gene profiles in combination with clonal com-
plexes, suggesting a widespread human-to-human transmission as a strong possibil-
ity (Wu et al. 2013). Likewise, in a recent Swedish study there was no indication of
the spread of E. coli carrying blaCMY-2 from broilers to human clinical settings
(Borjesson et al. 2013).

We need to be clear that the majority of studies performed around the topic of
AMR transfer so far did not particularly focus on confirming precise transmission
paths, but aimed to explore whether bacteria similar at the genetic level occurred in
different animal species and humans, indicating possible epidemiological links
(Wu et al. 2013). If such links, mainly created on the basis of observational findings,
are indeed consistent with transmission through the food chain, remains inconclu-
sive, unless infections with ESBL/AmpC-producing bacteria cannot be clearly
traced back to a foodborne source. This in turn would implicitly assume that
(i) bla-gene carrying plasmid and bacteria are transmitted jointly through a single
event, and (ii) the strain transmitted is capable of causing disease in humans in a
given period of time, which for instance has been the case in one of the first
foodborne nosocomial outbreaks due to an ESBL-producing (SHV-1, CTX-M-15)
K. pneumoniae isolate in Spain (Calbo et al. 2011). A very good example showing
that even with an apparently sufficient molecular dataset the direct contribution of
livestock animals to the transmission of AMR microorganisms might be overstated
has been published previously. By using comparative whole genome analyses,
Mather et al. (2013) could demonstrate that, contrary to current belief, the epidemic
multidrug-resistant Salmonella Typhimurium DT104, responsible for human gastro-
intestinal infections worldwide, was largely maintained within animal and human
populations separately (Jerab et al. 2022). Based on WGS, they could show that the
isolates and their resistance genes were mainly kept within their host origns with
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limited transmission, pointing toward alternative sources for these MDR strains.
This study emphasizes the critical importance of integrated genotypic datasets,
including whole genome analysis, in understanding the ecology of bacterial zoonosis
and AMR.

Interestingly, and this is best known for E. coli, bacterial isolates supposed to be
nonpathogenic for otherwise healthy individuals seem to be more prone to acquire
ESBL/AmpC β-lactamase genes than their pathogenic counterparts are. For example,
extraintestinal pathogenic E. coli (ExPEC), i.e., highly virulent E. coli strains that are
basically decipherable by their virulence gene profile and assignment to phylogenetic
group and/or multilocus sequence type, are not among the majority of ESBL/AmplC-
producing strains identified from infected and colonized humans and animals (Ewers
et al. 2012). The sudden worldwide increase of E. coli clone O25:H4-ST131-CTX-M-
15 in hospital- and particularly in community-onset infections is the most compelling
exception from that (i.e., with respect to the extent of its spread) (Nicolas-Chanoine
et al. 2014; Pitout and DeVinney 2017; Duprilot et al. 2020). ST131 is part of the
highly virulent phylogenetic group B2 and since its first recognition in 2008 it
developed to the most dominant ExPEC genotype worldwide (Pitout and DeVinney
2017). E. coli strains of this clonal group are commonly associated with bacteremia,
urinary tract infections, and urosepsis, and due to their multidrug resistance, discordant
antimicrobial therapy and increased morbidity and mortality are increasingly observed
(Nicolas-Chanoine et al. 2014). The number of reported livestock animal and food-
associated ST131 isolates, whether they harbor ESBLs or not, is negligible compared
to its incredible frequency in humans. Nevertheless, there are findings of ESBL-
producing ST131 isolates in livestock animals, for example, in healthy poultry from
Spain (CTX-M-9) (Cortes et al. 2010; Mora et al. 2010), in diarrheic poultry from
Tunisia (CTX-M-15) (Jouini et al. 2021), in broiler liver in Algeria (Chenouf et al.
2021), or in diarrheal pig in China (CTX-M-9 & CTX-M-14) (Liu et al. 2018). Several
other researchers failed to detect this genotype among ESBL producers, e.g., from
poultry and retail poultry meat (Overdevest et al. 2011; Egea et al. 2012) and from
cattle (Madec et al. 2012; Diab et al. 2017). In contrast, a much wider distribution of
CTX-M-type-producing ST131 E. coli strains has been observed in companion
animals, only a few years after its first emergence in humans (Ewers et al. 2010;
Dierikx et al. 2012; Pomba et al. 2014). Thus, this clonal group basically circulates
among humans, but crossed the species barrier to dogs and cats in particular,
suggesting a spillover from humans and a subsequent dissemination among compan-
ion animals. In any case, it is clear that livestock animals are currently not a threatening
source of this highly virulent and multidrug resistant clonal group, while the reasons
for low carriage rates with such strains are yet unsolved (Ewers et al. 2012).

Nevertheless, there is evidence for the existence of shared clones of ESBL/
AmpC-producing E. coli in food-producing animals and humans, indicating that
some common genotypes, plasmid, and β-lactamase types could indeed be circulat-
ing between them (Lavilla et al. 2008). Though less prevalent among highly virulent
B2 ExPEC strains, ESBL/AmpC-producing E. coli are generally dispersed over the
entire population of this bacterial species (Ewers et al. 2012). There is an apparent
accumulation of AMR isolates in certain non-B2 genotypes and strains of various
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clonal groups, including ST10, ST23, ST38, ST117, ST167, ST405, ST410, ST617,
and ST648. These lineages are circulating widely across species and sources, i.e.,
humans, animals, and food products (Oteo et al. 2009; Cortes et al. 2010; Bortolaia
et al. 2011; Leverstein-van Hall et al. 2011; Overdevest et al. 2011; Ewers et al.
2012, 2014; Liu et al. 2018), which does not automatically indicate clonal transmis-
sion between these compartments.

In summary, robust studies providing unquestionable proofs for the livestock
animal-to-human transmission and quantifying the true burden for public health are
still rare. Overlaps in bacterial strain and plasmid characteristics among humans and
food animals almost often refer to one of these criteria only. Accordingly, several
studies consistently emphasized the key role of plasmid versus clonal dissemination
in the spread of ESBL/AmpC genes between animals and humans and vice versa.
The notion that people who have direct contact with infected animals or contami-
nated meat, such as farm workers, slaughterers, or people working in the food-
producing industry, face a particular risk to acquire AMR bacteria requires further
consideration. With the increasing availability of molecular epidemiological data,
particularly of combined WGS and plasmid sequence data, knowledge about initial
microevolutionary events leading to the introduction and further enrichment of
ESBL/AmpC-producing bacteria in food-producing animals will hopefully increase
in the near future.

18.7 Conclusions

The frequent occurrence of ESBL/AmpC-producing bacteria in the food production
chain, i.e., in healthy livestock animals and food thereof, and its unpredictable
impact on food safety and environmental pollution is a major concern in the global
debate on AMR. Problems related to AMR are inherently associated with the use of
antibiotics in any environment, i.e., related to veterinary and human medicine.
Accordingly, its use in the livestock production cycle may be one among other
important factors in promoting the development of MDR bacteria and genetic
resistance determinants of zoonotic relevance.

Even if the impact of food-producing animals to AMR in humans cannot be
quantified yet, antimicrobial consumption in these animals undisputedly contributes
its part in the maintenance or even expansion of the global bacterial resistome.
Therefore, AMU in this sector needs to be kept at levels as low as possible without
losing sight of any aspects of animal welfare. Generally, the judicious and rational
use of antimicrobials, particularly those that are “critically important” for human
health, should be regarded as a naturally ethical issue in the veterinary profession.
However, this would be only one step toward preserving the benefits of antimicro-
bials for people. Beyond antimicrobial consumption, animal husbandry, extensive
trade, farm hygiene, and biosecurity as well as intensive farming are considered the
most compelling risk factors contributing to the global emergence of ESBL/
AmpC-producing Enterobacteriaceae in livestock. In all major food animal produc-
tion systems, massive movement of animals from reproduction to fattening farms
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occurs and also food is traded globally, facilitating a virtually boundless transfer of
MDR microorganisms between farms and countries, which might weaken regional
or national mitigation measures considerably. This makes joining transnational
forces to contain the risks of spreading AMR one essential part in an overall holistic
approach. In this context, risk assessment, i.e., identification of stages within the
food production chain (e.g., slaughter of animals, distribution, handling, and con-
sumption of foods) that may pose an increased risk of human infection with AMR
bacteria, should be generally included as a mature part of this global effort.

Resistance will probably never return to pre-antibiotic use levels; weak market
encouragements and increasing difficulty and cost to develop new effective antimi-
crobial substances have greatly discouraged investment in this area. Not only for
these reasons are alternatives to antimicrobials urgently required in veterinary
medicine. Implementation and optimization of biosecurity on farms and overall
good hygiene practices at all stages of the food chain, i.e., pre- and postharvest,
have already shown excellent results in reducing the impact of multidrug-resistant
bacteria in livestock animals. Several other options that have been proposed to lower
the burden of AMR, such as pre- and probiotics, antimicrobial peptides,
phytocompounds, competitive exclusion products, and vaccines, bacteriophages
have shown variable effects so far, but represent promising approaches that need
to be intensified, as there is no more time to lose. Finally, more recent concepts, such
as modified CRISPR-Cas approaches, that target AMR genes in bacteria and reverse
the selective pressure of resistance, or nanoparticles, that could help in blockage of
enzyme pathways and alteration of cell wall might be essential pieces in the global
effort to combat antimicrobial resistance.
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Abstract

Enterococci are intrinsically resistant to various antimicrobial classes and able to
acquire resistance to clinically relevant drugs via chromosomal mutations and
horizontal gene transfer. Consequently, therapeutic options for treatment of entero-
coccal infections are limited. Zoonotic transfer of antimicrobial resistance in
enterococci has been studied for many years. The first studies hypothesizing
possible animal-to-human transmission of resistant strains and mobile genetic
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elements are dated 1993. Since then, a considerable amount of papers has been
published on this subject, providing the groundwork for important decisions
limiting antimicrobial use in animal husbandry. In this chapter, the relative contri-
bution by animal enterococci to antimicrobial resistance in infections in humans
was reviewed taking into consideration the potential impact associated with differ-
ent enterococcal species, animal hosts, epidemiological routes, and mechanisms of
transfer. The authors conclude that potential zoonotic risks mainly concern hori-
zontal transfer of resistance genes and clonal transmission of multidrug-resistant
Enterococcus faecalis lineages such as ST16 from a variety of animal species. The
risk of clonal transmission appears to be negligible for Enterococcus faecium,
which is markedly more host-specific than E. faecalis, and mainly limited to
companion animals, which are a potential reservoir of ampicillin-resistant, hospi-
tal-associated lineages such as ST78 and ST192. Of note, such conclusions are
largely based on studies from developed countries that never used or banned the
use of antimicrobial growth promoters in livestock for nearly two decades (at the
time of writing this review), which has significantly reduced the occurrence of
resistance to clinically relevant antimicrobials in enterococci in animals. As for
horizontal transfer of mobile genetic elements, although it has been demonstrated
experimentally that antimicrobial-resistant enterococci of animal origin can tran-
siently colonize the human digestive tract and transfer their resistance genes to the
indigenous microbiota, the magnitude and clinical implications of this phenome-
non, which currently appear to be limited, have not been fully elucidated. Further
research is warranted to explore the ecology and epidemiology of enterococcal
mobile genetic elements carrying resistance genes of clinical relevance, especially
aminoglycoside and linezolid resistance in E. faecalis.

Keywords

Enterococcus faecium · Enterococcus faecalis · Enterococcus · Antimicrobial
resistance · AMR · Food · Meat · Livestock · Companion animals · VRE ·
AREF · Plasmid · Tn1546 · Foodborne · Zoonosis · Horizontal gene transfer ·
Clonal transmission · Growth promoters · WGS · MLST

19.1 Introduction

Enterococci are commensal bacteria in the intestinal microbiota of humans and
animals, but are also opportunistic pathogens that can cause a variety of infections
(Gilmore et al. 2013). In humans, E. faecalis and E. faecium are well-known causes
of hospital-acquired infections, including endocarditis, bacteremia, meningitis,
wound and urinary tract infections, and peritonitis (Arias and Murray 2012).
Together, these two species are ranked as the second and fourth most frequently
reported cause of nosocomial infections in the USA and Europe, respectively
(Weiner-Lastinger et al. 2020; Suetens et al. 2018), with E. faecalis being the species
most frequently isolated, followed by E. faecium (Weiner-Lastinger et al. 2020).
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Therapeutic options to treat E. faecalis and E. faecium infection are limited because
enterococci are intrinsically resistant to important antimicrobial classes in clinical
practice as they tolerate low concentrations of β-lactams, quinolones,
aminoglycosides, and lincosamides and are able to metabolize preformed folic
acid, thereby bypassing inhibition of folate synthesis by trimethoprim and sulfon-
amides (Murray 1990; Hollenbeck and Rice 2012). Treatment of severe enterococcal
infections usually consists of a penicillin (ampicillin or penicillin) either as mono-
therapy or in combination with a cephalosporin (ceftriaxone) or an aminoglycoside
(gentamicin or streptomycin) (Rosselli del Turco et al. 2021). Glycopeptides such as
vancomycin are the best alternative if the causative strain is resistant to one or more
first-line drugs or if the patient has β-lactam allergy or renal impairment (Rosselli del
Turco et al. 2021). Daptomycin and linezolid are also good options if the patient has
renal impairment and if the local prevalence of vancomycin resistance is high. Other
antimicrobials which may be used for treatment of enterococcal infections include
quinupristin-dalfopristin (for E. faecium only), tigecycline, and fifth-generation
cephalosporins. Older antibiotics such as chloramphenicol, doxycycline,
minocycline, and nitrofurantoin may be used for specific indications (Arias and
Murray 2008). Unfortunately, enterococci have a particular ability to acquire exog-
enous resistance genes via conjugative transposons and plasmids, which has resulted
in the emergence of resistance to virtually all available therapeutic options (Werner
et al. 2013). Globally, E. faecalis and E. faecium were responsible for some 112,000
and 200,000 deaths associated with antimicrobial resistance, including 30,000 and
51,000 deaths attributable to antimicrobial resistance, respectively, in 2019 (Anti-
microbial Resistance Collaborators 2022).

Several authors have hypothesized zoonotic transmission of antimicrobial-
resistant enterococci since the early 1990s. At that time, vancomycin-resistant
enterococci (VRE) were emerging as nosocomial pathogens worldwide (Leclercq
et al. 1988; Uttley et al. 1988; Sundsfjord et al. 2001). Although initially it was
believed that nosocomial use of vancomycin was the only factor selecting for VRE,
this assumption was partly revisited after a considerable reservoir of VRE was
reported in the community and in production animals in Europe (Bates et al. 1993;
Klare et al. 1993; Torres et al. 1994; Goossens 1998; Martone 1998). In 1995, two
independent studies established a correlation between usage of the vancomycin-
analogue avoparcin as a growth promoter in livestock and occurrence of VRE in
chickens and pigs (Klare et al. 1995; Aarestrup 1995). Subsequent studies confirmed
that (i) there is cross-resistance between avoparcin and vancomycin (van den
Bogaard et al. 1997a, b), (ii) avoparcin use was associated with occurrence of
VRE in animal feces and meat products (Bager et al. 1997; Aarestrup et al.
2000a), and (iii) occurrence of VRE in food animals and meat products was
correlated to occurrence of VRE in fecal samples of community-dwelling humans
(Pantosti et al. 1999; Klare et al. 1999; van den Bogaard et al. 2000). The risk that
animal VRE could be transmitted through the food chain was regarded as high since
enterococci are particularly resistant to heat, disinfectants, and other decontamina-
tion procedures used at slaughterhouses (Giraffa 2002). All these evidences provided
the basis for establishing and maintaining the ban on avoparcin use enforced in the
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EU since 1997 in accordance with the precautionary principle (Anonymous 1997).
Additional links between antimicrobial-resistant enterococci in production animals
and antimicrobial-resistant enterococci in healthy humans were hypothesized on the
basis of similarities in the patterns of resistance to quinupristin/dalfopristin, eryth-
romycin, tetracyclines, gentamicin, and chloramphenicol, as well as in the distribu-
tion of genes conferring resistance to these antimicrobials (Welton et al. 1998;
Werner et al. 1998; Aarestrup et al. 2000a, b; Del Campo et al. 2003; Klare et al.
2003; Kieke et al. 2006). These findings contributed to support the ban on use of all
antimicrobials as growth promoters in the EU, which was ratified through different
EU Regulations enforced in 1999 and in 2006 (Anonymous 1998a, b, 2003).
Although the public health benefits of the ban on the use of antimicrobials for
growth promotion have been debated (Wallinga and Burch 2013), and such use is
still practiced in about 26% of countries in the world (World Organization for
Animal Health 2021), there is compelling evidence showing that the diminished
use of avoparcin achieved with the ban has been effective in reducing the presence of
VRE in animal populations (Nobrega et al. 2021). On the basis of a systematic
review and meta-analysis on this subject, it was concluded that the ban on avoparcin
use was also significantly associated with a diminished presence of VRE in human
samples (Nobrega et al. 2021). However, these findings most probably referred to
samples from healthy individuals in the community since, in hospital settings, the
population-weighted mean percentage of vancomycin resistance in E. faecium
increased significantly in the EU/EEA countries in the period 2016–2020, according
to data retrieved from the Surveillance Atlas of the European Centre for Disease
Prevention and Control (ECDC) (https://www.ecdc.europa.eu/en).

This chapter is a narrative review of the literature regarding the possible contri-
bution by enterococci of animal origin to antimicrobial resistance problems in
human medicine. The topic is reviewed taking into consideration the roles played
by different enterococcal species (E. faecium vs. E. faecalis), animal hosts (food
vs. companion animals), epidemiological routes (foodborne transmission vs. trans-
mission by contact with animals), and mechanisms of transfer (clonal transmission
vs. horizontal gene transfer). Aquatic animals and derived seafood were not included
in the review, as enterococci isolated from these sources often derive from anthro-
pogenic contamination. The chapter is organized into four sections addressing
occurrence of antimicrobial resistance in human, animal, and food isolates
(section “Occurrence of Antimicrobial Resistance”), evidence of transmission
between animals and humans (section “Transmission of Antimicrobial Resistance
Between Animals and Humans”), genetic links between clinical and animal strains
(section “Genetic Links Between Clinical and Animal Strains”), and conclusions by
the authors (section “Conclusions”).

19.2 Occurrence of Antimicrobial Resistance

Occurrence of antimicrobial resistance varies significantly depending on host species
and geographical regions. Local data on occurrence of antimicrobial resistance often
reflect the specific patterns of antimicrobial usage within each host species, and

582 V. Bortolaia and L. Guardabassi



marked differences between hosts may provide useful epidemiological indications
on potential reservoirs of antimicrobial resistance within defined geographical areas.
The Danish Integrated Antimicrobial Resistance Monitoring and Research Pro-
gramme (DANMAP) founded in 1995 was the first initiative for systematic collec-
tion of country-wide data on occurrence of antimicrobial resistance in E. faecium and
E. faecalis in human patients, healthy production animals, and retail meat, with the
purpose of identifying possible zoonotic links (www.danmap.org). Since then,
several national and international antimicrobial resistance surveillance programs
have been established with similar purposes worldwide. The two following para-
graphs summarize the most recent publicly available information on the occurrence
of antimicrobial resistance in E. faecium and E. faecalis from human patients,
production animals, and meat obtained from national surveillance programs moni-
toring these bacteria within the last 10 years at the time of writing this review, and
reflect the content of Tables 1 and 2, respectively. Typically, isolates included in
these surveillance programs derived from invasive infections in humans, from cecal
content or feces of healthy production animals, and from meat at retail. Occurrence
of antimicrobial resistance, defined as the percentage of resistant isolates as a
proportion of the isolates tested, is defined rare (<0.1%), very low (0.1–1.0%),
low (>1–10.0%), moderate (>10.0–20.0%), high (>20.0–50.0%), very high
(>50.0–70.0%), and extremely high (>70.0%), following the categorization used
by the European Food Safety Authority (EFSA) (EFSA and ECDC 2021).

19.2.1 Patterns of Antimicrobial Resistance in Animal and Human
E. faecium

Clinically relevant antimicrobial resistance phenotypes in E. faecium include resis-
tance to ampicillin, daptomycin, gentamicin, linezolid, quinupristin-dalfopristin,
teicoplanin, tigecycline, and vancomycin. Clear host-specific patterns in occurrence
of resistance to ampicillin and gentamicin were observed in the reports examined
(Table 1). Ampicillin resistance occurred at extremely high level in human clinical
isolates, whereas it ranged from rare to moderate in isolates from animals and meat
irrespective of the geographical origin (Table 1). Similarly, occurrence of gentamicin
resistance ranged between moderate to high in human clinical isolates and from rare
to low in isolates from animals and meat in any country (Table 1). Based on these
observations, and on the fact that occurrence of ampicillin and gentamicin resistance
has been stable or decreased in several animal and meat sources from most countries
based on 5- and 10-year trends (Table 1), it seems unlikely that animal sources
constitute an important reservoir of ampicillin- and gentamicin-resistant E. faecium
causing severe infections in humans. A possible exception could be represented by
ampicillin-resistant E. faecium (AREFm) in companion animals (see section “Trans-
mission via Direct Contact with Companion Animals”), which are not covered by
national surveillance programs.

Geographical patterns of vancomycin resistance are useful to discern potential
epidemiological links between animals and humans. Occurrence of vancomycin
resistance ranged from rare to low in human clinical isolates in different European
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Table 1 Prevalence of antimicrobial resistance in Enterococcus faecium isolated from humans
(invasive isolates) and animals (indicator isolates) obtained from publicly available national
surveillance program reports

Antimicrobial

Sourcea Country

Belgium Denmark Japan The Netherlands

No.a Rb Trendsc No.a Rb Trendsc No.a Rd Trendsc No.a

(year) (%) 5ye 10y (year) (%) 10y (year) (%) 5yf (year)

Ampicillin Broilers 169 (2019) 29 #g 258 (2020) 0 # 22 (2017) 0 #
Broiler
meat

28 (2016)

Beef cattle 174 (2019) 8.1 #g 4 (2017) 0 ─ 92 (2015)

Beef 46 (2015)

Pigs 178 (2019) 5.1 #g 100 (2019) 12 " 11 (2017) 0 ─

Pork

Turkeys 37 (2019) 16.2 #g
Turkey
meat

17 (2016)

Humans 341 (2019) 85 ─ # 768 (2020) 92.4 ─ 47,046 (2017) 87.9 " 474 (2016)

Daptomycin Broilers 169 (2019) 23.7 258 (2020) 4

Broiler
meat

28 (2016)

Beef cattle 174 (2019) 12.1 92 (2015)

Beef 46 (2015)

Pigs 178 (2019) 9 100 (2019) 0

Pork

Turkeys 37 (2019) 18.9

Turkey
meat

17 (2016)

Humans

Erythromycin Broilers 169 (2019) 77.5 #g 258 (2020) 9 # 22 (2017) 27.3 #
Broiler
meat

28 (2016)

Beef cattle 174 (2019) 33.3 #g 4 (2017) 0 # 92 (2015)

Beef 46 (2015)

Pigs 178 (2019) 11.8 #g 100 (2019) 20 ─ 11 (2017) 45.5 "
Pork

Turkeys 37 (2019) 51.4 #g
Turkey
meat

17 (2016)

Humans 42,259 (2017) 83.1 #
Gentamicin
(HLR)h

Broilers 169 (2019) 2.4 ─g 258 (2020) 0 22 (2017) 9.1 "
Broiler
meat

28 (2016)

Beef cattle 174 (2019) 2.3 ─g 4 (2017) 0 ─ 92 (2015)

Beef 46 (2015)

Pigs 178 (2019) 0 ─g 100 (2019) 1 ─ 11 (2017) 0 #
Pork

Turkeys 37 (2019) 0 ─g

Turkey
meat

17 (2016)

Humans 262 (2019) 23.7 # # 298 (2020) 30

Linezolid Broilers 169 (2019) 0 ─g 258 (2020) 0

Broiler
meat

28 (2016)

Beef cattle 174 (2019) 1.7 ─g 92 (2015)

Beef 46 (2015)

Pigs 178 (2019) 1.1 ─g 100 (2019) 0

Pork

Turkeys 37 (2019) 0 ─g

Turkey
meat

17 (2016)

Humans 621 (2020) 0.5 39,584 (2017) <0.05 ─



Norway Sweden Switzerland USA

Rb Trendsc No.a Rb Trendsc No.a Rb Trendsc No.a Rb Trendsc No.a Rd Trendsc

(%) 5y 10y (year) (%) 2y 6y (year) (%) 5y 10y (year) (%) 4y 10y (year) (%) 5y 10y

237 (2020) 0.8 " " 247 (2016) 4 ─ # 28 (2018) 0 ─

7.1 # ─ 110 (2018) 0.9 # #

0 # # 20 (2019) 0 129 (2017) 0.8 ─ ─ 143 (2018) 0 ─

0 # # 114 (2018) 0 # #
106 (2019) 6.6 34 (2018) 0 ─

84 (2018) 0 # ─

115 (2020) 7.8 " 70 (2016) 7 21 (2018) 0 ─

17.6 # 60 (2018) 15 # #

86 144 (2020) 71.5 # # 554 (2016) 84.1 # " 387 (2017) 82.4 ─ ─ 808 (2012) 87 ─ "
237 (2020) 0 # # 247 (2016) 6.5 28 (2018) 0 ─

14.3 110 (2018) 5.5 ─ "

0 20 (2019) 0 129 (2017) 1.6 143 (2018) 0 #
6.5 114 (2018) 0.9 " #

106 (2019) 0 34 (2018) 0 ─

84 (2018) 1.2 " #
115 (2020) 0 # 21 (2018) 4.8 #

0 60 (2018) 3.3 # #

237 (2020) 11 " " 247 (2016) 21.5 " ─ 28 (2018) 21.4 "
57.1 # " 110 (2018) 20.9 # #

30.4 # # 20 (2019) 0 129 (2017) 20.2 " ─ 143 (2018) 7 "
10.9 ─ " 114 (2018) 11.4 " #

106 (2019) 3.8 34 (2018) 2.9 #
84 (2018) 11.9 " #

115 (2020) 16.5 # 70 (2016) 33 21 (2018) 19 "
58.8 " 60 (2018) 31.7 # #

237 (2020) 0 ─ ─ 247 (2016) 0 28 (2018) 7.1 "
3.6 " " 110 (2018) 1.8 # #

2.2 # " 20 (2019) 0 129 (2017) 0 143 (2018) 0 ─

0 ─ ─ 114 (2018) 0 ─ ─

106 (2019) 0 34 (2018) 0 ─

84 (2018) 0 ─ ─

115 (2020) 0 ─ 70 (2016) 0 21 (2018) 4.8 "
0 ─ 60 (2018) 6.7 # #

144 (2020) 43.8 " " 385 (2016) 20.5 # " 248 (2017) 33.9 ─ ─ 679 (2012) 13 # #
237 (2020) 0.8 " " 247 (2016) 0 28 (2018) 0 ─

0 ─ # 110 (2018) 0 ─ ─

5.4 " " 20 (2019) 0 129 (2017) 0 143 (2018) 0 ─

0 ─ ─ 114 (2018) 0 ─ ─

106 (2019) 0 34 (2018) 0 ─

84 (2018) 0 ─ ─

115 (2020) 0.9 " 70 (2016) 0 21 (2018) 0 ─

0 ─ 60 (2018) 0 ─ ─

144 (2020) 0 ─ ─ 292 (2017) 0 ─ ─

(continued)
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Table 1 (continued)

Antimicrobial

Sourcea Country

Belgium Denmark Japan The Netherlands

No.a Rb Trendsc No.a Rb Trendsc No.a Rd Trendsc No.a

(year) (%) 5ye 10y (year) (%) 10y (year) (%) 5yf (year)

Quinupristin-
dalfopristin

Broilers 169 (2019) 82.8 #g 258 (2020) 44 ─

Broiler
meat

28 (2016)

Beef cattle 174 (2019) 85.1 #g 92 (2015)

Beef 46 (2015)

Pigs 178 (2019) 86 #g 100 (2019) 6 "
Pork

Turkeys

Turkey
meat

37 (2019) 62.2 #g 17 (2016)

Humans

Teicoplanin Broilers 169 (2019) 0 258 (2020) <1

Broiler
meat

28 (2016)

Beef cattle 174 (2019) 0 92 (2015)

Beef 46 (2015)

Pigs 178 (2019) 0 100 (2019) 0

Pork

Turkeys 37 (2019) 0

Turkey
meat

17 (2016)

Humans 253 (2020) 3.2 47,321 (2017) 0.4 ─

Tetracycline Broilers 169 (2019) 71.6 ─g 258 (2020) 12 " 22 (2017) 31.8 #
Broiler
meat

28 (2016)

Beef cattle 174 (2019) 41.4 ─g 4 (2017) 0 # 92 (2015)

Beef 46 (2015)

Pigs 178 (2019) 51.1 ─g 100 (2019) 54 ─ 11 (2017) 54.5 "
Pork

Turkeys 37 (2019) 67.6 ─g

Turkey
meat

17 (2016)

Humans 52,494 (2017) 36.2 "
Tigecycline Broilers 169 (2019) 0 258 (2020) 0

Broiler
meat

28 (2016)

Beef cattle 174 (2019) 0 92 (2015)

Beef 46 (2015)

Pigs 178 (2019) 0 100 (2019) 0

Pork

Turkeys 37 (2019) 0

Turkey
meat

17 (2016)

Humans 120 (2020) 2.5

Vancomycin Broilers 169 (2019) 0 #g 258 (2020) <1 22 (2017) 0 ─

Broiler
meat

28 (2016)

Beef cattle 174 (2019) 0 #g 4 (2017) 0 ─ 92 (2015)

Beef 46 (2015)

Pigs 178 (2019) 0 #g 100 (2019) 0 11 (2017) 0 ─

Pork

Turkeys 37 (2019) 0 #g
Turkey
meat

17 (2016)

Humans 343 (2019) 0.6 # # 790 (2020) 9.4 " 52,127 (2017) 0.8 " 474 (2016)



Norway Sweden Switzerland USA

Rb Trendsc No.a Rb Trendsc No.a Rb Trendsc No.a Rb Trendsc No.a Rd Trendsc

(%) 5y 10y (year) (%) 2y 6y (year) (%) 5y 10y (year) (%) 4y 10y (year) (%) 5y 10y

237 (2020) 0.4 # # 247 (2016) 57.1 # ─ 28 (2018) 53.6 "
42.9 # # 110 (2018) 64.5 " "

72.8 " " 20 (2019) 0 129 (2017) 96.1 " " 143 (2018) 60.8 "
54.3 114 (2018) 77.2 " "

106 (2019) 0 34 (2018) 58.8 "
84 (2018) 79.8 " "

115 (2020) 0 ─ 21 (2018) 61.9 "
58.8 # 60 (2018) 61.7 " #

237 (2020) 0 ─ ─ 247 (2016) 0

0

0 20 (2019) 0 129 (2017) 0

0

106 (2019) 0

115 (2020) 0 ─

0

237 (2020) 4.2 # # 247 (2016) 22.7 ─ # 28 (2018) 42.9 #
25 # # 110 (2018) 43.6 # #

41.3 # # 20 (2019) 20 129 (2017) 4.7 # # 143 (2018) 25.9 #
10.9 ─ ─ 114 (2018) 14.9 # #

106 (2019) 22.6 34 (2018) 44.1 "
84 (2018) 39.3 # #

115 (2020) 20 " 70 (2016) 29 21 (2018) 66.7 "
76.5 # 60 (2018) 58.3 # #

48 (2017) 18.8 ─ "
237 (2020) 0 ─ ─ 247 (2016) 1.2 28 (2018) 0 ─

0 110 (2018) 0 ─ ─

0 20 (2019) 0 129 (2017) 3.1 143 (2018) 0 ─

0 114 (2018) 0.9 " "
106 (2019) 0 34 (2018) 0 ─

84 (2018) 1.2 " "
115 (2020) 0 ─ 21 (2018) 0 ─

0 60 (2018) 0 ─ ─

144 (2020) 12.5 " "
237 (2020) 0 ─ ─ 247 (2016) 0 ─ ─ 28 (2018) 0 ─

0 ─ # 110 (2018) 0 ─ ─

0 ─ ─ 20 (2019) 0 129 (2017) 0 ─ ─ 143 (2018) 0 ─

0 ─ ─ 114 (2018) 0 ─ ─

106 (2019) 0 34 (2018) 0 ─

84 (2018) 0 ─ ─

115 (2020) 0 ─ 70 (2016) 0 21 (2018) 0 ─

0 ─ 60 (2018) 0 ─ ─

1 # 144 (2020) 0 # # 546 (2016) 0.4 ─ ─ 416 (2017) 2.2 ─ ─ 1110 (2016) 68 # ─
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countries and in Japan and was nearly absent in isolates from animal sources from
the same countries (Table 1). In the USA, vancomycin resistance was also virtually
absent in animal and meat E. faecium isolates, whereas it occurred at very high level
(68%) in human clinical isolates (Table 1). This strongly indicates that occurrence of
vancomycin resistance among human clinical isolates is primarily driven by hospital
use of glycopeptides.

Different considerations can be made with regard to the occurrence of
quinupristin/dalfopristin resistance, which ranged almost invariably from moderate
to extremely high among isolates from animals and meat in Europe and in the USA.
The frequent recovery and increasing occurrence of quinupristin/dalfopristin-
resistant strains in animals according to 5- and 10-year trends is surprising since
the quinupristin/dalfopristin analogue virginiamycin, which is likely selecting for
quinupristin/dalfopristin resistance, has not been used since 1999, at least in
European countries. Genetic linkage of quinupristin/dalfopristin resistance genes
with genes conferring resistance to other antimicrobials used in animal production
(e.g., macrolides) may explain the persistence of these genes in food animals in
Europe (Hammerum et al. 2001). Data on occurrence of quinupristin/dalfopristin
resistance in human isolates were not readily available. Occurrence of this resistance
phenotype was lower in human isolates compared to animal isolates, suggesting the
existence of a potential animal reservoir for quinupristin/dalfopristin resistance
(Donabedian et al. 2006; Kieke et al. 2006; Hammerum et al. 2009) which, however,
does not seem to pose a major resistance problem in human infections at present. A
recent study investigating risks for selection for quinupristin/dalfopristin-resistant
E. faecium in humans derived from virginiamycin use in food animals in China
concluded that such risks are close to zero (Cox et al. 2020). However, the study
investigated risks for selection for quinupristin/dalfopristin resistance in
vancomycin-resistant E. faecium (VREFm) only and was based on the unproven
assumption that resistance cannot be transferred from animal-origin strains to strains
causing infections in humans.

Occurrence of daptomycin resistance was rare or low in isolates from animal and
meat sources from all countries, except Belgium (Table 1). In this country, occur-
rence of daptomycin resistance ranged from moderate in E. faecium from calves and
pigs to high in E. faecium from broilers (Table 1). No national surveillance data on
occurrence of daptomycin resistance in E. faecium from humans were readily
available for comparison. A study investigating patients with daptomycin-resistant

�

Data sources: Belgium, Garcia-Graells et al. 2019 and ECDC Surveillance Atlas: Antimicrobial Resistance 2019; Denmark, DANMAP 2019, 2020; Japan,
NAOR 2019; the Netherlands, Nethmap-MARAN 2016, 2017; Norway, NORM/NORM-VET 2019, 2020; Sweden, Swedres-Svarm 2016 and ECDC
Surveillance Atlas: Antimicrobial Resistance 2016; Switzerland, Swiss Antibiotic Resistance Report 2018; USA, NARMS Now and ResistanceMap:
Antibiotic resistance 2022. Blank cells indicate that no information was available
aAnimal sources represent healthy meat-producing animals, meat sources represent meat sold at retail, and human sources represent diseased patients with
invasive infections. From the USA, bovine isolates are from steers and heifers (and not from calves). No., number of isolates tested
bResistance (R) defined according to EUCAST ECOFFs for animal and meat isolates and EUCAST clinical breakpoints for human isolates (www.
eucast.org). Of note, quinupristin-dalfopristin resistance in animal isolates is defined using EFSA cutoff values as no EUCAST ECOFF is available (EFSA
et al. 2021)
cTrends indicate increased, decreased, or stable percentage of resistance in the time period indicated (y, years)
dResistance (R) defined according to CLSI breakpoints. Limited to Japan, tetracycline refers to minocycline in humans and oxytetracycline in animals
e6y trend for animal isolates
f2y trend for vancomycin resistance in isolates of animal origin
gData on trends of antimicrobial resistance for E. faecium isolates of animal origin are available only for all animal categories merged
hHLR high-level resistance
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E. faecium infections found a possible association between acquisition of
daptomycin resistance and residential proximity to animal or crop operations
(Kelesidis and Chow 2013). However, the number of patients was too limited for
drawing definitive conclusions (Kelesidis and Chow 2013).

Occurrence of resistance to linezolid, teicoplanin, and tigecycline was rare in
human, animal, and meat isolates, with few exceptions, which however are not
indicative of any large animal or human reservoir (Table 1).

It is important to note that occurrence of resistance to macrolides (e.g., erythro-
mycin) and tetracyclines was frequently observed among animal and meat isolates,
likely as a consequence of veterinary use of these drugs (Table 1). Genetic linkage
between macrolide and tetracycline resistance genes and genes conferring resistance
to clinically relevant antimicrobials may explain the occurrence of linezolid,
quinupristin/dalfopristin, and glycopeptide resistance in animals, as a result of
co-selection by veterinary use of macrolides and tetracyclines (Hammerum et al.
2001; Novais et al. 2005; Tyson et al. 2018; Rushton-Green et al. 2019). Unfortu-
nately, data on resistance to macrolides and tetracyclines, which represent useful
epidemiological markers indicating flow of antimicrobial resistance genes from
livestock to humans, are generally not generated for human clinical isolates in
surveillance programs from most countries, with the exception of Japan and Swit-
zerland (Table 1). In these countries, erythromycin and tetracycline resistance
occurred at similarly high and even very high level in E. faecium from most animal
and human sources (Table 1), which indicates a possible animal reservoir, mainly
linked to broilers and pigs, of enterococci resistant to these antimicrobials.

19.2.2 Patterns of Antimicrobial Resistance in Animal and Human
E. faecalis

From a contemporary clinical perspective, the only antimicrobial resistance pheno-
type in E. faecalis that could be possibly linked to animal reservoirs is gentamicin
resistance. Resistance to ampicillin, daptomycin, linezolid, teicoplanin, tigecycline,
and vancomycin was rare or even not detected in animal isolates, with stable 5- and
10-year trends, based on national antimicrobial surveillance programs from several
countries worldwide (Table 2).

Occurrence of gentamicin resistance was similar in E. faecalis from most
animal and human sources (Table 2). These data indicate possible existence of
an animal reservoir of gentamicin-resistant E. faecalis, though linked to different
animal sources in different geographical areas. For example, in European coun-
tries and in Japan, the proportion of E. faecalis displaying gentamicin resistance
ranged from moderate to high in cattle and pigs, and from rare to low in poultry,
with the exception of turkeys in Belgium (Table 2). In the USA, occurrence of
gentamicin resistance was rare in isolates from cattle, whereas it ranged from low
to high in isolates from pigs and poultry (Table 2).

Remarkably, the occurrence of gentamicin resistance was higher in animals than
meat thereof, with the biggest differences observed between cattle and beef and
between pigs and pork (Table 2). Although comparison of occurrence of gentamicin
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Table 2 Prevalence of antimicrobial resistance in Enterococcus faecalis isolated from humans
(invasive isolates) and animals (indicator isolates) obtained from publicly available national
surveillance program reports

Antimicrobial

Sourcea Country

Belgium Denmark Japan The Netherlands

No. Rb Trendsc No. Rb Trendsc No. Rd Trendsc No.

(year) (%) 5ye 10y (year) (%) 4y 10y (year) (%) 5yf (year)

Ampicillin Broilers 173 (2019) 0.6 #g 21 (2020) 0 ─ ─ 85 (2017) 0 ─

Broiler
meat

56 (2016)

Beef
cattle

115 (2019) 0.9 #g 10 (2017) 0 ─ 17 (2015)

Beef 137 (2015)

Pigs 56 (2019) 0 #g 91 (2019) 0 ─ ─ 13 (2017) 0 ─

Pork

Turkeys 67 (2019) 0 #g
Turkey
meat

63 (2016)

Humans 496 (2019) 0.4 ─ # 650 (2020) 0 116,493 (2017) 0.2 #
Daptomycin Broilers 173 (2019) 0 21 (2020) 0

Broiler
meat

56 (2016)

Beef
cattle

115 (2019) 0 17 (2015)

Beef 137 (2015)

Pigs 56 (2019) 3.6 91 (2019) 3

Pork

Turkeys 67 (2019) 0

Turkey
meat

63 (2016)

Humans

Erythromycin Broilers 173 (2019) 83.8 #g 21 (2020) 38 " " 85 (2017) 58.8 #
Broiler
meat

56 (2016)

Beef
cattle

115 (2019) 84.3 #g 10 (2017) 10 " 17 (2015)

Beef 137 (2015)

Pigs 56 (2019) 41.1 #g 91 (2019) 63 " " 13 (2017) 61.5 #
Pork

Turkeys 67 (2019) 74.6 #g
Turkey
meat

63 (2016)

Humans 101,379 (2017) 53.8 #
Gentamicin
(HLR)h

Broilers 173 (2019) 2.9 "g 21 (2020) 0 85 (2017) 3.5 #
Broiler
meat

56 (2016)

Beef
cattle

115 (2019) 11.3 "g 10 (2017) 0 # 17 (2015)

Beef 137 (2015)

Pigs 56 (2019) 10.7 "g 91 (2019) 11 ─ ─ 13 (2017) 7.7 #
Pork

Turkeys 67 (2019) 10.4 "g
Turkey
meat

63 (2016)

Humans 363 (2019) 16.8 # # 349 (2020) 7.4 #
Linezolid Broilers 173 (2019) 0 #g 21 (2020) 0

Broiler
meat

56 (2016)

Beef
cattle

115 (2019) 3.5 #g 17 (2015)



Norway Sweden Switzerland USA

Rb Trendsc No. Rb Trendsc No. Rb Trendsc No. Rb Trendsc No. Rd Trendsc

(%) 5y 10y (year) (%) 2y 6y (year) (%) 5y 10y (year) (%) 4y 10y (year) (%) 5y 10y

87 (2020) 0 ─ ─ 31 (2016) 0 ─ ─ 238 (2018) 0 ─

0 # # 152 (2018) 0 ─ ─

0 ─ ─ 12 (2019) 0 46 (2017) 0 ─ ─ 91 (2018) 0 ─

0 ─ ─ 375 (2018) 0 ─ ─

46 (2019) 0 252 (2018) 0 ─

392 (2018) 0 ─ #
24 (2020) 0 ─ 41 (2016) 0 168 (2018) 0 ─

0 ─ 389 (2018) 0 ─ ─

482 (2020) 0 ─ ─ 1014 (2016) 0.5 ─ ─ 515 (2017) 0.2 ─ # 1537 (2012) 1 ─ ─

87 (2020) 1.1 " ─ 31 (2016) 0 238 (2018) 0 ─

0 152 (2018) 0 ─ ─

0 12 (2019) 0 46 (2017) 0 91 (2018) 0 ─

0 375 (2018) 0 ─ ─

46 (2019) 0 252 (2018) 0 ─

392 (2018) 0.3 " "
24 (2020) 0 # 168 (2018) 0 ─

0 389 (2018) 0 ─ #

87 (2020) 11.5 # # 31 (2016) 35.5 " ─ 238 (2018) 39.1 "
55.4 # " 152 (2018) 22.4 # #

41.2 ─ # 12 (2019) 0 46 (2017) 37 # # 91 (2018) 6.6 #

2.2 ─ # 375 (2018) 0.8 # #
46 (2019) 0 252 (2018) 66.7 "

392 (2018) 7.7 ─ ─

24 (2020) 7 # 41 (2016) 49 168 (2018) 34.5 #
65.1 " 389 (2018) 27.2 # #

87 (2020) 0 ─ ─ 31 (2016) 0 ─ ─ 238 (2018) 9.7 #
0 # # 152 (2018) 8.6 # #

5.9 " # 12 (2019) 0 46 (2017) 23.9 " " 91 (2018) 0 #

0 # ─ 375 (2018) 0 # #
46 (2019) 0 252 (2018) 14.3 "

392 (2018) 1 ─ "
24 (2020) 0 ─ 41 (2016) 0 168 (2018) 22 #

1.6 # 389 (2018) 17.7 # #

482 (2020) 12 # # 722 (2016) 13.4 # # 337 (2017) 9.2 ─ # 1155 (2012) 34 " #
87 (2020) 0 ─ ─ 31 (2016) 0 238 (2018) 0 ─

0 ─ ─ 152 (2018) 0 ─ ─

0 # ─ 12 (2019) 0 46 (2017) 0 91 (2018) 0 ─

(continued)

19 Zoonotic Transmission of Antimicrobial-Resistant Enterococci: A Threat. . . 591



592 V. Bortolaia and L. Guardabassi

Table 2 (continued)

Antimicrobial

Sourcea Country

Belgium Denmark Japan The Netherlands

No. Rb Trendsc No. Rb Trendsc No. Rd Trendsc No.

(year) (%) 5ye 10y (year) (%) 4y 10y (year) (%) 5yf (year)

Beef 137 (2015)

Pigs 56 (2019) 3.5 #g 91 (2019) 0

Pork

Turkeys 67 (2019) 0 #g
Turkey
meat

63 (2016)

Humans 507 (2020) 1.2

Teicoplanin Broilers 173 (2019) 0 21 (2020) 0 85 (2017)

Broiler
meat

56 (2016)

Beef
cattle

115 (2019) 0 10 (2017) 17 (2015)

Beef 137 (2015)

Pigs 56 (2019) 0 91 (2019) 0 13 (2017)

Pork

Turkeys 67 (2019) 0

Turkey
meat

63 (2016)

Humans 224 (2020) 0 113,501 (2017) <0.05 ─

Tetracycline Broilers 173 (2019) 82.1 #g 21 (2020) 62 " " 85 (2017) 65.9 #
Broiler
meat

56 (2016)

Beef
cattle

115 (2019) 91.3 #g 10 (2017) 10 # 17 (2015)

Beef 137 (2015)

Pigs 56 (2019) 60.7 #g 91 (2019) 91 " " 13 (2017) 84.6 "
Pork

Turkeys 67 (2019) 95.5 #g
Turkey
meat

63 (2016)

Humans 125,728 (2017) 50.3 "
Tigecycline Broilers 173 (2019) 0 21 (2020) 0

Broiler
meat

56 (2016)

Beef
cattle

115 (2019) 0 17 (2015)

Beef 137 (2015)

Pigs 56 (2019) 0 91 (2019) 0

Pork

Turkeys 67 (2019) 0

Turkey
meat

63 (2016)

Humans 112 (2020) 0.9

Vancomycin Broilers 173 (2019) 0 #g 21 (2020) 0 85 (2017) 0 ─

Broiler
meat

56 (2016)

Beef
cattle

115 (2019) 0 #g 10 (2017) 0 ─ 17 (2015)

Beef 137 (2015)

Pigs 56 (2019) 1.8 #g 91 (2019) 0 13 (2017) 0 ─

Pork

Turkeys 67 (2019) 0 #g
Turkey
meat

63 (2016)

Humans 495 (2019) 1 " " 622 (2020) 0 ─ ─ 126,510 (2017) <0.05 ─ 507 (2016)



Norway Sweden Switzerland USA

Rb Trendsc No. Rb Trendsc No. Rb Trendsc No. Rb Trendsc No. Rd Trendsc

(%) 5y 10y (year) (%) 2y 6y (year) (%) 5y 10y (year) (%) 4y 10y (year) (%) 5y 10y

0 ─ ─ 375 (2018) 0 ─ ─

46 (2019) 0 252 (2018) 0 ─

392 (2018) 0 ─ ─

24 (2020) 0 ─ 41 (2016) 0 168 (2018) 0 ─

0 ─ 389 (2018) 0 ─ ─

482 (2020) 0 ─ ─ 460 (2017) 0.4 ─ #
87 (2020) 0 ─ ─ 31 (2016) 0

0

0 12 (2019) 0 46 (2017) 0

0

46 (2019) 0

24 (2020) 0 ─

0

87 (2020) 66.7 " " 31 (2016) 64.5 " # 238 (2018) 70.2 "
66.1 # # 152 (2018) 65.1 " #

52.9 ─ # 12 (2019) 33.3 46 (2017) 67.4 # ─ 91 (2018) 16.5 #

14.6 # # 375 (2018) 25.6 " #
46 (2019) 63 252 (2018) 86.5 "

392 (2018) 75.5 # #
24 (2020) 7 # 41 (2016) 80 168 (2018) 89.9 #

88.9 " 389 (2018) 82 # #

116 (2017) 47.4 ─ "
87 (2020) 0 ─ ─ 31 (2016) 0 238 (2018) 0 ─

0 152 (2018) 0 ─ ─

0 12 (2019) 0 46 (2017) 2.2 91 (2018) 0 ─

0.7 375 (2018) 0 ─ ─

46 (2019) 0 252 (2018) 0 ─

392 (2018) 0 ─ ─

24 (2020) 0 ─ 168 (2018) 0 ─

0 389 (2018) 0.3 " "

482 (2020) 3.9 " "
87 (2020) 0 ─ ─ 31 (2016) 3.2 ─ ─ 238 (2018) 0 ─

0 # # 152 (2018) 0 ─ ─

0 # ─ 12 (2019) 0 46 (2017) 0 ─ ─ 91 (2018) 0 ─

0 # ─ 375 (2018) 0 ─ ─

46 (2019) 0 252 (2018) 0 ─

392 (2018) 0 ─ ─

24 (2020) 0 ─ 41 (2016) 0 168 (2018) 0 ─

0 ─ 389 (2018) 0 ─ ─

0 # 482 (2020) 0 ─ ─ 956 (2016) 0 ─ ─ 622 (2017) 0.3 ─ ─ 3278 (2012) 5 ─ ─
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resistance in E. faecalis obtained from animals and meat should be done with caution
due to the overall low number of animal isolates included and to the fact that meat
may also be of imported origin, these data indicate low risk of carcass contamination
in cattle and pig slaughtering and consequent low human exposure to gentamicin-
resistant E. faecalis through consumption of beef and pork. As observed for
E. faecium, resistance to macrolides and tetracycline is widespread among
E. faecalis isolates from animals and meat, possibly as a consequence of the
widespread use of these antibiotics in livestock production (Table 2). Macrolide
and tetracycline resistance data for human E. faecalis isolates were generated in the
national surveillance programs of Japan and Switzerland only (Table 2). In these
countries, erythromycin and tetracycline resistance occurred at similarly high and
even very high level in E. faecalis from most animal and human sources (Table 2),
which indicates a possible animal reservoir of enterococci resistant to erythromycin
and tetracycline. This potential animal reservoir may represent a risk to human health
in case of genetic linkage between erythromycin and tetracycline resistance genes
and genes conferring resistance to clinically relevant antimicrobials, but unfortu-
nately this type of genetic information is not routinely generated in national surveil-
lance programs.

19.3 Transmission of Antimicrobial Resistance Between
Animals and Humans

Transmission of antimicrobial resistance between animal and human enterococci
may happen through different epidemiological routes and mechanisms. Humans can
acquire animal enterococci by direct exposure to animals and animal-contaminated
environments or indirectly, through consumption of contaminated food of animal
origin and vegetables from crops treated with animal manure.

19.3.1 Foodborne Transmission

Foodborne transmission may result from consumption of contaminated animal food
products and cross-contamination in the kitchen (Wegener et al. 1997). E. faecium
and E. faecalis generally contaminate raw meat and cheese at concentrations of

�

Data sources: Belgium, Garcia-Graells et al. 2019 and ECDC Surveillance Atlas: Antimicrobial Resistance 2019; Denmark, DANMAP 2019, 2020; Japan,
NAOR 2019; the Netherlands, Nethmap-MARAN 2016, 2017; Norway, NORM/NORM-VET 2019, 2020; Sweden, Swedres-Svarm 2016 and ECDC
Surveillance Atlas: Antimicrobial Resistance 2016; Switzerland, Swiss Antibiotic Resistance Report 2018; USA, NARMS Now and ResistanceMap:
Antibiotic resistance 2022. Blank cells indicate that no information was available
aAnimal sources represent healthy meat-producing animals, meat sources represent meat sold at retail, and human sources represent diseased patients with
invasive infections. From the USA, bovine isolates are from steers and heifers (and not from calves). No., number of isolates tested
bResistance (R) defined according to CLSI breakpoints. Limited to Japan, tetracycline refers to minocycline in humans and oxytetracycline in animals
cTrends indicate increased, decreased, or stable percentage of resistance in the time period indicated (y, years)
dResistance (R) defined according to EUCAST ECOFFs for animal and meat isolates and EUCAST clinical breakpoints for human isolates (www.
eucast.org). Of note, quinupristin-dalfopristin resistance in animal isolates is defined using EFSA cutoff values as no EUCAST ECOFF is available (EFSA
et al. 2021)
e6y trend for animal isolates
f2y trend for vancomycin resistance in isolates of animal origin
gData on trends of antimicrobial resistance for E. faecalis isolates of animal origin are available only for all animal categories merged
hHLR high-level resistance
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102–104 and 105–107 colony forming units (CFU) per gram, respectively (Giraffa
2002). Experiments conducted on healthy human volunteers have shown that animal
enterococcal strains occurring in ingested food are shed with feces for a limited time
period of about 1–3 weeks. In an experiment performed on himself, Berchieri
established that a minimum concentration of 107 CFU of VREFm of poultry and
pig origin was necessary to be able to isolate the same strain from feces for a period
of 20 days (Berchieri 1999). Sørensen et al. demonstrated that VREFm from poultry
meat and quinupristin/dalfopristin-resistant E. faecium from pork ingested at
107 CFU could be detected in the feces of 8 out of 12 volunteers 6 days after
ingestions, at different concentrations (Sørensen et al. 2001). One out of 12 volun-
teers excreted the strain also 14 days after ingestion (Sørensen et al. 2001). In a
similar experiment, Lester et al. demonstrated that animal VREFm transiently
colonizing the human gut could transfer the vanA vancomycin resistance operon to
resident commensal E. faecium strains in three out of six volunteers, indicating that
occurrence of VREFm in food may result in the transfer of vancomycin resistance to
the microbiota of consumers (Lester et al. 2006). Furthermore, Al-Ahmad et al.
showed that foodborne E. faecalis could integrate into dental oral biofilm in five out
of six volunteers for at least 5 days, indicating a potential risk for endodontic
infections that may evolve into bacteremia (Al-Ahmad et al. 2010).

According to a study in Switzerland (Collineau et al. 2018), poultry meat poses the
highest risk of transmission of antimicrobial-resistant enterococci for the consumers,
especially transfer of tetracycline and macrolide resistance. The authors attributed the
highest risk mainly to cross-contamination during the slaughter process in poultry
production and to a lesser extent to high consumption of poultry meat. An American
study assessing exposure to antimicrobial-resistant bacteria in ground beef consumers
estimated that the probabilities of exposure to tetracycline-resistant enterococci are on
average 6.2% per serving, which are double than the probabilities of being exposed to
tetracycline-resistant E. coli (3.1% per serving) (Zhang et al. 2021). To our knowledge,
no data are available on foodborne exposure to enterococci that are resistant to
clinically important antimicrobials but this is likely to be low due to infrequent
occurrence of resistant isolates in meat products (Tables 1 and 2).

The hypothesis that antimicrobial-resistant enterococci of animal origin could be
transferred to the intestine of healthy humans via food is indirectly supported also by
studies describing clonally related strains in meat products and in the feces of healthy
meat consumers. Donabedian et al. described closely related gentamicin-resistant
E. faecalis strains in multiple pork samples and one human sample, and indistinguish-
able strains in a chicken meat sample and a human sample in the USA (Donabedian
et al. 2003). Agerso et al. demonstrated clonal relatedness between five vancomycin-
resistant E. faecalis (VREFs) from turkey meat and from the intestine of healthy
humans in Denmark (Agerso et al. 2008). Similarly, in an additional study from
Denmark, Hammerum et al. reported the occurrence of highly related VREFm isolates
in Danish pig samples and in the intestine of a healthy human who reported no contact
with pigs but had eaten pork (Hammerum et al. 2004).

In conclusion, based on the current knowledge, ingested antimicrobial-resistant
enterococci of animal origin can be shed with feces for a variable time, likely
depending on the numbers of enterococci ingested as well as on host factors, but it
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remains unknown whether animal strains are able to permanently colonize the
human intestine and to what extent their transit through the intestinal lumen allows
for a significant transfer of antimicrobial resistance genes to the indigenous
microbiota.

19.3.2 Transmission via Direct Contact with Food Animals

Farm and slaughterhouse workers and veterinarians are the main categories at risk
for this transmission route since they are daily exposed to high numbers of animals.
High density of animals and animal excreta implies a high load of fecal bacteria in
farm environments. Various studies showed that genetically related antimicrobial-
resistant enterococci can be isolated from animal feces, insects, dust, and air inside
and in proximity of farms, which indicates the existence of multiple sources of
human exposure to animal enterococci, as extensively reviewed by the European
Food Safety Authority (EFSA BIOHAZ Panel 2021). Different studies reported
occurrence of genetically related enterococci strains displaying specific resistance
phenotypes in the feces of animals and healthy farm workers. VREFm clones shared
by turkey, turkey farmers, and turkey slaughterers and by broiler and broiler farmers
were detected in the Netherlands and in Norway (van den Bogaard et al. 1997a, b;
Simonsen et al. 1998; Stobberingh et al. 1999; Jensen et al. 2003). Clonally related
quinupristin-/dalfopristin-resistant E. faecium were isolated from a poultry farmer
and his animals in the Netherlands (Jensen et al. 1998). Closely related plasmids and
indistinguishable Tn1546 variants harboring vanA have been reported in genetically
unrelated VREFm isolated from poultry and workers within farms (Stobberingh
et al. 1999; van den Bogaard et al. 2002; Sletvold et al. 2007), suggesting that vanA
of animal origin may be horizontally transferred to the intestinal microbiota of farm
workers. Evidence of human infections caused by antimicrobial-resistant entero-
cocci transmitted by direct contact with production animals is limited to a single
study. Das et al. reported a VREF-infected wound in a worker who was injured while
working at a factory packaging chickens (Das et al. 1997). The strain isolated from
the wound had the same resistance profile of isolates from the factory and the patient
had no risk factors for a VREF infection, strongly supporting animal origin of the
infection (Das et al. 1997).

19.3.3 Transmission via Direct Contact with Companion Animals

The role of companion animals as reservoirs of antimicrobial-resistant enterococci
was first hypothesized in 1996, when van Belkum et al. discovered that (i) 17% of
dogs and cats examined harbored VREFm while the incidence among people living
in the same area was 2–3% and (ii) VREFm isolates from a dog, a cat, and a human
carrier were indistinguishable by pulsed-field gel electrophoresis (PFGE) (van
Belkum et al. 1996). The authors concluded their article by raising the question,
“which dog poses a greater risk to the postman: the one that barks or the one that
wags its tail?” (van Belkum et al. 1996). Companion animals represent potential
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sources of antimicrobial-resistant bacteria since they live in close contact with their
owners and are often administered antimicrobials belonging to the same classes used
for treatment in humans (Guardabassi et al. 2004; Jackson et al. 2009).
Antimicrobial-resistant enterococci can be isolated from different animal body
sites and from feces, which may represent a source of contamination of domestic
and urban environment (Jackson et al. 2009; Ghosh et al. 2011). AREFm were
detected in a considerable proportion of dogs and cats in different European coun-
tries, being reported in 23% (of 183), 30% (of 79), and 76% (of 25) of dogs in the
UK, the Netherlands, and Denmark, respectively, and in 13% (of 85) of cats in the
Netherlands (Damborg et al. 2009; de Regt et al. 2012). This is in contrast with food-
producing animals, where AREFm are rare or not detected by national surveillance
programs (Table 1), and may reflect the frequent usage of aminopenicillins and other
β-lactam antibiotics in small animal veterinary medicine. In addition, VREFm were
detected in 1.4% (out of 71) and 13% (out of 87) of dog feces samples examined in
Portugal and Spain, respectively (Herrero et al. 2004; Poeta et al. 2005). Occurrence
of VRE in dogs was reported also outside Europe. The first VREFm reported in a
dog in the USAwas shown to harbor a mutated form of Tn1546 described in human
patients (Simjee et al. 2002). A VREF from a dog with mastitis displayed a PFGE
profile prevalent among human isolates in New Zealand (Manson et al. 2003). A
recent meta-analysis and systematic review indicated a significant heterogeneity of
the data on the prevalence of VRE in companion animals with a pooled prevalence in
dogs and cats of 18.2% and 12.3%, respectively (Wada et al. 2021). These studies
suggest that VREFm and vanAmay be exchanged between humans and dogs but the
importance and prevalent direction of this transmission route is impossible to assess.

19.4 Genetic Links Between Clinical and Animal Strains

Even if it appears plausible that antimicrobial-resistant enterococci of animal origin
transiently colonize the digestive tract of humans and/or transfer resistance genes to
human-adapted strains, the magnitude and the clinical consequences of this biolog-
ical phenomenon are controversial. This section reviews the knowledge of the
genetic similarities between human clinical and animal strain populations of
E. faecium and E. faecalis. This information, complemented with epidemiological
data, is of paramount importance to assess the risk of zoonotic transmission of
antimicrobial resistance by clonal propagation and horizontal gene transfer.

19.4.1 Genetic Links Between Clinical and Animal E. faecium

E. faecium can be divided into two genomically distinct groups, A and B, which
include hospital-associated and community-associated isolates, respectively
(Lebreton et al. 2013). Within group A, an additional separation into clade A1,
including the vast majority of hospital-associated isolates, and clade A2, mainly
associated with animals but also including clinical isolates, has been proposed and
validated with different strain collections (Lebreton et al. 2013; Raven et al. 2016a;
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Manson et al. 2019; van Hal et al. 2022). Clade A1 comprises the epidemic lineages
associated with nosocomial infections worldwide, which are clonal complexes
17 (including, among others, sequence types ST16 and ST17), 18 (ST18), and
78 (ST78 and ST192), as identified using multilocus sequence typing (MLST)
(Willems et al. 2012). These hospital-associated lineages are generally characterized
by ampicillin resistance and are particularly enriched in genes encoding colonization
and adhesion factors, which likely play a role in virulence (Somarajan and Murray
2013). Animal strains rarely overlap with the hospital-associated lineages, with the
notable exception of canine E. faecium strains. Indeed, AREFm belonging to the
hospital-associated ST78 and ST192 have been frequently detected in dogs but they
generally lack genes encoding putative virulence factors (Damborg et al. 2009).
Thus, it appears that animal and clinical E. faecium strains constitute two distinct
subpopulations in relation to ampicillin resistance and occurrence of putative viru-
lence factors. Similar conclusions have been drawn for VREFm. The population
structures of VREFm isolated from human patients and animals are generally diverse
and overlap only sporadically (Woodford et al. 1998; Jung et al. 2006; Biavasco et al.
2007; Donabedian et al. 2010; Freitas et al. 2011; Hammerum 2012; Tzavaras et al.
2012; Willems et al. 2012; Getachew et al. 2013). Among lineages of clinical
relevance, there are single reports of vanA-positive VREFm ST132 (related to
ST18) in swine in Portugal, vanA-positive VREFm ST78 in rabbit meat, and
vanB-positive VREFm ST17 in chicken meat and veal in Spain (Lopez et al.
2009). VREFm lineages grouped in clonal complex CC5, which are common
among porcine strains of diverse geographical origin, have been sporadically
reported as a cause of urinary tract infections in hospitalized patients (Freitas et al.
2011). Altogether, these findings suggest that animal VREFm strains have a limited
zoonotic potential.

A series of evolutionary studies based on comparative genome analyses of large
collections of E. faecium with different antimicrobial resistance profiles and isolated
from various geographical regions has conclusively substantiated the limited genetic
links between animal and clinical E. faecium. These studies have shown that animal
and clinical strains, although evolutionary linked, constitute different subpopulations
or clades that diversified mainly through recombination and acquisition or loss of
mobile genetic elements (MGEs) and eventually adapted to different ecological
niches (van Schaik et al. 2010; de Regt et al. 2012; Galloway-Pena et al. 2012;
Willems et al. 2012; de Been et al. 2013; Lebreton et al. 2013; Gouliouris et al. 2018;
O’Dea et al. 2019; Arredondo-Alonso et al. 2020; Lee et al. 2021). Recent taxonomy
studies support that the strains of E. faecium clade B should be classified as
Enterococcus lactis (Belloso Daza et al. 2021).

19.4.2 Genetic Links Between Clinical and Animal E. faecalis

Also in E. faecalis, few genetic lineages such as CC2, CC9, CC87, and ST16 are
particularly enriched among nosocomial isolates and associated with multidrug
resistance, as shown by molecular epidemiological studies using MLST and further
confirmed by studies based on whole genome sequence (WGS) data analyses
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(McBride et al. 2007; Freitas et al. 2009; Willems et al. 2011; Palmer et al. 2012;
Tedim et al. 2015; Raven et al. 2016b). However, differently from E. faecium, the
E. faecalis hospital-associated clones are phylogenetically closely related to human
commensal and animal strains, indicating the absence of a clear boundary between
clinical and non-clinical strains (Palmer et al. 2012; Kim and Marco 2014; Guzman-
Prieto et al. 2016; Pöntinen et al. 2021). For some of the lineages enriched among
hospitalized patients, like CC2 and CC87, the genetic link between clinical and
animal strains seems to be weak as descriptions in animal sources have been only
sporadic and included, for example, findings in a black rat in Spain; in dogs, pigs,
and natural gilthead seabream in Portugal; and in crows in the USA (McBride et al.
2007; Freitas et al. 2009; Freitas et al. 2011; Barros et al. 2012; Kuch et al. 2012;
Oravcova et al. 2014; Lozano et al. 2015; Marques et al. 2018). On the contrary,
ST16 is well represented among isolates in hospitalized patients as well as healthy
humans and animals (Ruiz-Garbajosa et al. 2006; Willems et al. 2011; Kuch et al.
2012; Tedim et al. 2015; León-Sampedro et al. 2019). In a study examining
386 contemporary human E. faecalis from hospital and community sources in
6 European countries, ST16 represented 11% and 15% of the total hospital- and
community-associated strains, respectively (Kuch et al. 2012). Half of the ST16
strains from each source displayed gentamicin resistance, suggesting that up to 6%
of nosocomial infections by gentamicin-resistant strains may be acquired in the
community (Kuch et al. 2012). Notably, ST16 was found highly predominant
among gentamicin-resistant E. faecalis isolated from pigs and pork in Denmark in
2001–2002 and represented 9% of 22 E. faecalis isolates from endocarditis patients
in the same country in 1996–2002 (Larsen et al. 2010). These porcine and human
strains were shown to be closely related genetically using pulsed-field gel electro-
phoresis (PFGE), which suggested a link between gentamicin-resistant E. faecalis
ST16 in pigs and human patients in Denmark (Larsen et al. 2010). When sequencing
32 E. faecalis from retail chicken meat in the USA and comparing them with
available sequences of 149 clinical, commensal, and animal isolates, Manson et al.
identified a cluster of gentamicin-resistant ST16 E. faecalis including 2 chicken meat
strains, 9 porcine strains, and 1 clinical strain. The strains in this cluster differed for
56–92 single nucleotide polymorphisms (SNPs) based on single-copy core genome
phylogeny, strongly indicating high genetic similarity between clinical and animal
strains (Manson et al. 2019). Gentamicin-resistant ST16 strains have also been
associated with nosocomial infections in Cuba, Japan, and Saudi Arabia, with
urinary tract infection patients and their chickens in Vietnam, with urinary tract
infections in cats, and with swine and poultry sources in Portugal (Freitas et al. 2009;
Quinones et al. 2009; Watanabe et al. 2009; Poulsen et al. 2012; Novais et al. 2013;
Marques et al. 2018; Farman et al. 2019). Multidrug-resistant ST16 strains
displaying additional resistance to linezolid have been reported in patients in Bel-
gium, China, Colombia, Cuba, Denmark, Germany, Greece, Japan, Korea, Malaysia,
Thailand and the UK (Quinones et al. 2009; Spiliopoulou et al. 2011; Diaz et al.
2012; Weng et al. 2013; Kudo et al. 2014; Vorobieva et al. 2017; Bender et al. 2018;
Angeles Argudín et al. 2019; Tsilipounidaki et al. 2019; Saavedra et al. 2020; Park
et al. 2020; Ma et al. 2021; McHugh et al. 2022); in healthy humans in Portugal and
the USA (Freitas et al. 2009; Freitas et al. 2020); in pigs in Colombia, Italy, Korea,
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and Portugal (Novais et al. 2013; Tamang et al. 2017; Fioriti et al. 2020; Freitas et al.
2020); and in goats in China (Yang et al. 2022). Vancomycin-resistant ST16 strains
have been isolated from poultry meat in Portugal (Freitas et al. 2009), American
crows in the USA (Oravcova et al. 2014), and migrating birds in Tunisia (Ben Yahia
et al. 2018). The widespread distribution of E. faecalis ST16 resistant to clinically
important antimicrobials across several host species and countries provides ample
opportunities for spillover from a reservoir to another, which may ultimately result in
disease in humans. Also other E. faecalis lineages are shared between human
patients and animals. For example, ST108 is predominant among VREFs isolated
from humans and poultry in New Zealand and also shows bacitracin resistance,
which is consistent with a possible transfer to humans after resistance to this
veterinary antibiotic is acquired in poultry production (Rushton-Green et al. 2019).
Linezolid-resistant ST480 of bovine, porcine, and human clinical origin in Belgium
has been shown to differ only by 10–25 SNPs out of 1945 loci used to build the
phylogeny, and such close phylogenetic relationship along with the common geo-
graphical origin suggests an epidemiological link between these strains
(Timmermans et al. 2021).

In summary, a zoonotic transmission of antimicrobial-resistant E. faecalis clones
appears to be possible based on the available epidemiological studies, but there have
not been enough studies to date to prove the robustness of this information.

19.4.3 Genetic Links Between Mobile Genetic Elements in Clinical
and Animal Enterococci

The transfer of MGEs carrying antimicrobial resistance genes from animal entero-
cocci to human pathogenic strains may be considered a zoonosis. Transferability of
MGEs from animal to human enterococci strains has been demonstrated in vitro
and/or in animal models, including transferability of gentamicin resistance in
E. faecalis and of ampicillin, gentamicin, and vancomycin resistance in E. faecium
(Lester and Hammerum 2010; Ghosh et al. 2011; Sparo et al. 2012; Novais et al.
2013). However, these studies were not designed to determine if the strains with the
newly acquired, animal-origin antimicrobial resistance caused infections in humans.
Early studies based on traditional typing methods indicated the occurrence of host-
specific mutations in transposons and resistance genes and inferred possible animal-
to-human transmission based on the occurrence of animal-specific mutations in
strains of human origin. For example, a point mutation (G to T) in vanX in
Tn1546 has been consistently associated with E. faecium isolated from poultry
(G) and pigs (T), while both types occur among human clinical isolates (Jensen
1998; Hammerum 2012). Similarly, different erm(B) alleles occurred at different
frequencies among macrolide-resistant E. faecium isolates from pigs and poultry,
and all variants were present among isolates from healthy and diseased humans
(De Leener et al. 2005). These studies, as well as evidence of indistinguishable
MGEs in healthy animal and clinical human strains (Hegstad et al. 2010; Werner
et al. 2013), suggested exchange of MGEs carrying antimicrobial resistance genes
between animal and clinical enterococci. However, studies using WGS have
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minimized this risk. A study investigated a large (n¼ 1644) collection of E. faecium
isolates from hospitals, healthy individuals, and animals using short- and long-read
sequencing in combination with a machine learning classifier. The study revealed
that evolution of plasmids in E. faecium is driven by host and ecological factors that
hinder transmission between different reservoirs (Arredondo-Alonso et al. 2020).
Another large-scale study conducted on E. faecium isolates from livestock, retail
meat, wastewater, and bloodstream infections in the UK provided further evidence
for niche adaptation and limited exchange of antimicrobial resistance genes between
these reservoirs on a national scale (Gouiliouris et al. 2018). The picture seems to be
rather different for E. faecalis. WGS analysis of a unique collection of 2207
E. faecalis strains isolated from different sources over a period of 82 years
(1936–2018) showed that the accessory genome of this species is shared between
various host types, including animals and human patients (Pöntinen et al. 2021). The
authors concluded that E. faecalis is an ecological generalist microbe that carries
genes or adaptive variants that enable its survival in different ecological niches, as
opposed to E. faecium, which appears to be highly host-specific and comprises
lineages that are clearly adapted to specific hosts.

19.5 Conclusions

Enterococci are among the leading causes of life-threatening infections in humans,
such as bacteremia and endocarditis. These infections are generally treated empiri-
cally and the consequences of treatment failure may be fatal to the patient if infection
is caused by a strain resistant to first-line agents. By this chapter, the authors made an
attempt to evaluate to what extent resistance problems in enterococcal infections in
humans are attributable to strains and MGEs of animal origin. Aquatic animals and
derived seafood were not included in the review, as enterococci isolated from these
sources often derive from anthropogenic contamination. The authors’ conclusion is
that, in general, clinical E. faecium strains are not genetically linked to animal
sources, whereas the boundary between animal and clinical E. faecalis strains is
not well defined. Although there is a potential risk of clonal transmission of AREFm
from companion animals, which are frequent carriers of hospital-associated lineages
such as ST78 and ST192, the magnitude of such risk appears to be limited since
strains isolated from these animals usually lack the putative virulence factors present
in hospital strains. On the contrary, clear overlap is evident for multidrug-resistant
E. faecalis ST16, which has been associated with both human patients and various
animal species. Detailed population genetic analysis of E. faecalis indicates that this
species is an ecological generalist able to adapt to different hosts, thereby providing
opportunities for transfer of antimicrobial resistance between farms and hospitals, as
opposed to E. faecium that appears to be an ecological specialist.

Even though resistance genes of clinical relevance have been reported in entero-
cocci isolated from animals, comparison of data on occurrence of antimicrobial
resistance in animal, meat, and human clinical isolates indicates that antimicrobial-
resistant enterococci of animal origin pose an overall limited zoonotic risk, with
differences linked to geographical region, specific types of resistance, and animal
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sources. The major risk seems to be associated to horizontal transfer of gentamicin
resistance genes through consumption of poultry meat, especially in the USA, where
resistance to this first-line agent is relatively frequent in isolates from broiler and
turkey meat. Farm-to-fork transmission of gentamicin resistance genes is plausible
since aminoglycosides are used in livestock production but hardly ever used for
systemic antimicrobial therapy in the primary health-care sector because of paren-
teral administration and high toxicity. However, lack of prevalence and genomic data
on carriage of gentamicin resistance strains in the community hampers quantification
of this zoonotic risk. Similarly, zoonotic implications of linezolid-resistant strains
from bovines and pigs have been described in Belgium but based on circumstantial
evidence only. VRE strains causing human infections are not obviously linked to
animals as indicated by the fact that they are prevalent in countries where avoparcin
has never been used in livestock. Indigenous anaerobes in the patient’s digestive tract
seem to be a more important source of vanB operons than farm animals. As for vanA
operons, the risk of zoonotic transfer was significantly reduced by the ban on
avoparcin and by the consequent decrease of VRE in livestock.

The risk of foodborne transmission of antimicrobial-resistant enterococci is
significantly higher for poultry meat than for other food products of animal origin,
mainly due to higher risk of carcass contamination in poultry slaughtering and higher
consumption of poultry meat. Although horizontal transfer of resistance genes from
animal to human enterococci has been demonstrated to occur in the human digestive
tract under in vivo conditions, the clinical significance of this phenomenon appears
to be negligible, or at least limited, for E. faecium but not for E. faecalis. Thus, future
research should focus on the ecology and epidemiology of MGEs carrying resistance
genes of clinical relevance to assess the animal contribution to antimicrobial resis-
tance in E. faecalis infections in humans.

It should be emphasized that these conclusions are largely based on studies from
developed countries that either never used or banned the use of antimicrobial growth
promoters in livestock for nearly two decades (at the time of writing this review),
which has significantly reduced the occurrence of clinically relevant antimicrobial-
resistant enterococci in the animal reservoir. Further research is needed to assess the
risk of antimicrobial resistance transmission in countries where growth promoters
continue to be used, which include developing and least developed countries that
lack policies governing antimicrobial use and apply less efficient biosecurity mea-
sures to prevent zoonotic transmission.
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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) is an opportunistic human
pathogen primarily associated with skin and soft tissue infections (SSTIs), but it is
also an important cause of invasive and life-threatening infections. The emer-
gence of livestock-associated MRSA (LA-MRSA) clones over the last two
decades is worrisome, as they pose an additional threat to human health.
LA-MRSA is most prevalent in industrial pig production systems in Europe
and Asia but has also been increasingly recognized in other food animals and
geographical regions. S. aureus has a remarkable ability to adapt to different host
species, which is mediated by fixation of beneficial mutations and acquisition of
mobile genetic elements encoding antimicrobial resistance determinants as well
as colonization and virulence factors. LA-MRSA is a major cause of SSTIs
among livestock workers, who are thought to serve as a source of transmission
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to their household members and into the local rural community, from where the
bacterium can spread into healthcare settings. Importantly, these populations
include a higher proportion of elderly and immunocompromised people with an
elevated risk of developing invasive staphylococcal illnesses. In contrast, the risk
of foodborne transmission appears to be low, even though LA-MRSA is a
frequent contaminant of retail foods. Thus, there is an urgent need to identify
and implement effective control measures to prevent spillover of LA-MRSA from
livestock workers into the general population.

Keywords

Staphylococcus aureus · Methicillin-resistant Staphylococcus aureus · MRSA;
Antibiotic resistance; Antimicrobial resistance · Methicillin resistance · Humans ·
Animals · Food animals · Livestock; Zoonosis · Adaptation · Evolution ·
Epidemiology · Colonization · Transmission · Infection · Infectious diseases ·
Disease burden · Public health · One Health

20.1 Introduction

Staphylococcus aureus is an opportunistic pathogen that colonizes the nares, phar-
ynx, perineum, and other mucosal surfaces of about 50% of the human population
worldwide, of whom about 20% are persistent carriers (Lowy 1998; Wertheim et al.
2005; van Belkum et al. 2009). S. aureus usually spreads through direct exposure
(e.g., via hands) to colonized persons, and people colonized with S. aureus are at
increased risk for developing infections, especially when the skin or mucosal barriers
are breached or if the immune system is suppressed (Lowy 1998; von Eiff et al.
2001; Wertheim et al. 2005). S. aureus is primarily associated with skin and soft
tissue infections (SSTIs) but is also a prominent cause of invasive, life-threatening
infections, including bacteremia, endocarditis, osteomyelitis, and arthritis (Lowy
1998; Wertheim et al. 2005).

Methicillin-resistant S. aureus (MRSA) continues to be one of the most common
antibiotic-resistant bacteria causing invasive disease in humans. It is estimated that
in Europe alone MRSA causes approximately 171,000 invasive infections each year
(ECDC and EMA 2009). MRSA is resistant to nearly all β-lactam antibiotics, which
has serious implications for the treatment of severe infections. For example, it has
been estimated that MRSA was responsible for more than 100,000 deaths and 3.5
million disability-adjusted life-years (DALYs) attributable to methicillin resistance
based on an alternative scenario in which all MRSA infections were replaced by
methicillin-susceptible S. aureus (MSSA) infections (Antimicrobial Resistance Col-
laborators 2022). As a consequence, the World Health Organization now considers
MRSA to be one of the greatest threats to human health (WHO 2017). MRSA was
first described in patients in 1961 shortly after the introduction of the β-lactam
antibiotic, methicillin, as a treatment option against emerging penicillin-resistant S.
aureus (Jevons 1961). For a long while, hospitals and other healthcare institutions
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were the only reservoir for MRSA, but this changed dramatically in the 1990s with
the emergence of numerous MRSA clones in the community (Chambers and DeLeo
2009). These geographically and evolutionary distinct community-associated
MRSA (CA-MRSA) clones, such as USA300 in North America, continue to pose
a major threat to public health due to their rapid spread in the general population and
their ability to cause infections in young and otherwise healthy people.

Methicillin resistance in S. aureus is mediated by the mecA or mecC gene
encoding enzymes called penicillin-binding protein 2a (PBP2a) and penicillin-bind-
ing protein 2c (PBP2c), respectively, which confer resistance to virtually all β-lactam
antibiotics, including penicillinase-labile penicillins (e.g., penicillin G),
penicillinase-stabile penicillins (e.g., methicillin), and cephalosporins (e.g.,
cefoxitin). The mecA and mecC genes are located on chromosomally integrated
mobile genetic elements (MGEs) known as staphylococcus cassette chromosome
mec (SCCmec), which can be classified into types defined by the combination of the
type of ccr gene complex, which encodes unique site-specific cassette chromosome
recombinases, and the class of themec gene complex, which is composed ofmecA or
mecC and their regulatory genes (IWG-SCC 2009). MRSA clones are commonly
defined by their multilocus sequence type (e.g., ST8) or clonal complex (e.g., CC8; a
CC is a group of STs sharing at least five of seven identical alleles with at least one
other ST in the group) and the SCCmec type (e.g., SCCmec IV).

The first reports of MRSA in pigs and pig farmers originated from France and the
Netherlands and were published in 2005 (Armand-Lefevre et al. 2005; Voss et al.
2005), which marked the beginning of a new wave of methicillin resistance. Live-
stock-associated MRSA (LA-MRSA) is most prevalent in industrial pig production
systems but has also been reported from other food animals worldwide, although the
specific clones that have emerged vary with geographical location. For example,
CC398 is the predominant LA-MRSA clone in Europe, whereas most LA-MRSA
isolates from Asia belong to CC9. There is a wealth of literature concerning the
presence, characterization, and geographic distribution of LA-MRSA clones in food
animals, including the latest edition of this book and recent literature dedicated
entirely to this subject (Fitzgerald 2012; Guardabassi et al. 2013; Chuang and Huang
2015; Butaye et al. 2016; Fitzgerald and Holden 2016; Aires-de-Sousa 2017; Haag
et al. 2019). Our goal here is to discuss the origin, evolution, and host adaptation of
S. aureus in animals and the epidemiology and disease burden of LA-MRSA in the
human population, with special emphasis on CC398.

20.2 Origin and Evolution of MRSA in Animals

S. aureus is a model multihost pathogen responsible for an array of important
infections in both humans and food animals. The evolutionary origin of S. aureus
in different animal hosts has been an area of significant research interest over the last
10 years. In particular, the remarkable ability of S. aureus to adapt to different host
species has underpinned its expansion into new host niches and its corresponding
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economic and veterinary health impact. An understanding of the mechanisms
facilitating S. aureus host adaptation can reveal novel targets for the development
of therapeutics for controlling infections, some of which might be relevant to
multiple host species, including humans.

The availability of large numbers of whole genome sequences for S. aureus
isolates from different clinical, geographic, temporal, and host sources has led to
significant improvements in our ability to investigate the evolution of S. aureus
(Fitzgerald and Holden 2016). Although studies of animal S. aureus clones have
traditionally lagged behind research of human S. aureus clones, large numbers of
whole genome sequences have recently become available for animal isolates, thus
enabling us to trace the events that have promoted the evolution of animal-specific
clones (Richardson et al. 2018; Hoekstra et al. 2020; O’Dea et al. 2020; Ekesi et al.
2021; Shittu et al. 2021). These population genomic studies also provide a frame-
work to investigate the mechanisms of pathogenesis that underpin adaptation to
different host species.

Several studies have employed a population genomic approach to explore the
evolutionary history of animal S. aureus isolates and their relatedness to human S.
aureus isolates. Richardson et al. provided the most comprehensive analysis to date,
involving over 800 S. aureus isolates from 43 different host species across 50 coun-
tries (Richardson et al. 2018). The analysis demonstrated that much of the diversity
within S. aureus is represented by human isolates, while animal isolates often
represent animal-specific subtypes that are interspersed among human clones in
the S. aureus species phylogeny. Evolutionary analysis revealed that animal clones
have evolved through host switch events with humans being a major hub, although
cows also represent a reservoir for new pathogenic clones emerging in human
populations. The earliest of these host switch events occurred several thousand
years ago and have continued up to recent decades, correlating with the Neolithic
era and the subsequent expansion, industrialization, and globalization of agriculture.

After a host switch event, S. aureus has been shown to be able to overcome
narrow bottlenecks and high levels of genetic drift that reduce fixation of beneficial
mutations in order to adapt to the new host species. In an experimental model of host
switching, adaptive mutations were rapidly selected for and swept through the
infecting population (Bacigalupe et al. 2019). In fact, single mutations can have a
powerful impact on the capacity for bacterial host adaptation. For example, Viana
et al. demonstrated that clinical S. aureus isolates recovered from natural infections
of rabbits contain mutations in the dltB gene that are essential and sufficient for
pathogenicity (Viana et al. 2015). In addition to mutations, acquisition of genes that
are beneficial in the new host niche is critical for survival in the early stages after a
host switch. MGEs such as prophages, staphylococcal pathogenicity islands (SaPIs),
and plasmids have been identified that encode effectors facilitating innate immune
evasion in different host species. For example, human S. aureus clones harbor the
so-called immune evasion cluster 1 (IEC1) on a ΦSa3int prophage integrated into
the hlb gene on the bacterial chromosome (Bae et al. 2006; Richardson et al. 2018).
The IEC1 element encodes one or more determinants, including staphylococcal
complement inhibitor (SCIN), chemotaxis inhibitory protein of staphylococci
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(CHIPS), staphylokinase (SAK), staphylococcal enterotoxin A (SEA), and staphy-
lococcal enterotoxin P (SEP), each of which interacts specifically with components
of the human innate immune system (Thammavongsa et al. 2015). In addition, a
family of phages encodes leukocidin toxins, which have a host-dependent tropism
for neutrophils (Spaan et al. 2017). SaPIs commonly encode superantigens that
contribute to immune evasion by stimulating the activation of host-specific subsets
of T cells, leading to dysregulation of the T cell immune response (Deringer et al.
1997; Wilson et al. 2018). SaPIs can also encode von Willebrand factor binding
proteins (vWbps) that stimulate coagulation of plasma promoting abscess formation
(McAdow et al. 2012). While all S. aureus isolates contain a chromosomal copy of
the vwb gene, the encoded vWbp does not coagulate plasma from ruminants but the
SaPI-encoded variant does, thereby conferring the capacity for abscess formation in
cows, sheep, and horses (Viana et al. 2010). In parallel to gene acquisition, gene loss
is a common feature of host adaptation as demonstrated particularly for ruminant S.
aureus (Guinane et al. 2010; Richardson et al. 2018). A particularly striking example
is the evolution of a subtype of S. aureus subsp. anaerobius, a species that is a highly
host-specialized pathogen associated with a specific pathology of superficial lymph
nodes in goats and sheep known as Morel’s disease. During host restriction, large
chromosomal rearrangements have occurred along with the accumulation of over
200 pseudogenes, resulting in a highly fastidious metabolism (Yebra et al. 2021).
Moreover, the number of insertion sequences (IS) has expanded, particularly in
intergenic regions where they provide distinct mechanisms for the control of expres-
sion of flanking genes (Yebra et al. 2021). In addition to gene acquisition and loss,
over a longer period of time in the new host, mutation and recombination contribute
to further refinement to differences in nutrient availability that exist in the new host.
For example, bovine S. aureus exhibits enhanced utilization of lactose, the major
source of carbohydrate in milk, which might be the result of mutations affecting
expression of sugar transport systems (Richardson et al. 2018).

The evolutionary history of important S. aureus clones in food animals has been
explored previously. For example, the first report of a host switch event leading to
the emergence of a poultry-adapted S. aureus CC5 clone provided evidence for its
origin in humans followed by acquisition of avian-specific MGEs that promote
protection against killing by avian heterophils (Lowder et al. 2009; Ekesi et al.
2021). The S. aureus CC5 clone was subsequently disseminated around the world
via the globalized broiler poultry industry.

Subsequently, Price et al. used a comparative genomic approach to dissect the
evolutionary history of S. aureus CC398, which comprises the predominant
LA-MRSA clone in Europe (Price et al. 2012). The analysis showed that LA-MRSA
CC398 evolved from a human variant of S. aureus CC398, and that the host switch
was accompanied by simultaneous loss of the IEC1-harboring ΦSa3int prophage
and acquisition of a transposon containing the tetracycline resistance gene tet(M).
This was later followed by acquisition of different SCCmec elements and other
determinants conferring resistance to some of the most frequently used veterinary
antimicrobials (Price et al. 2012; Sieber et al. 2018). LA-MRSA CC398 has become
particularly widespread in large-scale confined pig holdings (EFSA 2009, 2010) but
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is also found in other animals such as veal calves, horses, mink, and poultry, with
some of the isolates showing signs of further host adaptation through gene acquisi-
tion (Abdelbary et al. 2014; Larsen et al. 2016; Hansen et al. 2020; EFSA and ECDC
2021). The rapid spread of LA-MRSA CC398 is primarily facilitated by animal
movements, although spread via human carriers and contaminated fomites has also
been documented (Grøntvedt et al. 2016; Sieber et al. 2018; Smith et al. 2018).

The other major LA-MRSA clone, CC9, is common in pigs in some parts of the
world particularly in Asia (Ji et al. 2021; Jiang et al. 2021; Yu et al. 2021). Yu et al.
showed that LA-MRSA CC9 evolved from a human variant of S. aureus CC9
through a stepwise trajectory resembling that of LA-MRSA CC398, including initial
loss of the IEC1-harboringΦSa3int prophage and subsequent acquisition of different
SCCmec elements and other determinants, such as the tetracycline resistance gene
tet(L) and the SaPI-encoded vWbp protein associated with abscess formation in
cows, sheep, and horses (Yu et al. 2021).

20.3 Epidemiology and Disease Burden of LA-MRSA CC398
in Humans

Much of our knowledge about the epidemiology and disease burden of LA-MRSA in
humans comes from studies on the CC398 clone in Europe.

20.3.1 Epidemiology

The mechanisms leading to S. aureus colonization, transmission, and infection are
multifactorial and include both host and bacterial determinants (Wertheim et al.
2005). For example, S. aureus has to overcome several obstacles in order to colonize
the nares. First, S. aureus needs to come in contact with the nose. Second, S. aureus
must adhere to receptors in the nose. Third, S. aureus must be able to resist the host
defenses. Finally, S. aureus needs to be able to propagate in the nose. Hands are
considered to be the most important vector for S. aureus transmission to the nasal
niche. Most S. aureus infections are caused by the patient’s own S. aureus inhabiting
the skin or mucosal membranes prior to disease onset, and persistent carriers
therefore have a higher risk for developing an S. aureus infection (von Eiff et al.
2001). On the other hand, the mortality rate from S. aureus bacteremia is higher in
non-carriers than in carriers, suggesting that partial immunity might play an impor-
tant role (Wertheim et al. 2004).

LA-MRSA CC398 is frequently transmitted to persons who have direct exposure
to food animals, leading to carriage rates of up to 87% (Cuny et al. 2009; Garcia-
Graells et al. 2013). The frequency and duration of carriage seems to depend on the
intensity of livestock exposure. Livestock workers might carry LA-MRSA CC398
outside the farm environment for long periods up to several weeks. For example,
Köck et al. showed that the prevalence among pig farm workers decreased from 77%
to 46% during summer vacation (Köck et al. 2012), while Graveland et al. found that
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the prevalence among veal calf farmers was 26% to 11% in periods with and without
animal exposure, respectively (Graveland et al. 2011). In contrast, persons with
short-term exposure to positive animals are less likely to establish and maintain
LA-MRSA CC398 carriage for more than a few days (van Cleef et al. 2011a; Angen
et al. 2017). LA-MRSA CC398 is also commonly found in household contacts of
colonized or infected livestock workers and veterinarians, albeit usually at relatively
low frequencies of up to around 5% (Cuny et al. 2009; Garcia-Graells et al. 2013;
van Cleef et al. 2014; Verkade et al. 2014). LA-MRSA CC398 is primarily associ-
ated with SSTIs among young and otherwise healthy livestock workers but is also
capable of causing serious illness and even death in the general population, which
includes a higher proportion of elderly and immunocompromised people with an
elevated risk of developing invasive staphylococcal illnesses (Lekkerkerk et al.
2012, 2015; van Rijen et al. 2014; Deiters et al. 2015; Larsen et al. 2015, 2017;
Kinross et al. 2017; Sieber et al. 2020). This is illustrated by surveillance data from
Denmark, which showed that approximately 30% of all LA-MRSA CC398 SSTIs
and 60% of all LA-MRSA CC398 bloodstream infections (BSIs) occur in people
without livestock exposure (Larsen et al. 2017).

There is a clear spatiotemporal relationship between LA-MRSA CC398 infec-
tions in people with and without livestock exposure, suggesting that persons with
direct livestock exposure might serve as a source of transmission to their household
members (indirect exposure) and into the local rural community, from where the
bacterium can spread into healthcare settings (Larsen et al. 2015). It should be noted,
however, that the transmissibility of LA-MRSA CC398 in community and
healthcare settings is significantly lower than that of other MRSA clones (Bootsma
et al. 2011; Wassenberg et al. 2011; Hetem et al. 2013; Verkade et al. 2014), which
might explain why LA-MRSA CC398 only causes sporadic illness in persons living
in urban areas and minor outbreaks in healthcare institutions. LA-MRSA CC398 has
undergone several genetic changes that in theory could have reduced the bacterium’s
ability to survive and cause disease in the human population. For example,
LA-MRSA CC398 lacks many of the colonization and virulence factors found in
human S. aureus clones, including extracellular matrix-binding protein-binding
protein (Empbp), elastin-binding protein (EbpS), Panton-Valentine leukocidin
(PVL), toxic shock syndrome toxin 1 (TSST1), staphylococcal enterotoxin B
(SEB), staphylococcal enterotoxin C (SEC), staphylococcal enterotoxin K (SEK),
staphylococcal enterotoxin L (SEL), staphylococcal enterotoxin Q (SEQ), and
exfoliatin A (Hallin et al. 2011). LA-MRSA CC398 also lacks the IEC1 element
and the associated ability to evade our innate immune system due to loss of the
ΦSa3int prophage during the human-to-animal host switch event (Price et al. 2012).
Finally, LA-MRSA CC398 has acquired several MGEs encoding resistance to a
wide range of the most frequently used antimicrobial drugs in pigs, which are likely
to exert a considerable fitness cost outside the livestock reservoir (Andersson and
Hughes 2010; Sieber et al. 2018).

LA-MRSA CC398 is a frequent contaminant of retail foods in Europe, including
pork, beef, veal, chicken, turkey, lamb, and mutton, and it therefore seems reason-
able to assume that people are exposed to this bacterium with some frequency
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through consumption or handling of contaminated food products (Kluytmans 2010).
Indeed, it has been shown that contaminated poultry meat can be a source of
LA-MRSA CC398 infection (Larsen et al. 2016). However, the majority of
LA-MRSA CC398 infections occurs in persons living in rural areas where food
animals are raised, as mentioned above, suggesting that the spread of LA-MRSA
CC398 into the general population is mainly due to local transmission from nearby
animal farms. LA-MRSA CC398 has also been detected in low concentrations in air
and soil samples collected around pig farms, but it is currently unknown whether,
and to what extent, these environments play a role in LA-MRSA CC398 transmis-
sion to humans (Schulz et al. 2012; Angen et al. 2021).

20.3.2 Disease Burden

MRSA continues to pose a significant public health threat worldwide. For example,
MRSA accounted for approximately 22% of infections caused by antibiotic-resistant
bacteria of public health concern within the European Union and European Eco-
nomic Area (EU/EEA) during 2015, 21% of attributable deaths, and 19% of DALYs
(Cassini et al. 2019). In a more recent study, MRSA was found to be the leading
pathogen-drug combination worldwide during 2019, when it caused more than
100,000 deaths and 3.5 million DALYs (Antimicrobial Resistance Collaborators
2022). In contrast, the relative disease burden of LA-MRSA CC398 is geographi-
cally heterogeneous. Kinross et al. estimated the burden of human infections caused
by MRSA CC398 in seven EU/EEA countries during 2013, measured as the
proportion of LA-MRSA CC398 cases among the total number of MRSA cases
(Kinross et al. 2017). Overall, LA-MRSA CC398 accounted for 9.0% of the total
number of MRSA cases. Denmark, the Netherlands, and Spain had a substantially
higher estimated disease burden of LA-MRSA CC398 than France, Germany,
Norway, and Poland (16.7%, 21.5%, and 9.7% vs. 1.7%, 2.6%, 1.5%, and 1.8%,
respectively). In comparison, the burden of LA-MRSA CC398 in Denmark and the
Netherlands was much lower in a similar study conducted by van Cleef et al. in 2007
(1.6% and 11.9%, respectively) (van Cleef et al. 2011b). This temporal trend was
paralleled by a shift in the proportion of MRSA bloodstream infections (BSIs)
caused by LA-MRSA CC398, which increased from 0.6% in 2007 to 4.6% in
2013 (van Cleef et al. 2011b; Kinross et al. 2017). Surveillance data from Denmark
and the Netherlands suggest that LA-MRSA CC398 still accounts for a substantial
proportion of the total number of MRSA cases (DANMAP 2021; NethMap 2021).

There are two main reasons that explain the high relative burden of LA-MRSA
CC398 in Denmark and the Netherlands. First, both countries are relatively small
with a population of 5.8 and 17.3 million, respectively (https://data.worldbank.org/),
but have large industrial pig production systems (https://www.fao.org/faostat/) with
a high prevalence of LA-MRSA CC398 (EFSA and ECDC 2021). Second, Denmark
and the Netherlands have very low levels of other MRSA clones compared to other
European countries. This is illustrated by the fact that MRSA accounted for only
2.2% and 1.6% of all episodes of S. aureus BSI in Denmark and the Netherlands in

618 A. R. Larsen et al.



2019, respectively, when the population-weighted EU/EEA mean was 15.5%
(ECDC 2020).

Surveillance data from Denmark illustrate the connectivity between the preva-
lence of LA-MRSA CC398 in pigs and the disease burden. Larsen et al. showed that
the prevalence of LA-MRSA CC398 in Danish pig farms increased from 16% in
2010 to more than 60% in 2014, which was paralleled by an increasing number of
LA-MRSA CC398 SSTIs and BSIs (Larsen et al. 2017). In 2014, LA-MRSA CC398
accounted for 16% and 21% of all MRSA BSIs and SSTIs, corresponding to 1.2 and
37.4 cases of BSI and SSTI per 1,000,000 person-years, respectively. Approximately
30% of all patients with LA-MRSA CC398 SSTI and 60% of all patients with
LA-MRSA CC398 BSI reported neither direct nor indirect livestock exposure,
reflecting the fact that the general population comprises a higher proportion of
people at elevated risk of developing invasive infections, compared to people with
livestock exposure. The 30-day case-fatality rates among patients with LA-MRSA
CC398 BSI and other types of MRSA BSI were not significantly different from each
other (35% vs. 21%), which suggests that LA-MRSA CC398 is as capable as other
MRSA clones of causing death once it has entered the bloodstream.

20.3.3 Emerging Public Health Threats?

The last 10 years of population genomics have improved our understanding of the
evolution of LA-MRSA. However, it is evident that new clones are emerging and
existing clones continue to evolve. For example, two recent studies from Australia
identified a hitherto unrecognized LA-MRSA clone, CC93 (Sahibzada et al. 2017,
2020). Analyses of the isolates showed that they are closely related to isolates
belonging to the predominant CA-MRSA clone in Australia, CC93, suggesting
that they might have evolved through a recent human-to-animal host switch event.
In contrast to LA-MRSA CC398, a substantial proportion of the LA-MRSA CC93
isolates carry the same IEC1 element and PVL-encoding lukS-PVand lukF-PV genes
as their presumed CA-MRSA CC93 progenitor. The presence of PVL in LA-MRSA
CC93 has raised public health concerns because of the association between PVL and
development of severe staphylococcal diseases, including sepsis, in young and
otherwise healthy people (Tong et al. 2010).

Other studies have shown that LA-MRSA CC398 might be capable of adapting to
the human host through acquisition the phage-encoded immune modulators. For
example, a Danish study showed that 6% of human LA-MRSA CC398 isolates
collected during 2004–2011 harbored the IEC1 element, while a German study
found a low, albeit slightly increasing, prevalence of IEC1 among LA-MRSA
CC398 isolates from hospital patients during 2000–2015, ranging from 1.1% during
2000–2006 to 3.9% during 2007–2015 (Larsen et al. 2015; van Alen et al. 2018). In
another study, Gerlach et al. showed that 40% of LA-MRSA CC398 isolates from
pigs in Denmark produce another phage-encoded immune modulator enzyme known
as TarP, which enables S. aureus to evade antibody-mediated immune recognition by
altering the dominant cell surface epitope known as wall teichoic acids (Gerlach
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et al. 2018). In a later study, Sieber et al. were able to demonstrate that reacquisition
of the IEC1-harboring ΦSa3int prophage by LA-MRSA CC398 facilitates house-
hold transmission and further spread into the community and healthcare settings
(Sieber et al. 2020). The additional disease burden attributable to IEC1-positive
LA-MRSA CC398 isolates was nevertheless relatively low, and the authors found no
evidence to suggest that they have become self-sustainable in the general population.
In contrast to IEC1, TarP did not influence household transmission of LA-MRSA
CC398.

Antimicrobials are widely used for treatment of animals with clinical infectious
disease, disease prevention, and growth promotion in food animals. In EU/EEA,
antimicrobial use in food animals is estimated to account for approximately 50% of
the annual antimicrobial consumption, some of which are important for human
medicine, including the treatment of S. aureus infections (EMA 2019; ECDC et al.
2021). The widespread use of antimicrobials in food animals is thought to be a major
driver of antimicrobial resistance and, in the worst case, might lead to the emergence
of multidrug-resistant bacteria that are difficult to treat in humans. In accord with this
view, most LA-MRSA isolates are resistant to multiple classes of veterinary antimi-
crobials such as β-lactams (mediated by the mecA or mecC gene), aminoglycosides,
lincosamides, macrolides, pleuromutilins, quinolones, streptogramins, and tetracy-
clines. However, there are still several alternatives available for the treatment of
LA-MRSA infections, including rifampin, fosfomycin, vancomycin, daptomycin,
linezolid, fusidic acid, and tigecycline, although it should be noted that resistance to
rifampin and linezolid has been described previously in LA-MRSA CC398 and
LA-MRSA CC9 (Kehrenberg et al. 2009; Li et al. 2016).

20.4 Research Needs

The dynamic nature of S. aureus genome evolution and its striking host adaptability
underscores the need for continued surveillance at the human-animal interface to
detect genetic as well as epidemiologic changes that affect public health. Most
LA-MRSA clones and isolates lack the IEC1 element, and many studies have used
PCR-based detection of the scn gene encoding SCIN (a marker of IEC1) to differ-
entiate between LA and human variants. However, many variables can influence the
performance of this test in different settings, including the genetic background of the
local S. aureus populations (e.g., a relatively high proportion of LA-MRSA CC93
harbors the IEC1 element) and local evolutionary events (e.g., reacquisition of the
IEC1-harboring ΦSa3int prophage by LA-MRSA CC398). Whole genome sequenc-
ing (WGS) is increasingly used for S. aureus outbreak investigation and surveillance
and, as summarized in the current chapter, has been used to investigate the epide-
miology and population structure of LA-MRSA clones (Price et al. 2012; Yu et al.
2021). These reference population structures enable rapid and accurate typing of
isolates based on their phylogenetic relationships with the reference isolates as well
as identification of genetic changes that might affect the epidemiology. Furthermore,

620 A. R. Larsen et al.



machine learning approaches could be applied to identify high-risk clones with
potential to spread and cause disease in human populations.

The impact of LA-MRSA on human morbidity and mortality will likely increase
in the near future if LA-MRSA CC398 and other LA-MRSA clones are allowed to
spread into the general population, and it is therefore important to identify and
implement effective control measures to reduce the rate or level of LA-MRSA
carriage among livestock workers when they leave the farm (e.g., handwashing
and disinfection and change of clothes and footwear) in order to minimize the risk
of transmission outside the farm environment. There is also a need for studies that
evaluate the role of foodborne transmission and environmental contamination in the
expansion of LA-MRSA into the general population.

Food animals also carry MSSA isolates (Hasman et al. 2010). Yet, their impact on
public health has not been well studied. Preliminary surveillance data from Denmark
show that two-thirds of all LA S. aureus CC398 BSI isolates are methicillin-
susceptible, of which one-fourth harbor the IEC1 element (A. Larsen & J. Larsen,
unpublished data). Future studies should aim to determine the relative disease
burden of LA-MRSA and LA-MSSA in other parts of the world.

20.5 Conclusions

In summary, S. aureus has a remarkable capacity to adapt to different host species
and acquire resistance to antimicrobials. These traits demand close and continued
scrutiny via surveillance employing high-throughput WGS and phylodynamic and
machine learning approaches in order to identify high-risk clones and implement
measures to limit spread into and within human populations.
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Abstract

At present, various zoonotic and multidrug resistant (MDR) bacteria, including
but not limited to Staphylococcus aureus and Escherichia coli, are well-equipped
to survive and conquer new habitats, environments, and host species. These
bacteria carry the ability to cross host species barriers through host-range broad-
ening virulence factors and antimicrobial resistances, combined with mechanisms
allowing them to spread and prosper, not only in clinical environments but also
beyond their natural surroundings. This phenomenon can colloquially be sum-
marized as an “enlarging the cake” strategy, meaning that from a long-term
evolutionary perspective, generalist variants of bacterial species diverge into
distinct habitats on their way to a specialized existence within a niche. While
knowledge on the pathomechanisms behind bacterial diseases and infection
sources are readily available, trans-sectoral research on the transmission of
MDR bacteria across humans, animals, and the environment, although considered
to be a prime example of the One Heath concept, lies still in its infancy, especially
with respect to the role of companion animals. In addition, challenges such as the
mobilization of novel antimicrobial resistance genes from the global resistome as
well as incalculable external influences on this matter arising from both climate
and landscape changes are predicted to arise in the near future. However, new
opportunities to combat MDR bacteria in human and veterinary medicine lie
within research conducted across the One Health framework: Novel technologies
powered by bioinformatics that permit bacterial identification, typing, and source
attribution on a nearly unlimited scale, allowing to unravel the natural forces
driving bacterial evolution and enabling the development of suitable intervention
strategies.

Keywords

Antimicrobial resistance · Companion animals · Antibiotics · Resistome ·
Infection medicine · Inter-species transmission · Methicillin resistant
Staphylococcus aureus · MRSA · Escherichia coli · Extended-spectrum
ß-lactamase · ESBL · Selective pressure · Drug resistance · Surveillance
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21.1 Rising Awareness of Antimicrobial-Resistant and Zoonotic
Bacteria in Human and Animal Medicine

Surviving under the selective pressure of an anti-infective agent to which the bacteria
originally had been susceptible is referred to as antimicrobial resistance (AMR)
(WHO 2017a). Acquired antimicrobial resistance is a result of either mutations
within the bacterial genome or an uptake of foreign genetic material (Schwarz
et al. 2017). Only recently AMR among common zoonotic bacteria has been
recognized as an emerging threat for public health (Rozman et al. 2019). Infections
associated with AMR pathogens often require extensive clinical care as well as
enhanced and/or sophisticated antibiotic treatment, which in turn can lead to an
increase of severe side effects for both, human and animal patients. Prolonged
patient suffering or even death, enhanced medical expenses, as well as considerable
economic costs are direct results of bacterial infections caused by resistant pathogens
(Wozniak et al. 2019). A recent study investigated 471 million individual records
and isolates world-wide with respect to AMR in human medicine. As a result, the
authors estimated a global burden of 1.2 million deaths from infectious diseases
being associated with AMR bacteria in 2019 alone (Murray et al. 2022). The leading
causes behind fatal outcomes were, among others, infections with Escherichia coli,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, and
Pseudomonas aeruginosa. As stated in the report (Murray et al. 2022), all of these
bacteria had previously been categorized as priority pathogens by the World Health
Organization (WHO 2017b). Since the early 2000s, reports on the occurrence and
spread of bacteria exhibiting AMR or even multidrug resistance (MDR), many of
which can spread between humans and animals such as methicillin resistant
Staphylococccus aureus (MRSA) and extended-spectrum β-lactam (ESBL)-produc-
ing bacteria of livestock and companion animal origin, have increased the awareness
of this particular topic and have highlighted its relevancy for public health (reviewed
in Walther et al. 2017; Walther 2021).

A PubMed search run illustrates the continuing annual increase of publications
tackling both leading topics during the last 20 years (Fig. 1).

While AMR entering the food-chain through animal products is monitored within
the European Union and many other industrialized countries, few countries monitor
AMR in bacteria of companion animal origin on a regular basis (Weese 2008).
However, reports on bacteria exhibiting AMR are only expected to increase even
further (Ogeer-Gyles et al. 2006).

A recent review suggests that the number of pathogens reported as causes behind
hospital-acquired infections (HAIs) in human medicine is limited to only 12–17
microorganisms, which account for up to 87% of the reported cases (Haque et al.
2018). This group comprises Gram-positive bacteria like S. aureus, coagulase-
negative staphylococci Enterococcus spp., Gram-negative enterobacteria, such as
E. coli, Klebsiella spp., Enterobacter spp., Proteus spp., as well as nonfermenters
P. aeruginosa and A. baumannii. The authors estimated that 16–20% of all HAIs
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were caused by MDR bacteria including MRSA, vancomycin-resistant E. faecium,
extended-spectrum β-lactam (ESBL)-producing Enterobacteriaceae, carbapenem-
resistant enterobacteria, and Gram-negative nonfermenters (Haque et al. 2018).

Of note, bacteria exhibiting AMR often reside within human-, but also veterinary
hospitals (Walther et al. 2017). Numerous reports on HAIs or even outbreaks
associated with transmissible MDR bacteria are currently available not only from
small animal clinics but also horse clinics (reviewed in Walther 2021). The most
frequently reported HAIs associated with the companion animal health care sector
are surgical site infections (SSI), blood stream infections, diarrhea, and urinary tract
infections (Walther et al. 2014; Stull and Weese 2015). Due to the lack of systemic
surveillance systems for recording infectious diseases across companion animals,
including zoonotic pathogens and HAIs, reliable data on the occurrence and fre-
quencies of various pathogens associated with outbreak scenarios in these hospitals
are mostly absent (Walther 2021). However, ESBL-producing Enterobacterales and
MRSAwere among the most frequently reported causes of HAI in veterinary clinics
(Wieler et al. 2015).

β-lactams, such as penicillin and cephalosporins, are known for their excellent
pharmacokinetic properties which are commonly accompanied by a low toxicity for
both humans and animals. Therefore, this group of well-tolerable anti-infective
substances is among the first-line options for empirical antibiotic treatment of
severe infectious diseases assumed to be caused by β-lactam susceptible bacterial
species, including life-threatening scenarios such as septicemia (Walther 2021).
Since β-lactam resistance is common among bacteria such as Escherichia coli and
Staphylococcus aureus isolates from human as well as animal clinical origin,
antibiotic options for severely ill patients are highly limited. Resistances toward
other classes of antibiotics are frequently associated with β-lactam resistance

Fig. 1 Increase of publications onMDR bacteria associated with animals 2000–2019. PubMed
search result (5 May 2021) of publications (total numbers (y)- and years on x-axis) on MRSA and
ESBL-producing bacteria associated with animals using search query: [((animal) AND (extended-
spectrum)) AND (lactamase) OR (ESBL)] and [(animal) AND ((aureus) AND (methicillin)) OR
(MRSA) AND (animal) per year]
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exhibiting bacteria such as ESBL-producing E. coli and MRSA (Geffers and
Gastmeier 2011; Ruiz-Ripa et al. 2021) and can lead to a further reduction of
therapeutic treatment options. Unsurprisingly, the development of specifically-
tailored strategies to reduce the global burden of bacterial AMR is currently regarded
as an urgent priority (Murray et al. 2022).

Understanding the evolutionary mechanisms and driving forces leading to the
accumulation of AMR in bacteria, especially those considered to be transferable
between humans and animals, is necessary in order to develop targeted and effective
interventions for lowering the burden associated with both, the occurrence and
spread of zoonotic AMR bacteria.

21.2 Mechanisms and Driving Forces Leading to the Emergence
and Spread of Zoonotic and Antimicrobial Resistant
Bacteria

21.2.1 The Accumulation of Mobile Antimicrobial Resistance
in Bacteria Is Influenced by Selective Pressure

Several environmental bacteria and other microorganisms produce, beyond other
metabolites, antibiotics to compete with co-habitants of their living space (Allen
et al. 2010) (Fig. 2). As defensive measures, these microorganisms have developed

Fig. 2 Illustration of the mobile resistome: Evolutionary and ecological relationship of antimicro-
bial resistance genes (ARGs). (Adapted from an idea published in Walther (2021) illustration
(created with BioRender.com, license BW (01.02.2021)). Natural and anthropogenic forces con-
tribute to the selective pressure that ultimately mobilizes ARGs (Allen et al. 2010). Transmission of
ARGs occurs through various pathways, summarized as horizontal DNA transfer (HDT) (reviewed
in von Wintersdorff et al. 2016)
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different mechanisms to exhibit AMR toward their own toxic agents (Davies and
Davies 2010).

Some of these AMR encoding genes have gained mobility throughout prolonged
periods of evolution, which in turn levelled the path for competing bacteria to also
adapt resistances (D’Costa et al. 2011). Specific lineages of MRSA, for instance,
emerged in European hedgehogs long before β-lactams were introduced for clinical
usage (Larsen et al. 2022). Moreover, it has been demonstrated that the hedgehog
dermatophyte Trichophyton erinacei produces two β-lactam antibiotics which provide
a natural selective environment for MRSA in this particular host (Larsen et al. 2022).

All mobile genetic elements of pathogenic, commensal, as well as environmental
bacterial origin constitute the global reservoir of antimicrobial resistance genes
(ARGs) (referred to as the “mobile resistome,” Fig. 2) from which susceptible
bacteria can acquire resistance via horizontal gene transfer (HGT) (Schwarz et al.
2017). The prevalence of AMR in wild animals is in fact positively correlated with
the level of human impact on the respective environment (Lagerstrom and Hadly
2021). While AMR among bacterial species residing in complex ecosystems is a
natural and ancient phenomenon (D’Costa et al. 2011), accumulation of mobilized
ARGs in bacteria is undisputable strongly anthropogenically influenced through
artificial substances inducing a selective pressure on microorganisms in distinct
life sectors (Wright 2007; Sultan et al. 2018) (Fig. 2). Thus, the use and misuse of
antibiotics, heavy metals, and many other selective agents result in an increased
spread of ARGs through mobile genetic elements (MGEs) from the environmental
resistome to the commensal and finally to pathogenic bacteria (Fig. 2) (McEwen and
Collignon 2018). The impact behind local and global changes in climate, especially
temperature, and their association with increased antibiotic resistance and spread
(Fig. 2) has recently shifted into focus of scientific interest (Rodriguez-Verdugo et al.
2020): many infectious diseases, including several vector- and water-borne diseases,
are strongly influenced by climate variability resulting from large-scale environmen-
tal phenomena (Cavicchioli et al. 2019), and, to further complicate this issue, a
recent prediction outlined that climate change will also increase rates of AMR in
Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus (MacFadden
et al. 2018).

The emergence of AMR bacteria in companion animals is a complex field of
research which is of increasing impact to both animal patient and public health issues
(Weese 2008). In light of the emerging importance of ESBL-producing E. coliwithin
farm and companion animals (Fig. 1), transmission of AMR pathogens (or resistance
conferring genes) between distinct habitats including the environment, other ani-
mals, and humans, through manure (Schaufler et al. 2015; Kauter et al. 2021; Koeck
et al. 2021) or close physical contact (Ewers et al. 2011; Wieler et al. 2011), for
example, has gained scientific attention. ARG transfer between bacteria commonly
residing within the intestines of humans and animal species, for instance, seems of
high importance in respect to ARG accumulation of pathogens (Hu et al. 2016):
Impressive networks for ARG transfer were identified for distinct genera such as
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria – bacteria that are
prone to HDT-mediated uptake of AMR (Hu et al. 2016). Among these, the species
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Escherichia coli, Bacteroides fragilis, and Staphylococcus aureus were found to
share the highest level of ARG interconnectivity, with each of them having the
ability to exchange resistance conferring genes with more than 260 bacterial species
(Hu et al. 2016).

21.2.2 The Emergence of Bacteria in Novel Habitats and Host
Species Followed by Subsequent On-Site Adaptation
Depends on Evolutionary Rules

Throughout recent years, new insights into the driving forces and mechanisms
behind the transmission of zoonotic infectious diseases were gained. Novel sequenc-
ing technologies, for instance, allow comparative genomics of microorganisms
residing in completely different locations (habitats), including bacteria associated
with specific hosts, such as plants, fungi, and animals, but also bacteria associated
with non-living environmental habitats (Sriswasdi et al. 2017). As a result, most
bacterial species on earth fulfil the criteria for specialists, i.e., bacteria that are well-
adapted to a specific living space and its particular environmental conditions, while
generalists are characterized by their ability to prosper in different habitats
(Sriswasdi et al. 2017). A habitat is defined as a specific space in which an organism
commonly occurs. It seems that the emergence of generalist species (Fig. 3)
possessing the ability to cross habitat (and species) barriers is, compared to the
across-the-board range of the more prevalent specialized species, likely a transition
phase (Sriswasdi et al. 2017). This period has been proposed to begin with the
sudden intrusion of a generalist species into a (naïve) habitat, accompanied by a
significant local proliferation and tendency to spread into further habitats (Fig. 3).

Once a generalist species has gained access to a novel habitat, the process of
adaptation begins immediately (Sriswasdi et al. 2017), since only rapid adaptation
allows the intruding bacteria to survive the novel environmental challenges (Fig. 3)
and putative co-habitants with respect to long-term survival on-site (Sriswasdi et al.
2017). To illustrate the mechanisms and evolutionary drivers behind the interspecies
transmission of AMR resistant bacteria, a closer inspection of habitat generalist
prime examples, such as Escherichia coli and Staphylococcus aureus, seems rea-
sonable, although only few lineages of the respective generalist population may
actually be more prone to cross multiple species barriers (Sheppard et al. 2018).
Consequently, these extended host spectrum genotype (EHSG) lineages (Walther
et al. 2009) are of highest concern with respect to zoonotic transfer and accumulation
of MDR, including high-risk clonal lineages (Wieler et al. 2015).

Of course, many vital events and circumstances promote or hinder the emergence
of a novel species within an unaffected living space (habitat), especially its acces-
sibility (Peterson 2011). At present, the accessibility of naïve habitats for bacteria
and other pathogens is largely influenced through direct and indirect anthropogenic
forces (Allen et al. 2010). Moreover, zoonotic host diversity increases in human-
dominated ecosystems (Gibb et al. 2020). First and foremost, the undamped
encroachment of humankind into our pristine nature has at least two significant,
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direct effects in regards to habitat accessibility of zoonotic bacteria: novel bacteria
(and ARGs) are carried to locations they have never entered before and, on the other
side, bacteria from these so far unexplored places are given access to the (general)
population.

Prominent examples of such indirect forces include climate change, availability
of essential supplies, selective pressure on bacterial habitats and, not at least,
behavioural changes of humans and animals alike. Frequent, close physical contact,
for instance, has become common between dogs and their owners (Wieler et al.
2015). A survey of a dog show event revealed that 68.5% of dog owners allowed
their dog(s) to rest on the sofa, 39.8% allowed their dog(s) to lay on their bed, 93.5%
let them lick their hands, and 52.8% let them lick their face (Walther et al. 2012). An
additional study revealed that dog ownership not only significantly increases the
shared skin microbiota in cohabiting adults, but dog-owning adults also share more
“skin”microbiota with their own dogs than with other dogs (Song et al. 2013). Thus,
close contact promotes the exchange of bacteria between humans and their compan-
ion animals, including horses, dogs, and cats (Bhat 2021). Access to novel habitats,
as illustrated above, challenges bacteria with novel environmental conditions,
resulting in either adaptation and survival or extinction. Examples of habitat gener-
alists include prominent MDR bacterial species such as MRSA and E. coli; species
which are of rising concern with respect to animal-human and human-animal
transmission. Taken together, both, the invasive capabilities of bacteria as well as
the consecutive process of on-site adaption challenged by novel habitats represents a
force of nature (Sriswasdi et al. 2017) and therefore requires consideration in future
research on the emergence of resistant and zoonotic bacteria in general.

Fig. 3 Illustration of the generalist-specialist cycle of bacteria (Sriswasdi et al. 2017). A
specialist (red) (1) develops into a generalist (blue), invades a novel habitat and proliferates (2).
The generalist species (2) spreads into additional habitats (indicated by differently coloured circles)
(3 and 4); if the generalist is not immediately become extinct within the novel living space (4),
adaptive processes (ultimately) lead to a novel specialist fully equipped for long-term survival
within the particular environment. The overall existence range of a habitat generalist seems,
compared to the dominance of specialists, much shorter (Sriswasdi et al. 2017)

634 B. Walther et al.



21.3 A Closer Inspection of Prime Examples for Zoonotic
and MDR Bacteria Reveals an Ongoing Adaptation
Processes Toward Novel Environments and Host Species

21.3.1 Picturing Adaptation Strategies of MDR Bacteria Associated
with Skin and Mucosal Surfaces: MRSA

21.3.1.1 Staphylococcus aureus Resides on Skin and Membranous
Surfaces

Staphylococci are part of the commensal microorganisms residing on the skin and
mucous surfaces of mammals and many other animals (Foster 2002). Classifying
between coagulase-negative (CNS) and coagulase-positive (CPS) staphylococci is
of high clinical relevancy: S. aureus, S. pseudintermedius, S. coagulans, S. hyicus, as
well as some species of minor importance for healthcare (Foster 2002) are characterized
by their ability to induce blood plasma coagulation via conversion of fibrinogen to
fibrin (Pickering et al. 2021). The resulting clot acts as a mechanical shield, as it protects
the bacteria from phagocytosis, enhances local adhesion opportunities and, not at least,
provides a space for local population development (Foster 2002).

21.3.1.2 Clinical Importance of S. aureus in Human and Veterinary
Medicine: A Brief Classification

While up to 40% of the general population occasionally carries S. aureus, 12–30%
appear to be colonized permanently (Becker et al. 2017). Whenever outer barriers of
the body, i.e., the skin or mucosal surfaces are vulnerable or damaged through either
internal or external factors, S. aureus can gain access to the underlying tissues or the
bloodstream and cause infection (Lee et al. 2018). The spectrum of illnesses caused
by S. aureus ranges from toxin-associated diseases, i.e., food-poisoning, exfoliative/
ulcerative skin diseases, and the toxic-shock syndrome, to severe invasive infections
such as wound infections (especially surgical site infections), septicemia, pneumo-
nia, and cellulitis. The reported incidence rates of S. aureus bacteremia range from
20 to 50 cases/100,000 population per year in different countries, and fatal outcomes
were recorded for at least 10% of these cases (van Hal et al. 2012). An immediate
suitable antibiotic intervention is essential in order to successfully combat S. aureus
bloodstream infections, a fact that has been severely hampered due to the emergence
of MRSA since the late 1970s. In recent years (2016–2020), the percentage of
MRSA among S. aureus reported to the EARS/net in Europe has decreased, in
some countries even below 5% (e.g., Spain, France, Germany). Other countries,
however, still reported a rate above 25% (e.g., Greece, Italy, and Bulgaria)
(www.atlas.ecdc.europa.eu/public) in 2020, highlighting the fact that MRSA
remains an important pathogen, especially when combined with resistance toward
further antimicrobial groups (EARS-Net 2021).

A German-wide representative study of 5229 samples from wound infections
submitted by 1170 veterinary clinics illustrated the relevancy of S. aureus and
MRSA for companion animal medicine. Swabs obtained from wound infections of
dogs and cats revealed a S. aureus rate of 5.8% and 12.2%, respectively, and 22.8% for
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samples of horse origin. The proportion of MRSA among these S. aureus was 62.7%
(dogs), 46.4% (cats), and 41.3% (horses) (Vincze et al. 2014). Numerous studies
performed comparative genomics on MRSA of companion animal origin. As a result,
the majority of the isolates were identified to be part of phylogenetic lineages either
dominating in human clinical cases (“epidemic lineages”), in livestock (“la”) animals,
or, to a much lesser extent, in free living animals and the environment (Cuny et al.
2010; Haenni et al. 2017; Larsen et al. 2022). MRSA currently dominating in
European livestock animals and horses are of sequence type (ST) 398 or its variants
and have successfully established a human/animal interface – this EHSG lineage
(or generalist) is assumed to likely become a threat to public health through continued
acquisition of virulence- and antibiotic resistance genes (Diene et al. 2017).

21.3.1.3 Adaptative Capabilities of S. aureus: Mechanisms Harnessed by
a Habitat Generalist

Considering the general adaptation capabilities of S. aureus, recent research revealed
that the species is a “master” with respect to its broad arsenal of immune evasion
strategies (de Jong et al. 2019). Specific adaptations to evade host immune responses
through the acquisition of MGEs harboring genes encoding immune evasion pro-
teins were reported at least since 2013 (McCarthy and Lindsay 2013). Comparative
analysis of the presence of genes mediating plasma-coagulation and the actual
coagulation abilities of different CPS toward plasma of various host species
(i.e., humans, birds, ruminants, horses, and pigs) has recently revealed that the coa
gene encoding staphylocoagulase mediates plasma coagulation in S. aureus, while
other CPS such as S. pseudintermedius depend on the presence of homologues of
genes encoding the von Willebrand factor binding protein (vwb) (Pickering et al.
2021). It has been demonstrated that the ability to induce plasma coagulation was
acquired on multiple occasions throughout the evolution of staphylococci (Pickering
et al. 2021). Therefore, S. aureus harboring not only coa but also Staphylococcal
Pathogenicity island (SaPI) encoded variants of the von Willebrand factor-binding
protein (vWbp) are likely well-equipped to clot plasma of various host species
(Viana et al. 2010) which indeed seems beneficial for “host jumping” bacteria.

Since activation of the complement system is essential for an effective immune
response of mammals against invading pathogens, S. aureus-derived convertase
inhibitors play a crucial role for the bacterial survival (Jongerius et al. 2007). The
human-specific immune evasion complex (IEC) is commonly associated with tem-
perate phages (van Wamel et al. 2006; Walther et al. 2018). The backbone of the IEC
includes genes for a complement-protein cleaving Staphylokinase (SAK) and the
Staphylococcal complement inhibitor (SCIN) known to interfere with the activation
of complement factor C3 (McCarthy and Lindsay 2013). Of note, interfering with
phagocytosis through inactivation of the C3 convertase complex in the alternative
pathway of complement factor activation is among the most important immune
evasion strategies of S. aureus (Ricklin et al. 2009). MRSA ST398 of horse origin
harboring distinct allelic variants (scn, scnbov, scneq) for encoding SCIN were
reported across horses in different countries (Haenni et al. 2017; Walther et al.
2018). Functional analysis of the equine SCIN variant (SCINeq) revealed its general
activity in plasma of multiple hosts, including horses, humans, and pigs (de Jong
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et al. 2018). Since equine MRSA belonging to ST398 often harbour different
combinations of scn variants (Walther et al. 2018), this lineage seems fully equipped
to survive and prosper at least among humans, ruminants, pigs, and horses – a prime
example of a host generalist (Walther 2021).

Of course, factors promoting host or habitat adaptation are not limited to immune
evasion or plasma coagulation. Additional genes, often located on MGEs, encode
adhesins, toxins, and further immunomodulatory factors known for their specific
abilities to enhance survival in distinct hosts (Everitt et al. 2014; Diene et al. 2017;
Walther 2021). Therefore, the broad host range associated with MDR MRSA, such
as MRSA-ST398, have clear implications for biosafety and infection control
(Walther 2021).

21.3.2 Adaptation Strategies of MDR Enterobacteria: Escherichia
coli, the Classical “Jack of All Trades”

21.3.2.1 Escherichia coli Belongs to the Gut-Associated Microbiota
in Humans and Animals

While staphylococci represent bacteria residing foremost on outer parts of the body
such as skin and mucosal surfaces, E. coli are typical members of the gut microbiota,
at least in mammals and birds (Guenther 2015). The commensal and thus usually
apathogenic E. coli representatives are differentiated from intestinal (InPEC) and
extra-intestinal pathogenic E. coli (ExPEC) (Pitout 2012). Pathogenic representa-
tives can cause infectious diseases including sepsis, urinary tract and wound infec-
tions (UTI and WI), as well as diarrhea in humans and animals (Ewers et al. 2012).
E. coli can be transmitted through the fecal-oral route either by direct or indirect
contact via contaminated fluids, including surface water, food, and other carriers
(de Graaf et al. 2017), regardless of their pathogenicity or AMR profile. E. coli are
currently regarded as a significant indicator species for antimicrobial resistance in
both veterinary and human medicine (Koeck et al. 2021). Overall, the gastrointes-
tinal tract is regarded as an important reservoir for AMR Gram-negative bacteria in
all mammals (Gibson et al. 2011), particularly the species E. coli which is among the
key organisms with respect to acquired AMR in human and veterinary medicine, but
also across extra-clinical environments (Guenther 2015).

21.3.2.2 Clinical Importance of E. coli in Human and Veterinary
Medicine: A Brief Classification

E. coli is among the most frequently isolated organisms from clinical specimens in
humans and animals. Besides its relevance as an etiological agent of diarrhea, E. coli is
one of the leading causes of different extra-intestinal diseases in humans, with millions
of cases resulting in billions of dollars of associated health care costs annually in the
USA alone (Vila et al. 2016). On the other hand, considerable suffering of animals and
substantial economic losses are caused by pathogenic E. coli across the various
livestock sectors (Rhouma et al. 2017; Kathayat et al. 2021).

Beyond the clinical relevance of β-lactam resistance exhibited by ESBL-produc-
ing E. coli, these bacteria are often resistant against additional antibiotics such as
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fluoroquinolones, tetracyclines, and aminoglycosides, and recently, against last-
resort antibiotics like colistin and carbapenems, which exacerbates the overall
tense clinical situation in case of infection (Koeck et al. 2021). The most common
ESBL-genes in both humans and animals encode cefotaximases (CTX-M), such as
blaCTX-M-1, 15, 14, 9, followed by different TEM (from the Greek patient
“Temoniera”) and SHV (from “sulfhydryl variable”) types (Ewers et al. 2012).

Considering the overall phylogenetic diversity of the E. coli species, comprising
of more than 10,000 distinct STs, only a limited number of so-called international,
high-risk clonal lineages dominate the global E. coli pool (Woodford et al. 2011).
These clonal lineages (e.g., belonging to ST131, ST410, and ST648) are character-
ized by their broad dissemination across various host species, MDR and occurrence
in human and veterinary medicine (Mathers et al. 2015; Schaufler et al., 2016b,
2019; Guenther et al. 2017).

A study from the United Kingdom summarized results on antimicrobial suscepti-
bility testing (AST) for 29,330 canine and 8279 feline Enterobacterales isolates
between April 2016 and July 2018 obtained from 2237 companion animal clinics:
E. coli was the most commonly isolated Enterobacteriaceae in dogs (69.4%) and cats
(90.5%). MDR was reported in 14.1% of canine and 12.0% of feline E. coli isolates
(Singleton et al. 2021). Considering ESBL-types, blaCTX-M-15 was most prevalent; and
concerningly, the E. coli international high-risk clonal lineage ST131 predominated,
further demonstrating the link between humans and companion animals in the context
of AMR and successful, pathogenic clonal lineages (Singleton et al. 2021).

AMR E. coli are ubiquitous, not only in the context of clinical settings, animal
husbandry, and companion animals, but also across wildlife of more remote areas
(Guenther et al. 2011; Homeier-Bachmann et al. 2022). As illustrated above, anthro-
pogenic forces largely impact both AMR mobilization from their environmental
reservoirs as well as their consecutive spread (Allen et al. 2010), but also dissemi-
nation through migrating wildlife such as birds, wild boars, and other animals
contribute to this (Guenther et al. 2011; Homeier-Bachmann et al. 2022). In more
urban scenarios, rodents have been shown to further disseminate ESBL-producing
E. coli (Guenther et al. 2010; Schaufler et al. 2018). However, a recent review
revealed a striking paucity of information on E. coli in wild animals, despite clear
evidence that these harbor pathogenic and antimicrobial-resistant E. coli among their
gut microbiota they may even serve as melting pots for novel genetic combinations
potentially harmful to human (and animal) health (Lagerstrom and Hadly 2021).

21.3.2.3 Occurrence and Distribution of an Important Multifaceted
Generalist Species: E. coli

Previous studies illustrated the overall adaptive capabilities of the generalist E. coli to
living “habitats” including the intra-macrophage environment, gastric passage and the
intestine but also to host independent habitats such as, for instance, survival in sand,
aquatic environments, and soil (Azevedo et al. 2016; Gekenidis et al. 2020; Rumball
et al. 2020; Homeier-Bachmann et al. 2021). However, as mentioned above, only a
limited number of clonal lineages are widely distributed across different habitats and
hosts: To survive the adverse conditions of a competitive and demanding environment,
such as the medical sector, tailored virulence, and the development of AMR are key
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features of international high-risk clonal lineages (Beceiro et al. 2013), including
Enterobacterales. These features are exemplified by the formation of biofilms as part
of the host colonization capacities of E. coli ST648 or an enhanced iron acquisition
and adaptation to conditions present in the urinary tract (e.g., the pap operon) of
ST131. Rapid adaptation represents a key feature of Enterobacterales – as already
outlined with regards to its genetic transfer network described above. Considering
gut-associated bacteria, E. coli and K. pneumoniae seem to share the largest number of
mobile ARGs (Hu et al. 2016), indicating the importance of HDT between these
particular species. In some cases, a single event, such as a new plasmid acquisition, can
result in an “ideal combination” of MDR and enhanced virulence for the survival and
spread of the bacteria (Schaufler et al., 2016a).

At present, approximately 10% of horses admitted to clinical care in specialized
veterinary clinics are already colonized with ESBL-producing E. coli upon hospital
admission (Kauter et al. 2021). While raw meet diets for dogs were frequently
contaminated with AMR bacteria, including ExPEC lineages which are of particular
concern for human medicine (i.e., ST69 and clonal complex (CC) 648) (Nuesch-
Inderbinen et al. 2019), herbivores such as horses are likely colonized through other
sources. Contaminated water seems one plausible source, since ESBL-producing
bacteria have been identified within bodies of water, such as wastewater and sewage,
rivers, and lakes (Zarfel et al. 2013; Homeier-Bachmann et al. 2021). However,
recent research also indicates that ESBL-producing Enterobacterales harbor genes
promoting (i) their endophytic lifestyle and (ii) survival of acidic conditions. This
includes (but is not limited to) international high-risk clonal lineages carrying ESBL
CTX-M-15 enzymes (E. coli CC38 and CC648 and K. pneumoniae CC307) (Lopes
et al. 2021). The authors further speculated that fresh vegetables may act as a
figurative “Trojan horse” for the hidden spread of critical priority pathogens, since
survival and growth in fresh vegetables and subsequent tolerance to gastric acidity
may increase the chances of becoming colonized with these ESBL-producing
Enterobacterales (Lopes et al. 2021).

Consequently, understanding the adaptation and persistence kinetics of AMR
bacteria across different environmental habitats such as soil, water, and plants,
including, but not limited to, ESBL-producing E. coli, aids in determining essential
actions and strategies in order to mitigate their spread to people (Gekenidis et al.
2020) and, not at least, also to animals.

21.3.3 Challenges and Chances Associated with Zoonotic
and Epidemic Bacteria Exhibiting AMR

21.3.3.1 Challenges Arising from the “Enlarging the Cake” Strategy
of Zoonotic and MDR Bacteria Call for a Broader Research
Perspective on the Subject

While the term “spillover” is widely used to describe the transmission of AMR
bacteria from animals to humans and vice-versa, it might trivialise the dynamics
associated with access and opportunities for these and other bacteria, including their
ability to conquer novel habitats (i.e., hosts and environments). In fact, a zoonotic
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spillover is defined as “processes that enable a pathogen from a vertebrate animal to
establish infection in a human” (Plowright et al. 2017). These complex processes
link the ecological dynamics within the reservoir host, pathogen development,
survival and dissemination with the epidemiological and behaviural determinants
of exposure and susceptibility of the recipient host (Plowright et al. 2017). A recent
perspective on “Impacts of biodiversity and biodiversity loss on zoonotic diseases”
highlights this aspect. The authors declare that “the current paradigm for research on
spillover of zoonotic pathogens to humans emphasizes a single animal host species
and an original spill over event, although, in reality, most zoonotic pathogens have
multiple host species whose specific roles in transmission to and from humans are
not known” (Keesing and Ostfeld 2021).

While the “generalist state” of bacteria is characterized by their – in comparison
with the overwhelming majority of specialized bacterial species – short existence cycle
(Sriswasdi et al. 2017), it allows for distinct pathogens (or even subtypes) to emerge
and proliferate in completely different habitats, and, is therefore, often a characteristic
feature of bacteria transmissible between humans and animals. Consequently, unidi-
rectional views (“transmission from A to B”) on the subject tend to ignore the
“enlarging the cake” strategy of generalists: The existence of MDR bacteria fully
equipped to conquer multiple habitats (hosts and environments), might appear tran-
sient from a long-term evolutionary perspective (Sriswasdi et al. 2017) but their
emergence, on the other hand, is of highest importance in regards to research on
reservoirs and pathways of inter-species transmission. Since only a limited number of
lineages or subgroups within a specific transmissible bacterial population seem prone
to cross habitat and/or species barriers (Sheppard et al. 2018), their particular adaptive
capacity and AMR (including MDR) represent worthwhile research opportunities
(Schaufler et al. 2016b; Huber et al. 2020). However, with respect to accumulation
and spread of MDR bacteria, several hot spots have already been identified, including
facilities providing health care for humans (Geffers and Gastmeier 2011; van Alen
et al. 2017) as well as companion animals (Walther 2021). Consequently, staff of both
human and veterinary medical facilities are frequently confronted with MDR bacteria.
While hospital hygiene is an established clinical and research topic in human medi-
cine, questions concerning biosecurity of veterinary personnel have emerged due to
companion animals either being colonized or infected with MDR bacteria (Wieler
et al. 2015; Walther et al. 2017). To ensure appropriate workplace safety and
biosecurity with respect to transmissible MDR bacteria for people working in the
field of veterinary medicine and, not at least, animal owners, initial hygiene recom-
mendations acknowledging specific animal-depending work-place factors have been
developed (Weese 2004; Gehlen et al. 2020).

21.3.3.2 Chances to Counteract AMR Bacteria Emerge from a Holistic
Perspective on the Subject and Enhanced Interdisciplinary
Efforts

To assess the risk of spillover, case studies should be developed that enable quan-
tifying determinants of the complex process network involved in the transmission
certain pathogens (Plowright et al. 2017).
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While the importance of systematic and continuous data collection of the
occurrence and spread of AMR bacteria (including their pathogenic traits) has
been widely accepted, the European One Health action plan (2017) stated that
initiatives need to be broadened, such as extending the One Health approach to
include the environment and tackling AMR more comprehensively on the basis of
improved data collection, monitoring, and surveillance (Union 2017). A tangible
concept representing an interconnected and integrated One Health surveillance
framework focusing on antimicrobial resistance as well as antimicrobial
consumption has already been published (Queenan et al. 2016), but its imple-
mentation, especially the interconnectivity of various sectors, has not been
achieved yet.

Moreover, the development of strategies involving new antimicrobials or non-
antimicrobial compounds and novel point of care diagnostic methods that focus on
high-risk clones and/or virulence markers may help to resolve the increasing prob-
lem of the association between virulence and resistance.

21.3.3.3 Tracking AMR in Commensal and Pathogenic Bacteria
of Animal, Human, and Environmental Origin

Given the increasing knowledge of environmental reservoirs for resistances, it
should now be possible to establish early warning systems of potential resistance
mechanisms to new or old antibiotics and thus prepare for future problems in the
clinic through a proactive manner (Martinez 2009). Monitoring of AMR in animal
and human pathogens as well as in commensal bacteria enables to detect not only
new resistance properties, but also potential transmission events and important
reservoirs. The (still) ongoing development of DNA sequencing techniques allow
fast and accurate genomics even on a population-wide scale. While novel DNA
sequencing techniques have been made widely accessible and more user friendly,
the data analysis and interpretation that follows still requires specialized bioinfor-
matics expertise and appropriate computational and IT resources, as recently
reviewed in (Maljkovic Berry et al. 2020). With respect to the early detection
and surveillance of pathogens or even commensals harboring worrisome genes
conferring AMR or enhanced pathogenicity (or a combination of both), automation
with respect to pathogen detection, genome construction, and advanced analysis is
required (Maljkovic Berry et al. 2020). However, gene calling and subsequent
automated detection of virulence and resistance in an exploratory manner to gain
insights into pathogenic potential, treatment options, and transmission patterns
usually depend on the up-to-date state of different databases (Maljkovic Berry
et al. 2020). Consequently, to detect important and/or novel factors enhancing
pathogenicity or conferring AMR in bacteria, intelligent approaches are needed to
connect clinical, phenotypical, and genomic data. Genome wide association stud-
ies (GWAS), for instance, provide opportunities to determine genes calling for a
specific phenotype (Epping et al. 2021) without the drawbacks that are commonly
associated with the use of reference databases. Moreover, host-specific traits of
E. coli have recently been identified by using a GWAS-based approach and
revealed, beyond others, genes that are strongly associated with sublineages
dominating the human gut (Tiwari et al. 2022), indicating once more that
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adaptation to a specific habitat is in fact a force of nature that drives the evolution
of specific sublineages toward specialization, even though they may be part of a
generalist species. Thus, GWAS generated data can be used with respect to risk
analysis as well as diagnostic and monitoring purposes (Tiwari et al. 2022).
Furthermore, culture-independent methods, such as metagenomics, represent
unique opportunities for the surveillance of environmental resistance reservoirs
(Danko et al. 2021).

Moreover, artificial intelligence (AI) represents a new paradigm to combat AMR
(Lv et al. 2021), including AI-based AST prediction. However, as reviewed in
(Lv et al. 2021), the lack of unified standardization and infrequent data updates in
AMR databases currently hinders an efficient training of AI-based AMR predictive
models.

21.4 Conclusion

The COVID-19 pandemic has certainly made the risks of zoonotic diseases a vivid
and harrowing reality for every person on earth (Keesing and Ostfeld 2021).

In addition, due to the increased use and misuse of antibacterial agents and
cleaners during the pandemic, a rise of bacterial resistance toward anti-infective
agents is expected to emerge within the post-pandemic era (Mahoney et al. 2021), at
least in some parts of the world. Although distinct sectors of the One Health
framework (human, animal, and environmental health) are facing their own intrinsic
issues associated with AMR, such as HAIs, lack of prudent use of antibiotics,
environmental contamination by antibiotics and drug resistant bacteria, the rise of
MDR bacteria in one sector always affects the other areas as well (Fig. 2). While the
necessity and importance of inter-sectoral research (e.g., experts representing
human, veterinary and environmental health, social and behavior science) is clear,
a current lack of systematic research on the transmission of ARGs and/or AMR
commensals/pathogens between different habitats restricts the early detection of
presumptively clinically relevant strains, including, but not limited to, novel types
and combinations of AMR and virulence factors. Moreover, it hinders the imple-
mentation of infection prevention strategies to halt further spread of zoonotic
pathogens. In addition, after next-generation sequencing, we need to focus on
“next-generation hazard perception” including up-to-date bioinformatic routines
and tools for both primary diagnostics and research purposes. However, curating
suitable databases for rapid and reliable species identification, virulence factor, and
ARG detection is a challenging task that requires experienced microbiologists. Even
approaches that integrate artificial intelligence to identify, for instance, novel resis-
tance mechanisms or host-specific virulence factors will most likely depend on
sufficient and reliable input data. Finally, yet importantly, epidemiology expertise
and predictive mathematical models are fundamental to understand the course of
transmission events and to plan and assess effective intervention and mitigation
strategies.
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21.5 Cross-References

▶Dogs and Transmission of Infection to Man, “Respected Member of the Family?”
▶Enterohemorrhagic E. coli (EHEC): Environmental-Vehicle-Human Interface
▶ Small Ruminants: Zoonotic Infections
▶Zoonoses Transmitted by Poultry

References

Allen HK, Donato J et al (2010) Call of the wild: antibiotic resistance genes in natural environ-
ments. Nat Rev Microbiol 8(4):251–259

Azevedo M, Sousa A et al (2016) Trade-offs of Escherichia coli adaptation to an intracellular
lifestyle in macrophages. PLoS One 11(1):e0146123

Beceiro A, Tomas M et al (2013) Antimicrobial resistance and virulence: a successful or deleterious
association in the bacterial world? Clin Microbiol Rev 26(2):185–230

Becker K, Schaumburg F et al (2017) Staphylococcus aureus from the German general population
is highly diverse. Int J Med Microbiol 307(1):21–27

Bhat AH (2021) Bacterial zoonoses transmitted by household pets and as reservoirs of antimicrobial
resistant bacteria. Microb Pathog 155:104891

Cavicchioli R, Ripple WJ et al (2019) Scientists’warning to humanity: microorganisms and climate
change. Nat Rev Microbiol 17(9):569–586

Central Asian and European Surveillance of Antimicrobial Resistance (CAESAR) and the
European Antimicrobial Resistance Surveillance Network (EARS-Net) (2021) Surveillance of
antimicrobial resistance in Europe, 2020 data. WHO ECDC, Solna. ISBN 978-92-9498-556-9

Cuny C, Friedrich A et al (2010) Emergence of methicillin-resistant Staphylococcus aureus
(MRSA) in different animal species. Int J Med Microbiol 300(2–3):109–117

D’Costa VM, King CE et al (2011) Antibiotic resistance is ancient. Nature 477(7365):457–461
Danko D, Bezdan D et al (2021) A global metagenomic map of urban microbiomes and antimi-

crobial resistance. Cell 184(13):3376–3393.e17
Davies J, Davies D (2010) Origins and evolution of antibiotic resistance. Microbiol Mol Biol Rev

74(3):417–433
de Graaf M, Beck R et al (2017) Sustained fecal-oral human-to-human transmission following a

zoonotic event. Curr Opin Virol 22:1–6
de Jong NWM, Vrieling M et al (2018) Identification of a staphylococcal complement inhibitor with

broad host specificity in equid S. aureus strains. J Biol Chem 293:4468–4477
de Jong NWM, van Kessel KPM et al (2019) Immune evasion by Staphylococcus aureus. Microbiol

Spectr 7(2):0061
Diene SM, Corvaglia AR et al (2017) Prophages and adaptation of Staphylococcus aureus ST398 to

the human clinic. BMC Genomics 18(1):133
Epping L, Walther B et al (2021) Genome-wide insights into population structure and host

specificity of Campylobacter jejuni. Sci Rep 11(1):10358
Everitt RG, Didelot X et al (2014) Mobile elements drive recombination hotspots in the core

genome of Staphylococcus aureus. Nat Commun 5:3956
Ewers C, Grobbel M et al (2011) Extended-spectrum beta-lactamases-producing gram-negative

bacteria in companion animals: action is clearly warranted! Berl Munch Tierarztl Wochenschr
124(3–4):94–101

Ewers C, Bethe A et al (2012) Extended-spectrum beta-lactamase-producing and AmpC-producing
Escherichia coli from livestock and companion animals, and their putative impact on public
health: a global perspective. Clin Microbiol Infect 18(7):646–655

21 Zoonotic and Multidrug-Resistant Bacteria in Companion Animals. . . 643



European Commission (2017) A European One Health Action Plan Against Antimicrobial Resis-
tance [online]. https://health.ec.europa.eu/system/files/2020-01/amr_2017_action-plan_0.pdf

Foster TJ (2002) Staphylococcus aureus. In: Sussmann M (ed) Molecular medical microbiology.
Academic Press, Newcastle upon Tyne

Geffers C, Gastmeier P (2011) Nosocomial infections and multidrug-resistant organisms in Ger-
many: epidemiological data from KISS (the Hospital Infection Surveillance System). Dtsch
Arztebl Int 108(6):87–93

Gehlen H, Simon C et al (2020) Biosecurity measures for equine clinics and ambulatory practice
(Basis-Hygienemaßnahmen für den Pferdetierarzt in Praxis und Klinik). Berl Münch Tierärztl
Wochenschr 133. https://doi.org/10.2376/1439-0299-2020-3

Gekenidis MT, Rigotti S et al (2020) Long-term persistence of blaCTX-M-15 in soil and lettuce
after introducing extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli via
manure or water. Microorganisms 8:11

Gibb R, Redding DW et al (2020) Zoonotic host diversity increases in human-dominated ecosys-
tems. Nature 584(7821):398–402

Gibson JS, Morton JM et al (2011) Risk factors for multidrug-resistant Escherichia coli rectal
colonization of dogs on admission to a veterinary hospital. Epidemiol Infect 139(2):197–205

Guenther S (2015) In: Centre for Infection Medicine (ed) Multi-resistant Escherichia coli from
wildlife 2015, Berlin (Germany). Habilitation thesis, REFUBIUM Freie Universität Berlin, Berlin

Guenther S, Grobbel M et al (2010) Detection of pandemic B2-O25-ST131 Escherichia coli
harbouring the CTX-M-9 extended-spectrum beta-lactamase type in a feral urban brown rat
(Rattus norvegicus). J Antimicrob Chemother 65(3):582–584

Guenther S, Ewers C et al (2011) Extended-spectrum beta-lactamases producing E. coli in wildlife,
yet another form of environmental pollution? Front Microbiol 2:1–13

Guenther S, Semmler T et al (2017) Chromosomally encoded ESBL genes in Escherichia coli of
ST38 from Mongolian wild birds. J Antimicrob Chemother 72(5):1310–1313

Haenni M, Chatre P et al (2017) Molecular epidemiology of methicillin-resistant Staphylococcus
aureus in horses, cats, and dogs over a 5-year period in France. Front Microbiol 8:2493

Haque M, Sartelli M et al (2018) Health care-associated infections – an overview. Infect Drug Resist
11:2321–2333

Homeier-Bachmann T, Heiden SE et al (2021) Antibiotic-resistant Enterobacteriaceae in wastewa-
ter of abattoirs. Antibiotics 10:5

Homeier-Bachmann T, Schütz AK et al (2022) Genomic analysis of ESBL-producing E. coli in
wildlife from north-eastern Germany. Antibiotics 11(2):123

Hu Y, Yang X et al (2016) The bacterial mobile resistome transfer network connecting the animal
and human microbiomes. Appl Environ Microbiol 82(22):6672–6681

Huber C, Stamm I et al (2020) Silence as a way of niche adaptation: mecC-MRSAwith variations in
the accessory gene regulator (agr) functionality express kaleidoscopic phenotypes. Sci Rep
10(1):14787

Jongerius I, Kohl J et al (2007) Staphylococcal complement evasion by various convertase-blocking
molecules. J Exp Med 204(10):2461–2471

Kathayat D, Lokesh D et al (2021) Avian pathogenic Escherichia coli (APEC): an overview of
virulence and pathogenesis factors, zoonotic potential, and control strategies. Pathogens 10:4

Kauter A, Epping L et al (2021) Frequency, local dynamics, and genomic characteristics of ESBL-
producing Escherichia coli isolated from specimens of hospitalized horses. Front Microbiol
12:671676

Keesing F, Ostfeld RS (2021) Impacts of biodiversity and biodiversity loss on zoonotic diseases.
Proc Natl Acad Sci U S A 118:17

Koeck R, Herr C et al (2021) Multiresistant Gram-negative pathogens – a zoonotic problem. Dtsch
Arztebl Int 118(35–36):579–589

Lagerstrom KM, Hadly EA (2021) The under-investigated wild side of Escherichia coli: genetic
diversity, pathogenicity and antimicrobial resistance in wild animals. Proc Biol Sci
288(1948):20210399

Larsen J, Raisen CL et al (2022) Emergence of methicillin resistance predates the clinical use of
antibiotics. Nature 602:135–141

644 B. Walther et al.



Lee AS, de Lencastre H et al (2018) Methicillin-resistant Staphylococcus aureus. Nat Rev Dis
Primers 4:18033

Lopes R, Fuentes-Castillo D et al (2021) Endophytic lifestyle of global clones of extended-spectrum
beta-lactamase-producing priority pathogens in fresh vegetables: a Trojan horse strategy favor-
ing human colonization? mSystems 6(1):e01125-20

Lv J, Deng S et al (2021) A review of artificial intelligence applications for antimicrobial resistance.
Biosaf Health 3(1):22–31

MacFadden DR, McGough SF et al (2018) Antibiotic resistance increases with local temperature.
Nat Clim Chang 8(6):510–514

Mahoney AR, Safaee MM et al (2021) The silent pandemic: emergent antibiotic resistances
following the global response to SARS-CoV-2. iScience 24(4):102304

Maljkovic Berry I, Melendrez MC et al (2020) Next generation sequencing and bioinformatics
methodologies for infectious disease research and public health: approaches, applications,
and considerations for development of laboratory capacity. J Infect Dis 221(Suppl 3):
S292–S307

Martinez JL (2009) The role of natural environments in the evolution of resistance traits in
pathogenic bacteria. Proc Biol Sci 276(1667):2521–2530

Mathers AJ, Peirano G et al (2015) Escherichia coli ST131: the quintessential example of an
international multiresistant high-risk clone. Adv Appl Microbiol 90:109–154

McCarthy AJ, Lindsay JA (2013) Staphylococcus aureus innate immune evasion is lineage-
specific: a bioinformatics study. Infect Genet Evol 19:7–14

McEwen SA, Collignon PJ (2018) Antimicrobial resistance: a One Health perspective. Microbiol
Spectr 6(2):9

Murray CJL, Ikuta KS et al (2022) Global burden of bacterial antimicrobial resistance in 2019: a
systematic analysis. Lancet 399(10325):629–655

Nuesch-Inderbinen M, Treier A et al (2019) Raw meat-based diets for companion animals: a
potential source of transmission of pathogenic and antimicrobial-resistant Enterobacteriaceae.
R Soc Open Sci 6(10):191170

Ogeer-Gyles JS, Mathews KA et al (2006) Nosocomial infections and antimicrobial resistance in
critical care medicine. J Vet Emerg Crit Care 16(1):1–18

Peterson AT (2011) Ecological niche conservatism: a time-structured review of evidence.
J Biogeogr 38(5):817–827

Pickering AC, Yebra G et al (2021) Evolutionary and functional analysis of coagulase positivity
among the Staphylococci. mSphere 6(4):e0038121

Pitout JDD (2012) Extraintestinal pathogenic Escherichia coli: a combination of virulence with
antibiotic resistance. Front Microbiol 3:9

Plowright RK, Parrish CR et al (2017) Pathways to zoonotic spillover. Nat Rev Microbiol 15(8):
502–510

Queenan K, Hasler B et al (2016) A One Health approach to antimicrobial resistance surveillance: is
there a business case for it? Int J Antimicrob Agents 48(4):422–427

Rhouma M, Fairbrother JM et al (2017) Post weaning diarrhea in pigs: risk factors and non-colistin-
based control strategies. Acta Vet Scand 59(1):31

Ricklin D, Tzekou A et al (2009) A molecular insight into complement evasion by the staphylo-
coccal complement inhibitor protein family. J Immunol 183(4):2565–2574

Rodriguez-Verdugo A, Lozano-Huntelman N et al (2020) Compounding effects of climate warming
and antibiotic resistance. iScience 23(4):101024

Rozman V, BogovičMatijašić B et al (2019) Antimicrobial resistance of common zoonotic bacteria
in the food chain: an emerging threat. IntechOpen, London

Ruiz-Ripa L, Simon C et al (2021) S. pseudintermedius and S. aureus lineages with transmission
ability circulate as causative agents of infections in pets for years. BMC Vet Res 17(1):42

Rumball NA, Mayer HC et al (2020) Selective survival of Escherichia coli phylotypes in freshwater
beach sand. Appl Environ Microbiol 87(4):e02473-20

Schaufler K, Bethe A et al (2015) Putative connection between zoonotic multiresistant extended-
spectrum beta-lactamase (ESBL)-producing Escherichia coli in dog feces from a veterinary
campus and clinical isolates from dogs. Infect Ecol Epidemiol 5:25334

21 Zoonotic and Multidrug-Resistant Bacteria in Companion Animals. . . 645



Schaufler K, Semmler T et al (2016a) Carriage of extended-spectrum beta-lactamase-plasmids does
not reduce fitness but enhances virulence in some strains of pandemic E. coli lineages. Front
Microbiol 7:336

Schaufler K, Semmler T et al (2016b) Clonal spread and interspecies transmission of clinically
relevant ESBL-producing Escherichia coli of ST410 – another successful pandemic clone?
FEMS Microbiol Ecol 92(1):fiv155

Schaufler K, Nowak K et al (2018) Clinically relevant ESBL-producing K. pneumoniae ST307 and
E. coli ST38 in an urban West African rat population. Front Microbiol 9:150

Schaufler K, Semmler T et al (2019) Genomic and functional analysis of emerging virulent and
multidrug-resistant Escherichia coli lineage sequence type 648. Antimicrob Agents Chemother
63(6):e00243

Schwarz S, Loeffler A et al (2017) Bacterial resistance to antimicrobial agents and its impact on
veterinary and human medicine. Vet Dermatol 28(1):82.e19

Sheppard SK, Guttman DS et al (2018) Population genomics of bacterial host adaptation. Nat Rev
Genet 19(9):549–565

Singleton DA, Pongchaikul P et al (2021) Temporal, spatial, and genomic analyses of Enterobac-
teriaceae clinical antimicrobial resistance in companion animals reveals phenotypes and geno-
types of One Health concern. Front Microbiol 12:700698

Song SJ, Lauber C et al (2013) Cohabiting family members share microbiota with one another and
with their dogs. elife 2:e00458

Sriswasdi S, Yang CC et al (2017) Generalist species drive microbial dispersion and evolution. Nat
Commun 8(1):1162

Stull JW, Weese JS (2015) Hospital-associated infections in small animal practice. Vet Clin North
Am Small Anim Pract 45(2):217–233, v

Sultan I, Rahman S et al (2018) Antibiotics, resistome and resistance mechanisms: a bacterial
perspective. Front Microbiol 9:2066

van Alen S, Ballhausen B et al (2017) In the centre of an epidemic: fifteen years of LA-MRSA
CC398 at the University Hospital Munster. Vet Microbiol 200:19–24

van Hal SJ, Jensen SO et al (2012) Predictors of mortality in Staphylococcus aureus Bacteremia.
Clin Microbiol Rev 25(2):362–386

van Wamel WJ, Rooijakkers SH et al (2006) The innate immune modulators staphylococcal
complement inhibitor and chemotaxis inhibitory protein of Staphylococcus aureus are located
on beta-hemolysin-converting bacteriophages. J Bacteriol 188(4):1310–1315

Viana D, Blanco J, T et al (2010) Adaptation of Staphylococcus aureus to ruminant and equine hosts
involves SaPI-carried variants of von Willebrand factor-binding protein. Mol Microbiol 77
(6):1583–1594

Vila J, Saez-Lopez E et al (2016) Escherichia coli: an old friend with new tidings. FEMSMicrobiol
Rev 40(4):437–463

Vincze S, Stamm I et al (2014) Alarming proportions of methicillin-resistant Staphylococcus aureus
(MRSA) in wound samples from companion animals, Germany 2010–2012. PLoS One 9(1):
e85656

vonWintersdorff CJH, Penders J et al (2016) Dissemination of antimicrobial resistance in microbial
ecosystems through horizontal gene transfer. Front Microbiol 7:173

Walther B (2021) Emergence of antimicrobial resistant bacteria in and beyond companion animal
medicine. Habiltation theisis, Freie Universität Berlin [online]. https://refubium.fu-berlin.de/
bitstream/handle/fub188/34231/Walther_kumulative_Habilitation.pdf?sequence=4&
isAllowed=y

Walther B, Monecke S et al (2009) Comparative molecular analysis substantiates a zoonotic
potential of equine methicillin- resistant Staphylococcus aureus (MRSA). J Clin Microbiol
47:704–710

Walther B, Hermes J et al (2012) Sharing more than friendship – nasal colonization with coagulase-
positive staphylococci (CPS) and co-habitation aspects of dogs and their owners. PLoS One
7(4):e35197

646 B. Walther et al.



Walther B, Lübke-Becker A et al (2014) Suspected nosocomial infections with multi-drug resistant
E. coli, including extended-spectrum beta-lactamase (ESBL)-producing strains, in an equine
clinic. Berl Munch Tierarztl Wochenschr 127(11–12):421–427

Walther B, Tedin K et al (2017) Multidrug-resistant opportunistic pathogens challenging veterinary
infection control. Vet Microbiol 200:71–78

Walther B, Klein KS et al (2018) Equine methicillin-resistant sequence type 398 Staphylococcus
aureus (MRSA) harbor mobile genetic elements promoting host adaptation. Front Microbiol
9:2516

Weese JS (2004) Barrier precautions, isolation protocols, and personal hygiene in veterinary
hospitals. Vet Clin North Am Equine Pract 20(3):543–559

Weese SJ (2008) Antimicrobial resistance in companion animals. Anim Health Res Rev 9(2):
169–176

Wieler LH, Ewers C et al (2011) Methicillin-resistant staphylococci (MRS) and extended-spectrum
beta-lactamases (ESBL)-producing Enterobacteriaceae in companion animals: nosocomial
infections as one reason for the rising prevalence of these potential zoonotic pathogens in
clinical samples. Int J Med Microbiol 301(8):635–641

Wieler LH, Walther B et al (2015) Infections with multidrug-resistant bacteria: has the post-
antibiotic era arrived in companion animals? In: Sing A (ed) Zoonoses – infections affecting
humans and animals: focus on public health aspects. Springer, Dordrecht - Heidelberg - New
York - London. ISBN 978-9401794565

Woodford N, Turton JF et al (2011) Multiresistant Gram-negative bacteria: the role of high-risk
clones in the dissemination of antibiotic resistance. FEMS Microbiol Rev 35(5):736–755

World Health Organization (WHO) (2017a) In: WHO (ed) Global antimicrobial resistance surveil-
lance system (GLASS) report: early implementation 2016–2017. WHO, Geneva. ISBN:
978-92-4-151344-9

World Health Organization (WHO) (2017b) Global priority list of antibiotic-resistant bacteria to
guide research, discovery, and development of new antibiotics. WHO, Geneva. ISBN: 978-92-
4-151344-9

Wozniak TM, Barnsbee L et al (2019) Using the best available data to estimate the cost of
antimicrobial resistance: a systematic review. Antimicrob Resist Infect Control 8:26

Wright GD (2007) The antibiotic resistome: the nexus of chemical and genetic diversity. Nat Rev
Microbiol 5(3):175–186

Zarfel G, Galler H et al (2013) Comparison of extended-spectrum-beta-lactamase (ESBL) carrying
Escherichia coli from sewage sludge and human urinary tract infection. Environ Pollut 173:
192–199

21 Zoonotic and Multidrug-Resistant Bacteria in Companion Animals. . . 647



Part IV

Important Zoonoses in Non-food Animals



Influenza from a One Health Perspective:
Infection by a Highly Versatile Virus 22
Leslie A. Reperant and Albert D. M. E. Osterhaus

Contents
22.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 652
22.2 Population-Level Epidemiology and Evolutionary Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . 653

22.2.1 Natural Reservoirs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 653
22.2.2 Spillover Host Species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 657

22.3 Host-Level Pathogenesis of Infection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 669
22.3.1 Natural Reservoirs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 669
22.3.2 Spillover Host Species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 670

22.4 Crossing Species, Crossing Scales: Adaptive Changes and Gain in Efficient
Transmissibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 673
22.4.1 Host Switch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 673
22.4.2 Transmissibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 678

22.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 679
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 680

Abstract

Influenza A viruses (IAVs) are among the most versatile viruses, in terms of host
range, pathogenesis, route of transmission, transmissibility efficiency, and evolution-
ary dynamics. Several IAVs are recognized pathogens of a wide range of avian and
mammalian species. On the one hand, AIVs that evolved in wild water birds, their
natural reservoirs, cause mild or asymptomatic infections of their intestinal tract,
resulting in annual epidemic cycles fueled by IAV fecal-oral transmission in water-
shed habitats. On the other hand, they may cause disease manifestations in avian and
mammalian species, including humans, upon sporadic cross-species transmission—
including spill-back transmission into wild birds—and during self-limiting outbreaks
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or large-scale airborne epidemics. In these spillover host species, clinical signs and
symptoms range from inapparent to severe and often fatal respiratory and extra-
respiratory conditions. A feature of IAVs in animal spillover hosts including humans
is their ability to adapt to these new species to eventually be maintained indepen-
dently of new introductions from their natural host reservoirs. In humans, IAVs of
animal origin can be the precursors of pandemic influenza viruses. These pandemic
viruses eventually evolve into seasonal influenza viruses that cause recurring epi-
demics of seasonal influenza. The unprecedented diversification and spread of highly
pathogenic avian influenza viruses of the H5N1 and other H5Nx subtypes in wild
birds in and across Asia, North America, Europe, and Africa, with spillover into wild
mammals in Europe, over the past few years mark a worrying paradigm change in
influenza epidemiology. Through their versatile nature, IAVs are a striking example
of the flexible and ever-evolving nature of zoonotic threats and of the richness of
avenues zoonotic pathogens can take to burden animal and public health.

Keywords

Influenza · Cross-species transmission · Adaptation · Zoonosis · Pandemic

22.1 Introduction

IAVs are orthomyxoviruses closely related to influenza B, C, and D viruses
(Palese and Shaw 2007; Henritzi et al. 2019). IAVs are enveloped single-stranded
negative-sense RNA viruses with eight gene segments. These include two genes
coding for the hemagglutinin (HA) and neuraminidase (NA) surface glycoproteins
and six genes coding for several other internal proteins, including the polymerase
complex, matrix and nonstructural proteins. The surface glycoproteins HA and
NA interact with cellular receptors and are important antigenic targets of the
host’s specific immunity mediated by neutralizing and other biologically active
antibodies. Most internal proteins are involved in IAV structure or replication.
Influenza B viruses (circulating in humans, pigs, and seals) have a similar genomic
arrangement, while influenza C viruses (circulating in humans, pigs, cattle, dogs, and
camels) and influenza D viruses (found in cattle, small ruminants, pigs, horses,
camels, and wild boars) lack a neuraminidase and express a hemagglutinin esterase
fusion surface protein (Henritzi et al. 2019; Liu et al. 2020).

The replication of IAV RNA genome lacks effective exonuclease proofreading
capability and is known to introduce base mutations at relatively high rates.
In addition, the segmented genome allows for reassortment during coinfection with
different IAVs, resulting in new viruses containing gene segments of mixed parental
origin. The high mutation rate and extensive reassortment have led to an unmatched
diversity of IAV lineages (Chen and Holmes 2006; Joseph et al. 2017).

Based on the HA gene, IAVs may have emerged at least 4000 years ago, from
a common ancestor with influenza B viruses, while the split between influenza
A/B and influenza C viruses is estimated to have occurred over 8000 years ago
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(Suzuki and Nei 2002). Influenza D virus, more closely related to the influenza
C virus, appears to have a more recent evolutionary history, diverging from the other
three influenza genera less than 1200 years ago (Yu et al. 2021). However, recent
metagenomics studies of the diversity of RNA viruses in “lower” vertebrates dem-
onstrated the presence of influenza-like viruses in amphibians, fish, and even jawless
vertebrates. These viruses, forming basal sister groups with the four influenza types,
share a common ancestor with a diverse group of invertebrate viruses, highlighting
the largely hidden complexity and long evolutionary history of the influenza ortho-
myxoviruses (Wille and Holmes 2020; Harvey and Holmes 2022).

IAV HA and NA genes are grouped into 18 and 11 different subtypes, respec-
tively. Although most IAV HA and NA subtypes likely split 2000 to 3000 years ago,
IAV diversity within each subtype is fairly recent, dating from the past hundred to
several hundred years (Suzuki and Nei 2002; Chen and Holmes 2006).

Several IAVs are recognized pathogens of a wide range of avian and mammalian
species, and their natural history in their wide host range clearly illustrates the one health
principle, whereby human health, animal health, and ecosystem health are closely
interrelated. Wild water birds are considered the natural reservoirs of IAVs (Webster
et al. 1992), yet IAV lineages, acquired upon cross-species transmission, have
established themselves in domestic animal species. In turn, domestic animals, especially
poultry and swine, are the main sources of zoonotic IAV infections. Zoonotic IAVs may
spark influenza pandemics in humans, should they acquire efficient human-to-human
transmissibility, which they typically lack upon cross-species transmission. Pandemic
influenza viruses eventually evolve into human seasonal influenza viruses, causing
annual epidemics that spread globally. While IAV cross-species transmission has
occurred probably since IAV emergence several thousands of years ago, their versatile
epidemiology and evolutionary dynamics in an expanding host range have been
influenced by the expanding human species, especially during the past few hundred
years. The relentless growth of domestic swine and poultry populations in the last
decades has contributed to increased genetic diversity of IAVs circulating in wild and
domestic animals and occasionally infecting humans, expanding the pool of IAVs with
pandemic potential (for review see (Reperant and Osterhaus 2012)).

In this chapter, we will review IAVs population-level epidemiology, evolutionary
dynamics, and associated host-level pathogenesis of infection in their wide host
range. In addition, we will describe the adaptive changes associated with IAVs host
switch and their sustained establishment in novel host species.

22.2 Population-Level Epidemiology and Evolutionary
Dynamics

22.2.1 Natural Reservoirs

The majority of the currently known diversity of IAVs is maintained in avian hosts of
the order Anseriformes, Charadriiformes, and Gruiformes, which encompass water
birds such as geese, ducks, gulls, waders, and coots (for review, see (Olsen et al.
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2006; Reperant et al. 2013; van Dijk et al. 2018)). Wild freshwater birds thus are
traditionally considered IAVs natural reservoirs. IAVs harboring most of the
144 combinations of the first 16 and 9 subtypes of HA and NA genes, respectively,
have been isolated from wild water birds (Munster et al. 2007). However, a sampling
bias towards these orders is suspected as a wide diversity of IAV RNA has been
detected in other avian orders across much of the world’s ecosystems—and suffi-
ciently sampled to allow the detection of a 1% AIV genetic prevalence (Caron et al.
2017). These diverse orders include the Psittaciformes (parrots), Apodiformes
(swifts), Cuculiformes (cuckoos), Phoenicopteriformes (flamingos), Podicipe-
diformes (grebes), Coraciiformes (kingfishers and bee-eaters), Passeriformes (pas-
serines), Gaviiformes (loons), Columbiformes (doves and pigeons), Pelecaniformes
(pelicans), Pteroclidiformes (sandgrouse), and Piciformes (woodpeckers and bar-
bets) with a detected prevalence based on RT-PCR detection between 1% and 7%,
and the Galliformes (quails and grouses), Accipitiformes (raptors), Strigiformes
(owls), Ciconiiformes (egrets and storks), Sphenisciformes (penguins), Suliformes
(gannets), Falconiformes (falcons), and Procellariiformes (shearwaters and petrels)
with a detected prevalence below 1%. Overall, IAV RNAwas more often detected in
birds of the Indo-Maley and Afrotropic regions, followed by birds of the Palearctic,
Neotropic, Antarctic, Nearctic, and Australasian regions. Avian IAV natural wide
host range, counting over 110 wild bird species from 23 different orders, likely
contributes to IAVs remarkable diversity in these species.

The recent discovery of IAVs H17N10 and H18N11 in little yellow-shouldered
bats (Sturnira lilium) in Guatemala and Neotropical fruit bats (Artibeus spp.) in Peru,
Bolivia, and Brazil and of a distinct H9N2 IAV in Egyptian fruit bats (Rousettus
aegyptiacus) has unexpectedly revealed the maintenance of highly divergent IAVs
by the flying mammals (Tong et al. 2012, 2013a; Kandeil et al. 2019; Ciminski et al.
2020). Structural and phylogenetic analyses demonstrated substantial divergence
and ancient evolutionary relationship between these viruses and other IAVs (Tong
et al. 2012, 2013a; Zhu et al. 2012, 2013; Kandeil et al. 2019). Future studies on
IAVs in bats are needed to unveil their epidemiology and the role these mammalian
hosts have played in IAV evolutionary history. Bats or birds may have been the
ancestral hosts of the diversity of IAVs and at the origin of most ancient cross-species
transmission events. It is however a mystery why not more bat influenza viruses have
been discovered to date.

Other host species of IAVs are usually considered spillover host species, as they
initially acquired IAVs upon cross-species transmission from their ancestral, natural
reservoirs (see below). However, IAVs have established in domestic animal species,
including poultry, pigs, horses, and dogs, and in humans. These species now
maintain distinct IAVs and have thus become their natural reservoirs and potential
or actual new players in IAVs cross-species transmission.

22.2.1.1 Epidemiology
IAV epidemiology in wild water birds is characterized by annual epidemic cycles.
IAVs typically infect juvenile birds of the year, immunologically naïve to IAVs, or
young individuals with limited history of past infections that congregate during one
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stage of their life history (Olsen et al. 2006; van Dijk et al. 2018). Morbidity and
mortality burdens associated with IAV infection in wild water birds are low, with
little evidence of disease or death of infected birds. Some effects of IAV infection on
wild birds’ health or behavior have been proposed, such as reduced food intake and
delayed or shortened migration, but are difficult to evidence (Kuiken 2013).

Avian IAV epidemiology has been particularly studied in three natural host
systems: dabbling ducks, waders, and gulls. In dabbling ducks, such as mallards
(Anas platyrhynchos) and common teals (A. crecca), annual epidemics generally
occur in juvenile birds in fall, as they congregate after annual molt and prepare for
migration (Olsen et al. 2006; Munster et al. 2007; van Dijk et al. 2018). The arrival of
migrants from other populations into these congregating groups may play an impor-
tant role in IAV spread (van Dijk et al. 2013, 2018). A seasonal IAV hotspot in
waders occurs at the Delaware Bay, in North America, likewise when migrants
congregate at this important stopover site during spring (Webster et al. 1992; Hanson
et al. 2008). Large populations of waders timely refuel during this migratory
stopover on spawning horseshoe crabs (Limulus polyphemus), creating unique
conditions for IAV spread. However, such conditions have not been observed in
Europe where IAV prevalence in waders is reported low throughout the year (Olsen
et al. 2006; Munster et al. 2007). Lastly, annual IAV epidemics were recently
demonstrated in young black-headed gulls (Chroicocephalus ridibundus) in north-
ern Europe, when fledging birds from breeding colonies leave their nests in early
summer (Verhagen et al. 2014). Targeted sampling of other gull species at the time of
fledging may unveil similar IAV dynamics in this family of birds.

Juvenile birds may be particularly important in the epidemiology of avian IAVs as
their immune system matures and transitions from the bursa of Fabricius to the
thymus. This period may enable prolonged shedding and high viral titers (Joseph
et al. 2017). Premigrational staging and high concentration of juveniles likely fuel
transmission, while mounting population immunity reduces spread in wintering
areas. Little is known of the epidemiological dynamics of IAVs in birds belonging
to other avian orders and whether they may act as maintenance hosts.

The aquatic habitat of wild freshwater birds and their feeding and social behavior
likely favor IAV transmission in these species (for review see (Olsen et al. 2006;
Reperant et al. 2013; van Dijk et al. 2018)). IAV infect wild water birds via a fecal-
oral and possibly fecal-cloacal route of transmission, which can be enhanced in
watershed habitats heavily contaminated by large groups of birds. IAV can persist
several months in water, especially at low temperatures and low salinity levels, and
such environmental persistence may be important for IAVyear-round persistence in
wild water bird populations (Stallknecht and Brown 2009). The route of transmis-
sion in birds from other orders, in particular terrestrial birds, may differ. The
presence of IAV RNA in tracheal swabs may point to the possibility of transmission
via the respiratory route (Caron et al. 2017).

22.2.1.2 Evolutionary Dynamics
The remarkable diversity of wild bird IAV lineages is puzzling. Environmental
transmission, supported by avian IAV durability and stability in watershed habitats,
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may be a key driver of their genetic diversity, due to a so-called “storage effect”
(Roche et al. 2014). Heterosubtypic immunity likely further drives AIV subtype
dynamics of emergence and replacement.

High mutation rates and frequent reassortment characterize IAV evolutionary
dynamics in wild bird reservoirs (Chen and Holmes 2006; Dugan et al. 2008;
Lowen 2017) (Fig. 1). However, these dynamics largely differ between genes coding
for internal and surface proteins.

Fig. 1 Schematics of influenza A virus (IAV) diversity and evolutionary dynamics in natural
reservoir and spillover host species (based on (Dugan et al. 2008)). IAV diversity in wild water
birds is mainly characterized by co-circulation of a large number of subtypes and lineages and their
frequent reassortment; in domestic animal species, by occasional IAV cross-species transmission,
reassortment across subtypes, and genetic and antigenic drift; and in humans by rare IAV cross-
species transmission, reassortment within subtype, and genetic and antigenic drift
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IAV internal genes show high levels of genetic identity resulting in relatively
conserved proteins. It suggests that these genes are under strong purifying selection,
have reached fitness peaks, and may elicit immune response in wild birds. The
conservation of these proteins allows widespread reassortment with exchange of
functionally equivalent internal gene segments (Dugan et al. 2008; Lowen 2017).
The NS gene may be under some form of balancing selection that has resulted in the
co-circulation of two alleles that can be found in combination with any HA and NA
subtype. In contrast, while the HA and NA genes within each subtype show high
levels of genetic identity, the HA and NA genes of different subtypes are remarkably
divergent. The absence of intermediate subtypes indicates strong natural selection
likely resulting from cross-immunity. Frequent mixed infections are reported in wild
birds, favoring reassortment between HA and NA subtypes, leading to many possi-
ble combinations. However, the current diversity of IAVs within each HA and NA
subtypes in wild birds is recent and suggestive of population bottlenecks, during
which IAV diversity may be periodically purged by the sweep of genes with high
fitness, eliminating other lineages (Dugan et al. 2008).

IAVs circulating in gulls are generally distinct from those circulating in ducks and
waders and mostly of the H13 and H16 subtypes. This demonstrates that for these
subtypes, lineage divergence likely resulted from physical separation upon host
switch. A limited number of IAV subtypes circulating in ducks have evolved in
allopatry and geographical isolation, such as H15 present apparently exclusively in
Australia. Most IAVs of wild water birds, however, can be grouped in large phylo-
genetic groups associated with broad geographical regions, corresponding to conti-
nents, hemispheres, or major water bird migration flyways, indicating limited
geographical separation (Dugan et al. 2008). Reassortment is frequent between
IAVs of different gene constellations within these groups but only occasional
between IAVs of distinct geographical phylogenetic groups. Migratory birds breed-
ing and wintering on distant continents can nonetheless disseminate avian IAVs
between phylogeographical regions, as evidenced across the Bering Strait (Jeong
et al. 2019).

22.2.2 Spillover Host Species

Several IAVs infect a wide range of host species other than wild water birds,
including poultry, marine mammals, ungulates, carnivores, and humans, which all
can be considered spillover host species (Table 1). In these species, IAVs may cause
sporadic cases of infection, self-limiting outbreaks, pandemics, and recurring epi-
demics or even reach endemicity. IAVs infecting spillover host species, including
those currently circulating independently of introductions from wild birds, have all
originated from avian IAVs acquired upon cross-species transmission.

In contrast to what is observed in wild water birds, morbidity or mortality burdens
can range from inapparent to high. Interestingly, most IAVs isolated from wild
spillover host species cause sporadic cases of infection without further ongoing
host-to-host transmission or cause self-limiting outbreaks that eventually die out in
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Table 1 List of influenza Avirus subtypes and lineages detected in spillover host species (based on
following reviews: (Brown 2000; Swayne et al. 2019; Swayne 2007; Peiris 2009; Reperant et al.
2009; Taubenberger and Kash 2010; Reperant and Osterhaus 2012; Fereidouni et al. 2014; Yong-
Feng et al. 2017; Borkenhagen et al. 2019, Philippon et al. 2020; Borland et al. 2020)

Pathotype
Influenza
subtype Infected species Species of origin Detection Sustained

LP H1 Raccoon Avian Serology Unknown

LP H1/H3/H7 Bothrops snake Unknown Serology Unknown

LP H1/H3/H7 Crotalus snake Unknown Serology Unknown

LP H1/H3/H7 Frog Unknown Serology Unknown

LP H1/H3/H7 Toad Unknown Serology Unknown

LP H1N1 Elephant seal Human Isolation Yes

LP H1N1 Human
(1918–1957/
1977–2009)

Unknown Isolation Yes

LP H1N1 Human (1976) Swine Isolation Yes

LP H1N1 Human
(2009–present)

Swine Isolation Yes

LP H1N1 Swine Avian Isolation Yes

LP H1N1 Swine Human Isolation Yes

LP H1N1 Turkey Human Isolation Yes

LP H1N1 Turkey Human Isolation Yes

LP H1N1 Turkey Swine Isolation Yes

LP H1N1 Human Swine Isolation No

LP H1N1 Skunk Human Isolation Unknown

LP H1N1 Cattle Swine Isolation Unknown

LP H1N1 Cattle Unknown Serology Unknown

LP H1N1 Deer Unknown Serology Unknown

LP H1N1 Goat Unknown Serology Unknown

LP H1N1 Sheep Unknown Serology Unknown

LP H1N1 Dog Human Isolation Yes

LP H1N1ra Dog Swine Isolation Unknown

LP H1N2 Mink Swine Isolation Yes

LP H1N2 Swine Reassortant avian/
swine/human

Isolation Yes

LP H1N2 Human Swine Isolation No

LP H1N2ra Dog Swine Isolation Unknown

LP H1N3 Balaenopterid
whale

Avian Isolation Unknown

LP H1N7 Swine Reassortant
equine/human

Isolation Yes

LP H2 Sheep Unknown Serology Unknown

LP H2N2 Human
(1957–1968)

Reassortant
Avian /human

Isolation Yes

LP H2N2 Cattle Unknown Serology Unknown

LP H3 Raccoon Avian Serology Unknown

(continued)

658 L. A. Reperant and A. D. M. E. Osterhaus



Table 1 (continued)

Pathotype
Influenza
subtype Infected species Species of origin Detection Sustained

LP H3 Ringed seal Unknown Serology Unknown

LP H3 Seals Unknown Serology Unknown

LP H3N1 Swine Reassortant avian/
swine/human

Isolation Yes

LP H3N1 Dog Human Isolation No

LP H3N2/
H1N1

Mink Swine Isolation Yes

LP H3N2 Human
(1968–present)

Reassortant avian/
human

Isolation Yes

LP H3N2 Dog Avian Isolation Yes

LP H3N2 Swine Avian Isolation Yes

LP H3N2 Dog Avian Isolation Yes

LP H3N2ra Dog Swine Isolation Unknown

LP H3N2ra Dog Human Isolation Yes

LP H3N2 Cat Canine Isolation Yes

LP H3N2 Mink Swine Isolation Unknown

LP H3N2 Swine Human Isolation Yes

LP H3N2 Swine Reassortant avian/
swine/human

Isolation Yes

LP H3N2 Human Swine Isolation No

LP H3N2 Cattle Human Isolation Unknown

LP H3N2 Cattle Unknown Serology Unknown

LP H3N2 Deer Unknown Serology Unknown

LP H3N2 Goat Unknown Serology Unknown

LP H3N2 Sheep Unknown Serology Unknown

LP H3N2 Water buffalo Unknown Serology Unknown

LP H3N2 Yak Unknown Serology Unknown

LP H3N3 Harbor seal Avian Isolation Yes

LP H3N3 Swine Avian Isolation Yes

LP H3N8 Horse Avian Isolation Yes

LP H3N8 Dog Equine Isolation Yes

LP H3N8 Harbor seal Avian Isolation Yes

LP H4 Seals Unknown Serology Unknown

LP H4N2 Raccoon Avian Serology Unknown

LP H4N5 Harbor seal Avian Isolation Yes

LP H4N6 Harbor seal Avian Isolation Yes

LP H4N6 Swine Avian Isolation Yes

LP H4N6 Raccoon Avian Serology Unknown

HP H5N1 Cat Avian Isolation No

HP H5N1 Dog Avian Isolation No

HP H5N1 Human Avian Isolation No

HP H5N1 Leopard Avian Isolation No

(continued)
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Table 1 (continued)

Pathotype
Influenza
subtype Infected species Species of origin Detection Sustained

HP H5N1 Owston’s palm civet Avian Isolation No

HP H5N1 Stone marten Avian Isolation No

HP H5N1 Black-lipped pika Avian Isolation No

HP H5N1 Tiger Avian Isolation No

HP H5N6 Cat Avian Isolation No

HP H5N6 Human Avian Isolation No

HP H5N8 Grey seal Avian Isolation No

HP H5N8 Human Avian Isolation No

LP H6N1 Human Avian Isolation No

LP H7 Ringed seal Unknown Serology Unknown

LP H7 Seals Unknown Serology Unknown

LP H7N2 Human Avian Isolation No

LP H7N2 Cat Avian Isolation Yes

LP H7N2 Human Feline Isolation No

LP H7N3 Human Avian Isolation No

HP H7N3 Human Avian Isolation No

LP H7N4 Human Avian Isolation No

LP H7N7 Harbor seal Avian Isolation Yes

LP H7N7 Horse Avian Isolation Yes

LP H7N7 Human Harbor seal Isolation No

HP H7N7 Human Avian Isolation No

LP H7N7 Cattle Unknown Serology Unknown

LP H7N7 Ringed seal Unknown Serology Unknown

LP H7N7 Sheep Unknown Serology Unknown

LP H7N9 Human Avian Isolation No

LP H9N2 Swine Avian Isolation Yes

LP H9N2 Human Avian Isolation No

LP H9N2 Mink Avian Isolation Yes

LP H10N4 Mink Avian Isolation Yes

LP H10N5 Swine Avian Isolation No

LP H10N7 Human Avian Isolation No

LP H10N7 Harbour and gray
seals

Avian Isolation Yes

LP H10N8 Human Avian Isolation No

LP H12 Seals Unknown Serology Unknown

LP H13N2 Pilot whale Avian Isolation Unknown

LP H13N9 Pilot whale Avian Isolation Unknown

LP N1/N4/N6 Ringed seal Unknown Serology Unknown

– Unknown Broad-snouted
caiman

Avian PCR Unknown

– Unknown Chinese alligator Avian PCR Unknown

– Unknown Nile crocodile Avian PCR Unknown

(continued)
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these species. In contrast, most IAV lineages that established and currently circulate
in spillover host species, independently of cross-species transmission, emerged in
domestic animals, including poultry, swine, horses, and dogs and in humans (Fig. 2).
An exception warranting further research is bats, which may maintain distinct IAVs
(Tong et al. 2013b; Ciminski et al. 2020). Domestic species and humans, which
maintain distinct IAVs, have become their natural reservoirs and new players in their
cross-species transmission.

22.2.2.1 Epidemiology

Nonestablished IAVs
Sporadic IAV infections or incidental serological evidence thereof have been
reported in a wide range of avian and mammalian species, including humans, as
well as in amphibians and reptiles (Table 1). Animal species that are in direct or
indirect contact with IAV host reservoirs or spillover host species, e.g., due to
predation, shared food and water resources, or overlapping habitat, may become
infected with IAVs upon cross-species transmission (for review see (Reperant et al.
2009; Joseph et al. 2017)). IAV cross-species transmission between wild and domes-
tic animal species and humans is not infrequent, including IAV transmission from
humans to animals (Table 1). In humans, serological surveys demonstrated limited
zoonotic exposure to IAVs in wild waterfowl hunters and bird banders (Gill et al.

Table 1 (continued)

Pathotype
Influenza
subtype Infected species Species of origin Detection Sustained

– Unknown Schneider’s dwarf
caiman

Avian PCR Unknown

– Unknown Baikal seal Unknown Serology Unknown

– Unknown Beluga whale Unknown Serology Unknown

– Unknown Caspian seal Unknown Serology Unknown

– Unknown Chinese alligator Unknown Serology Unknown

– Unknown Common mink
whale

Unknown Serology Unknown

– Unknown Dall’s porpoise Unknown Serology Unknown

– Unknown Harp seal Unknown Serology Unknown

– Unknown Hooded seal Unknown Serology Unknown

– Unknown Fur seal Unknown Serology Unknown

– Unknown Pacific walrus Unknown Serology Unknown

– Unknown Reindeer Unknown Serology Unknown

– Unknown Ringed seal Unknown Serology Unknown

– Unknown Schneider’s dwarf
caiman

Unknown Serology Unknown

– Unknown Sea lion Unknown Serology Unknown
aReassortants with canine influenza virus
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2006; Gray et al. 2011). Contact with domestic poultry and swine is associated with
an increased likelihood of zoonotic IAV exposure (Gray et al. 2007). Outbreaks of
zoonotic IAV infection in humans have increased in the past decades, in parallel with
the relentless growth of domestic animal populations worldwide (for review see
(Reperant and Osterhaus 2012; Parrish et al. 2015)). Subtypes known to have caused
zoonotic human infections include swine H1N1, H1N2, and H3N2, avian H5N1,
H5N6, H5N8, H6N1, H7N2, H7N3, H7N4, H7N7, H7N9, H9N2, H10N7 and
H10N8, feline H7N2, and seal H7N7 (Borkenhagen et al. 2019). Such infections
may be at the basis of the emergence of novel pandemic IAVs (see below).

IAV cross-species transmission may lead to sustained spread of the virus, with
ongoing host-to-host transmission in the new host species. This may result in self-
limiting outbreaks that eventually die out or may spark large-scale epidemics that
result in IAVestablishment and continued circulation in the species concerned. Self-
limiting outbreaks of IAV infection, following cross-species transmission, have been

Fig. 2 Influenza A virus
(IAV) epidemiological
dynamics in natural reservoir
and spillover host species.
Wild water bird natural
reservoirs sustain recurring
IAV epidemics and may
transmit these viruses to
spillover host species, where
they can cause sporadic cases
of infection, self-limiting
outbreaks, pandemics, and
recurring epidemics or reach
endemicity. Domestic animals
and humans maintain adapted
IAV, and bats may maintain
evolutionary distinct IAV.
Spillover species maintaining
adapted IAV may also
transmit these viruses to other
host species, resulting in
sporadic cases of infection and
self-limiting and sustained
outbreaks. These include spill-
back infections and self-
limiting outbreaks of highly
pathogenic IAV (HPAIV)
H5Nx in wild water birds
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reported in wild and domestic avian and mammalian species and in humans. The
reasons behind the self-limiting nature of these outbreaks are little understood. IAVs
may not acquire full adaptation to efficiently spread in a new host species upon
cross-species transmission, and ongoing host-to-host transmission may remain lim-
ited below levels allowing sustained spread. In particular, adaptation of avian IAVs
of wild bird origin to terrestrial poultry is thought necessary for their establishment in
these species (Swayne 2007).

Alternatively, the number of immunologically naïve hosts in the population may
be insufficient to sustain IAV transmission. This may be due to rapid depletion of the
pool of susceptible hosts during outbreaks. For example, large self-limiting IAV
outbreaks in wild harbor seals (Phoca vitulina) have resulted in high mortality and
morbidity burdens, resulting in the death of up to 25% of local populations (Lang
et al. 1981; Webster et al. 1981; Geraci et al. 1982; Hinshaw et al. 1984; Callan et al.
1995). A recent, similarly large yet self-limiting outbreak of AIV H10N7 infection
erupted in harbor and grey seals (Halichoerus grypus) in North European waters in
2014 and killed over 10% of the seal population (Bodewes et al. 2015, Herfst et al.
2020). The depletion of the pool of susceptible hosts, associated with the patchy
nature of seal populations and short annual breeding seasons—which replenish the
pool of susceptible hosts only once a year—may explain the self-limiting nature of
the outbreaks. There is currently no evidence of continued circulation of seal-
adapted IAVs. Similarly, self-limiting outbreaks of avian IAVs in farmed American
mink (Vison vison) (Klingeborn et al. 1985) and domestic swine (Brown 2000),
resulting in high mortality or morbidity burdens, likely depleted the pool of suscep-
tible hosts in the affected farms, and containment prevented further spread.

The presence of pre-existing immunity in spillover host populations may also
contribute to the self-limiting nature of IAV outbreaks in domestic species and
humans upon cross-species transmission. For example, IAV H3N8 of wild bird
origin caused epidemics in horses in China during three consecutive years. Yet,
the virus did not establish itself in the equine population (Guo et al. 1992). Circu-
lation of a previously established equine IAV H3N8 and vaccination against this
virus may have played a role in the eventual extinction of avian IAV H3N8 in horses.
In humans, an outbreak of respiratory disease in a military camp in North America in
1976 caused by IAV H1N1 of swine origin turned out to be self-limiting (Goldfield
et al. 1977; Top and Russell 1977). The simultaneous circulation of another IAV
subtype—seasonal IAV H3N2—at the time of the outbreak and/or the presence of
pre-existing immunity against AIV H1N1 may have contributed to limiting the
spread of this virus in the human population (Gaydos et al. 2006).

Established IAV Lineages in New Animal Host Species
Occasionally, IAVs with efficient ongoing host-to-host transmission in a new host
species may sustainably spread, reaching endemicity or causing recurring epidemics
in the species concerned. A limited number of IAV lineages have adapted to
domestic animals, including poultry, swine, horses, and dogs, and to humans.
They are maintained independently of cross-species transmission from wild water
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birds or other spillover host species. The conditions allowing IAVestablishment and
continued circulation in spillover host species remain little understood.

Domestic swine and poultry harbor the highest diversity of established IAVs in
spillover host species, with several co-circulating subtypes and lineages (Brown
2000; Alexander 2007). A wide range of poultry species, including ducks, geese,
chickens, and quails, are susceptible to IAV infection. Species diversity, high density
and population turnover, and trade and mixing during co-raising or at animal markets
are believed important determinants for the evolution, emergence, establishment,
and diversification of swine and poultry IAV lineages (for review see (Reperant and
Osterhaus 2012)). IAVs in swine and poultry typically are endemic over large
geographical areas, if not globally, without displaying clear seasonal patterns of
infection (Brown 2000; Alexander 2007; Henritzi et al. 2020). Endemicity in these
species is likely maintained by the continued replenishment of susceptible hosts
through trade or breeding. The growing diversity of swine and avian IAVs in
livestock and of other IAVs in domestic species represents a major challenge to
epidemic and pandemic preparedness (Parrish et al. 2015; Philippon et al. 2020;
Anderson et al. 2021).

Endemic IAV infection may go unnoticed in swine and poultry, because of low
morbidity and mortality burdens. However, IAV may cause detectable disease,
especially in young animals immunologically naïve to IAV. In domestic poultry,
IAV may also develop increased pathogenicity, defining IAV pathotype in these
species. When IAV-associated mortality is low in poultry, IAVs are qualified as low
pathogenic avian influenza viruses (LPAIV). In terrestrial poultry, mainly chickens
and turkeys, LPAIV of the H5 and H7 subtypes can evolve into highly pathogenic
avian influenza viruses (HPAIV), causing ravaging outbreaks with up to 100%
mortality (Swayne 2007). High poultry density in industrial farms is thought to
favor HPAIV evolution and emergence. Because of their high mortality burdens—
also due to the rapid implementation of stamping out and other control measures—
HPAIV may rapidly run out of susceptible hosts to infect, and outbreaks typically are
self-limiting in adequately managed domestic poultry settings. HPAIVof the H5N1
subtype are a notorious exception. These viruses became endemic in poultry in
Southeast Asia and Africa and rapidly diversified following their emergence more
than 15 years ago (Chen et al. 2006; Li et al. 2010). They further have sprouted a
growing diversity of HPAIV H5Nx subtypes (like H5N2, H5N3, H5N5, H5N6,
H5N8, and H5N9) in poultry as well as in wild birds (see below; Pulit-Penaloza et al.
2020). While these viruses may silently circulate in aquatic poultry, they cause
usually winter epidemics in terrestrial poultry, although most recently this pattern
has changed to also include spring and summer (Pohlmann et al. 2019). Subclini-
cally infected aquatic poultry may be crucial for the maintenance of HPAIV H5N1
and related viruses in domestic birds (Hulse-Post et al. 2005).

A limited diversity characterizes IAV circulating in horses and in domestic
carnivores. Reports of equine epidemics of respiratory disease in past centuries
suggest that equine IAVs have circulated in horses for several hundred years
(Taubenberger and Morens 2009). However, only two IAV subtypes have been
isolated from horses to date (for review see (Reperant et al. 2009)). Their emergence
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likely resulted from IAV cross-species transmission from avian hosts. IAVs of the
H7N7 subtype emerged in horses in the mid-1950s and have not been isolated since
1980. IAVs of the H3N8 subtype emerged in the early 1960s and currently cause
recurring seasonal epidemics in equine populations worldwide, reminiscent of
seasonal human influenza.

Equine IAVs H3N8 infected domestic dogs in the early 2000s and have subse-
quently become temporarily endemic in canine populations in North America and
parts of Europe (Crawford et al. 2005; Daly et al. 2008). The canine H3N8 IAV
eventually went extinct, perhaps because the density of the dog population is
insufficient to indefinitely sustain host-to-host transmission (Wille and Homes
2020). In Southeast Asia, IAV H3N2 of avian origin have become endemic in canine
populations in the late 2000s and have subsequently spilledover from dogs to
domestic cats (Song et al. 2008; Song et al. 2011). These viruses may cause severe
epidemics in both species. Canine H3N2 influenza emerged in North America in
2015, with multiple introductions and recurrent fade out of the epidemics (Voorhees
et al. 2017; Voorhees et al. 2018). Ongoing studies are deciphering IAVevolutionary
and epidemiological dynamics in domestic carnivores (Guo et al. 2021). They may
represent new mixing vessels for the reassortment of novel IAVs (Parrish et al. 2015;
Borland et al. 2020). The canine IAV H3N2 has reassorted multiple times with avian,
swine, and human IAVs.

Established IAV Lineages in Humans
IAVs of animal origin with efficient human-to-human transmissibility can be at the
origin of influenza pandemics in humans (Table 2). In particular, the high incidence
of zoonotic IAV infections of any subtype in humans is feared to provide these
viruses with opportunities to acquire efficient transmissibility, sparking an influenza
pandemic. Outbreaks of sporadic IAV infections result from frequent cross-species
transmission while ongoing host-to-host transmission remains limited. Recently,
cross-species transmission of a number of swine and poultry IAVs to humans
resulted in large outbreaks often associated with relatively high morbidity and
mortality burdens. These include outbreaks of HPAIV H5N1, H5N6 and H7N7,
swine IAV H3N2, and LPAIV H7N9 and H9N2, which have caused several hundred
cases of human infection (Table 3). Evolution of these viruses by mutation and/or
reassortment into a transmissible form may be at the basis of a novel pandemic IAV
(Reperant et al. 2015).

Table 2 List of pandemic influenza A viruses in humans (for review see (Taubenberger and Kash
2010))

Influenza subtype Lineage Year of introduction Years of circulation

H1N1 Avian 1918 1918–1957

H2N2 Reassortant avian/human 1957 1957–1968

H3N2 Reassortant avian/human 1968 1968–present

H1N1 Human 1977 1977–2009

H1N1 Swine 2009 2009–present
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Pandemic IAVs cause severe epidemic waves in humans, typically with high
attack rates, morbidity, and mortality burdens. They infect a large proportion of the
human population worldwide, with typically little pre-existing immunity against
them (Taubenberger and Kash 2010; Saunders-Hastings and Krewski 2016). Intro-
duction of a pandemic IAV in the human population results in the so-called antigenic
shift, replacing one of the existing seasonal IAV subtypes. Pandemic waves in
humans currently spread around the world within a matter of months. The viruses
continue to circulate and evolve into seasonal influenza viruses after the pandemic
that they caused, replacing one of the hitherto circulating seasonal IAVs. Such strain
replacement suggests the existence of some levels of cross-immunity between IAVs
of different subtypes. As a result, only a limited number of AIV subtypes have been
established in the human population. The severity of the seasonal epidemics that
follow pandemics typically declines with time, at least in part due to the building-up
of specific immunity and the increasing inability of the IAVs to escape from the
specific antibody landscape building up over time. However, ongoing seasonal drift
can result in the emergence of immune-escape variants at the origin of more severe
epidemics. As has been documented for IAV H3N2, seasonal waves of influenza
tend to emerge in Southeast Asia, where multiple peaks of seasonal AIV infections
are observed year-round. These viruses are seeded into countries of the northern
hemisphere during the winter season, followed by their spread to countries of the
southern hemisphere in the subsequent winter season there (Russell et al. 2008).

At least in part due to naïve, immature, or impaired immune responses, infants,
the elderly, and individuals with comorbidities are particularly at risk of severe IAV
infection that may be further complicated by bacterial infection (Taubenberger and
Morens 2008). Because of limited pre-exposure and abundant social contacts,
school-age children are considered major spreaders of IAVs in the human popula-
tion. Serological surveys have established that most individuals of 7 years of age or
older have been infected at least once by seasonal IAVs and are partially protected
against IAV reinfection due to immune memory (Bodewes et al. 2011). Nevertheless,

Table 3 List of recent zoonotic influenza A viruses causing large outbreaks in humans

Pathotype
Influenza
subtype

Host of
origin Year

Number of
cases References

HPAIV H7N7 Avian 2003 89 Koopmans et al.
(2004)

HPAIV H5N1 Avian 1997–present >880 Philippon et al.
(2020)

HPAIV H5N6 Avian 2014–present >20 Philippon et al.
(2020)

LPAIV H3N2 Swine 2011–present >400 Anderson et al.
(2021)

LPAIV H7N9 Avian 2013–present >1500 Philippon et al.
(2020)

LPAIV H9N2 Avian 2002–present >50 Philippon et al.
(2020)
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healthy young adults may be severely affected during IAV pandemics, due to limited
cross-protection from previous infections against a novel pandemic IAV (Saunders-
Hastings and Krewski 2016).

Spilled-Over IAVs Spilling Back to Wild Bird Populations
IAVs circulating in spillover host species rarely spill back to wild bird populations.
Adaptation of IAVs to spillover host species is thought to hinder their ability to infect
wild water bird species. This has been demonstrated experimentally for a number of
poultry IAVs, which inefficiently replicated in water birds (Swayne 2007). Yet, little
is known about the extent of cross-species transmission of IAVs circulating in
aquatic domestic poultry to related wild water bird species and their subsequent
spread. LPAIV subtypes tend to be differently distributed in wild birds and poultry,
suggesting different susceptibility to various subtypes (Verhagen et al. 2017).

Likewise, HPAIVs usually do not evolve in wild water birds, and if these birds
become infected following cross-species transmission from poultry, the infection
may not always be as severe as in domestic birds. However, since 2002, HPAIVs of
the H5N1 subtype have spilled back from infected poultry to a wide range of wild
bird species (Sturm-Ramirez et al. 2004), which can be considered spill-back hosts
in this regard (for review see (Reperant et al. 2013)) (Fig. 2).

Infections with HPAIV H5N1 and related (reassortant H5Nx) viruses have caused
inapparent to fatal disease in wild birds, following sporadic infection or during self-
limiting outbreaks in Southeast Asia, the Middle East, Europe, Africa, and North
America. Wild water birds, as well as birds from other orders, including corvids and
birds of prey, can be severely affected. The routes of transmission of HPAIV H5Nx
likely include the oral and respiratory routes, contrasting with the fecal-oral trans-
mission of LPAIV. Predation or scavenging on infected carcasses may be a unique
route of transmission of these viruses in corvids and birds of prey, as well as in wild
carnivores, like seals, otters, and foxes.

Wild bird species little affected clinically by HPAIV H5Nx viruses may contrib-
ute to their geographical spread (Gilbert et al. 2006; Keawcharoen et al. 2008;
Reperant et al. 2010; Lycett et al. 2016). In Europe, HPAIV H5N1 outbreaks in
wild birds occurred during winter periods and were associated with the 0 �C
isotherm, suggesting that congregation of water birds on open water bodies along
freezing fronts fueled the epidemics (Reperant et al. 2010). For a long time, little
evidence pointed to the maintenance of HPAIV H5Nx in wild bird populations, in
the absence of repeated introductions from poultry. Yet in the past few years,
successful clades of HPAIV H5Nx have repeatedly spread nearly globally with
and among migratory and resident wild bird populations. This marks a major change
in the epidemiology of AIVs in their natural reservoirs. Of note, HPAIV H5Nx
introduced into North America in 2014 apparently went extinct after their control in
poultry (Krauss et al. 2016).

The HPAIV H5N1 was first detected in a domestic goose in the Gangdong
province of China in 1996. Over the following decades, it diversified into 10 genet-
ically distinct virus clades numbered 0 to 9 and spread to over 80 countries in Asia,
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Europe, Africa, and North America (Lee et al. 2017; Verhagen et al. 2021). HPAIV
H5N1 caused mass mortality events in wild birds at Qinghai Lake in China in 2005,
by members of the clade 2.2., and again in 2009, by members of the clade 2.3.2.
Viruses of the clade 2.2 reached Europe from 2005 to 2009, following at least
3 separate introductions. Viruses of the clade 2.3.2.1c made incursions into
European wild bird populations in 2010 and again in 2015. The HPAIV H5 clade
2.3.4—with first-time evidence of reassortments giving rise to H5N2, H5N5, and
H5N8 subtypes—emerged in poultry in China in 2008 and further diversified into
various subclades. Members of the subclade 2.3.4.4 reassorted with other clades of
HPAIV H5N1 and with other local LPAIVs. In 2014, outbreaks of HPAIV H5N6
and H5N8 of the 2.3.4.4 subclade erupted in poultry and wild birds in China, Laos,
and Vietnam and in Japan and Korea, respectively. Since 2014, these viruses and
reassortants repeatedly spread with wild migratory birds from East Asia to North
America, West Asia, and Europe. The number of outbreaks and the diversity of
HPAIV H5Nx affecting wild birds and poultry populations in and across Asia, North
America, Europe, and Africa since 2021 is unprecedented. Some of these viruses
have spilled over to wild carnivores, including red foxes (Vulpes vulpes), Eurasian
otters (Lutra lutra), and harbor and grey seals, with evidence of genetic adaptation to
replication in mammals (Shin et al. 2019; Adlhoch et al. 2021; Postel et al. 2022).
Serological evidence suggests exposure of wild boars (Schülein et al. 2021). The first
local case of HPAIV H5N1 in a human in Europe was reported in the owner of
Muscovy ducks affected by the disease at the end of 2021 in South West England
(Oliver et al. 2022). These host jumps raise public health concerns as they may
increase the risk of zoonotic transmission and of adaptation of HPAIV H5Nx to
spreading in humans (Adlhoch et al. 2022). However, the mechanisms of mainte-
nance and spread of these viruses in wild bird populations (comprising viruses of
varying pathogenicity and virulence, bird species asymptomatically infected and
highly susceptible species suffering high mortality) are little understood.

22.2.2.2 Evolutionary Dynamics
A limited number of IAV subtypes and lineages circulate in spillover host species,
and most extant lineages emerged within the past hundred years. However, in
domestic animals, like in humans, co-circulation of multiple IAV subtypes and
lineages is reported. Although IAVs that are endemic in poultry and, to a lesser
extent, in swine have diversified similarly to that in wild birds, the diversity in spill-
over host species is usually more restricted than that in wild water bird reservoirs
(Fig. 1). Exceptions of growing concerns are the diversifying clades of HPAIV
H5N1 and reassortants that circulate in poultry and wild birds. In humans, and to a
lesser extent, in domestic animals, IAV lineages show evolutionary patterns associ-
ated with genetic and antigenic drift, whereby mutations in the antigenic sites of the
surface glycoproteins allow IAVs to escape antibody mediated immunity that builds
up in the population (Petrova and Russell 2018). IAV diversity is greatest in poultry
and swine and results from repeated introductions of new IAVs, relatively frequent
reassortment as well as genetic and antigenic drift in these species (Brown 2000;
Olsen 2002; de Jong et al. 2007; Alexander 2007). In horses, two main lineages of
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IAV H3N8 co-circulate (Lai et al. 2001). Distinct phylogenetic groups associated
with broad geographical areas indicate some geographical isolation of IAVs of
domestic species, despite international trade.

IAV antigenic drift is most pronounced in humans, probably due to a strong
population herd immunity landscape associated with human population size, age
structure, lifespan, and geographical structure (Taubenberger and Kash 2010;
Petrova and Russell 2018). A limited number of combinations of amino-acid
changes in HA antigenic sites of seasonal IAVs result in significant antigenic
variations, leading to immune escape (Smith et al. 2004). Human seasonal IAVs
antigenic drift is clustered, with such combinations of amino-acid changes occurring
typically every 3 to 5 years—for yet unclear reasons. Single lineages usually
predominate during human influenza seasons, with serial replacement of strains
(Fig. 1). However, reassortment between IAV lineages within the same subtype
appears more frequent than previously thought (Rambaut et al. 2008).

Although influenza vaccines have been available for over 80 years, most of those
currently licensed still rely on decades-old technology, in particular on their produc-
tion in embryonated chicken eggs, resulting in limitations in their effectiveness.
Seasonal influenza vaccines furthermore need regular updating to attempt to best
match upcoming circulating strains. Next-generation influenza vaccines building on
alternative approaches for their design and production are currently being pursued to
induce broader and longer-lasting immune responses to overcome seasonal influenza
antigenic drift and to timely address the emergence of a new pandemic influenza
virus (Becker et al. 2021).

22.3 Host-Level Pathogenesis of Infection

22.3.1 Natural Reservoirs

IAVs maintained in wild water bird reservoirs are typically of low pathogenic
pathotype. However, the diversification, reassortment, and spread of HPAIV H5Nx
in wild bird populations have lately challenged this paradigm (see below). LPAIVs
typically cause inapparent intestinal tract infection in wild water birds. Cloacal
shedding of high LPAIV loads lasts several days to a week, although prolonged
shedding for weeks has been reported under experimental conditions. Wild water
birds become infected following ingestion of water-borne IAVs that reach the
intestine, or may contract the virus via the cloaca (Webster et al. 1992).

LPAIVs generally do not cause detectable damage in the intestinal tract of
naturally or experimentally infected water birds, despite large numbers of infected
cells detected by immunohistochemistry (for review see (Kuiken 2013)). Most
infected intestinal epithelial cells are those of the intestinal crypts at the base of
the villi of the large intestine and epithelial cells of the bursa of Fabricius. It has been
suggested that the rapid turnover of intestinal epithelial cells coincides with the
duration of LPAIV replication cycle (Daoust et al. 2011). Intestinal epithelial cells in
the crypts continuously divide, pushing infected cells towards the tip of the intestinal
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villi. Lytically infected cells may be released into the intestinal lumen, as they reach
the tip of the villi and naturally shed into the lumen. Although visible intestinal
damage may not occur, LPAIV infection of the gut may have clinical impact on wild
water birds, such as impaired digestive functions. This may affect food intake,
growth, migratory abilities, and reproductive success. Carefully designed studies
are needed to address this unresolved issue (Kuiken 2013; Risely et al. 2018).

LPAIV infection can cause gross and histological lesions in other organs than the
intestinal tract in experimentally infected water birds (for review see (Kuiken 2013)).
In particular, tracheitis, pneumonia, and airsacculitis, associated with viral replica-
tion in respiratory epithelial cells in the airways and air sacs, have been described in
several studies. Intranasal inoculation of mallards resulted in mild pharyngitis and
tracheitis associated with LPAIV replication in respiratory epithelial cells, and this
route of inoculation may reproduce respiratory infection of dabbling ducks during
feeding. However, aerosol inoculation of domestic ducks with LPAIV resulted only
in intestinal infection. Furthermore, neither lesions nor antigen-positive cells have
been detected in the respiratory tract of naturally infected water birds, despite
massive LPAIV infection of the intestinal tract. In accordance with these patholog-
ical findings, LPAIV pharyngeal shedding is typically limited in water birds.

Little is known about wild bird immune response to LPAI. The absence of lesions
is associated with the absence of recruitment of inflammatory cells to the intestinal
site of infection, suggesting a limited innate immune response (Daoust et al. 2011).
However, immunoglobulins, including secretory IgX (equivalent of mammalian
IgA), are produced and detectable within a few days following experimental infec-
tion in domestic ducks and may be present along the intestinal mucosa (Higgins et al.
1987; Magor et al. 1998). Avian adaptive immune responses against LPAIVs may
protect at least in part against reinfection with IAVs of the same, and perhaps to a
lesser extent, of different but related subtypes (Latorre-Margalef et al. 2013). The
extent and duration of immunity against LPAIV reinfection in wild birds remain
unknown yet may be essential in determining LPAIV epidemiological and evolu-
tionary dynamics in their natural host reservoirs.

22.3.2 Spillover Host Species

22.3.2.1 Avian Spillover Host Species
LPAIVs of wild bird origin probably behave similarly in aquatic poultry as in wild
water birds. In terrestrial poultry, LPAIVs of wild bird origin can cause clinical
infection, principally of the respiratory tract and occasionally of the intestinal and
urogenital tracts, with little mortality (Mo et al. 1997; Swayne et al. 2019). Infection
with LPAIV results mainly in drop in egg production and respiratory signs, and
occasionally, in intestinal and urogenital signs. Pharyngeal and cloacal shedding
typically lasts several days to a week. Experimental inoculation of chickens demon-
strated LPAIV replication in epithelial cells in the airways and lungs in association
with inflammatory conditions like rhinitis, tracheitis, and pneumonia. LPAIV path-
ogenicity varies greatly between poultry species. Pneumonia may be complicated by
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secondary bacterial infection. Rarely nephrosis and nephritis are observed. Intrave-
nous inoculation of AIVs of wild bird origin has been shown to result in infection of
renal tubular epithelial cells and intestinal epithelial cells in chickens (Swayne and
Slemons 1990).

In naïve terrestrial poultry, LPAIVs of the H5 and H7 subtypes can evolve into
HPAIVs. These viruses cause severe systemic infection resulting in more than 75%
mortality, mainly in chickens and turkeys (Swayne et al. 2019; Swayne 2007). They
are abundantly shed from both the respiratory and intestinal tracts. HPAIVs can
infect endothelial cells and parenchymal cells in a wide range of organs, including
respiratory tract, heart, pancreas, liver, intestine, kidneys, adrenal glands, and brain
in poultry. HPAIV infection results in hemorrhages, coagulation failure and organ
failure, and occasionally neurological signs, when birds survive the acute phase of
the disease. However, gross and microscopic lesions of inflammation, necrosis, and
hemorrhages may be rare, because sudden death can occur as early as 24 h after
infection. Elevated pro-inflammatory immune responses are seen in chickens but not
in ducks infected with HPAIVs; these may contribute to severe immune-pathology
(Kuchipudi et al. 2014; Wang et al. 2021).

Most HPAIVs do not infect water birds or cause unapparent infection in these
species. However, HPAIV H5N1 and related reassortant viruses have the ability to
infect a wide range of avian hosts, including aquatic poultry and wild birds (for
review see (Swayne 2007; Reperant et al. 2013; Alarcon et al. 2018)). HPAIV H5Nx
pathogenicity in aquatic poultry and wild birds varies greatly and ranges from
asymptomatic infection to fatal systemic disease, depending on the virus lineage
and bird species involved. The timeframe of development of clinical signs also
varies among wild bird species. Clinical disease may start a few days to more than
a week after infection. Worryingly, recent HPAIVs H5Nx have caused unusually
high mortality in ducks.

In contrast to LPAIV and HPAIVs of the H5N1 (clade 2.2) subtype were not
found to infect the intestinal tract of water birds, and cloacal shedding was rare.
HPAIV H5N1 was mainly shed from the pharynx of wild birds, and clinical signs
included respiratory and neurological manifestations. Organs most often found
infected were the respiratory tract, pancreas, liver, kidneys, adrenal glands, and
brain in these species. Infected cells were parenchymal cells of most organs, and
IAV antigen-expression in these cells was associated with lesions of inflammation
and necrosis. In contrast to poultry, endothelial cells were not infected in most
species of wild birds. Exceptions included whooper swans (Cygnus cygnus) and
tufted ducks (Aythya fuligula), in which endothelial infection by HPAIV H5N1 and
severe hemorrhages were reported (for review see (Reperant et al. 2013)).

Our current understanding of the immune response of poultry against LPAIV or
HPAIV is incomplete (Suarez and Schultz-Cherry 2000; Swayne 2007). Neutralizing
antibodies against the HA- and to a lesser extent NA-proteins provide protection
against disease. The role of cellular immunity is less clear and may reduce viral
shedding and help accelerate recovery upon infection. Overall, the immune response
of terrestrial poultry against IAVs appears stronger than that of aquatic poultry.
Vaccination of poultry against IAVelicits principally neutralizing antibodies against
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the HA protein, but does not fully abrogate infection, and hence limited shedding can
occur in vaccinated birds. Vaccination of poultry against HPAIV H5N1 may be an
effective tool to reduce the virus prevalence in endemic countries, but stamping-out
measures, combined with testing and reactive culling of poultry, are often necessary
for the eventual eradication of HPAIVs.

22.3.2.2 Mammalian Spillover Host Species
IAVs that sporadically cross from avian to mammalian hosts, including zoonotic
IAVs infecting humans, may cause from inapparent to severe respiratory and sys-
temic infections. Clinical disease upon sporadic IAV infection is best documented in
humans. In general, patients infected with zoonotic IAVs present with conjunctivitis
or mild influenza-like illness (Peiris et al. 2007). However, in several cases, they may
develop a severe or fatal lower respiratory tract infection characterized by necrotiz-
ing bronchiolitis, interstitial pneumonia, and diffuse alveolar damage.

Infections with HPAIVs of the H5N1 subtype display a unique pathogenesis. In
addition to a respiratory route of infection, HPAIV H5N1 may infect mammalian
species, including humans, via an intestinal route of infection. In most mammals,
HPAIV H5N1 infections severely affect the lower respiratory tract as well as of other
organs, including the liver, kidney, heart, pancreas, intestine, and brain (for review see
(Reperant et al. 2009)). Lesions of inflammation and necrosis are associated with
antigen-expression in parenchymal cells in these organs. Lungs, liver, and brain are the
most frequently infected organs in most mammals, resulting in respiratory and neuro-
logical clinical signs. In humans, the lungs are the primary sites of infection, although
evidence of HPAIV H5N1 replication in other organs has been reported, including in
the brain and intestinal tract (Peiris et al. 2007). Lung lesions are typically severe, with
diffuse epithelial necrosis, the presence of pulmonary edema and hemorrhage, and
massive infiltration of inflammatory cells. Elevated levels of cytokines may contribute
to the severity of the inflammatory response in fatal cases of human infection. These
lesions can result in respiratory distress and death within 10 days.

The case-fatality rate of HPAIV H5N1 is above 50%. Severe respiratory infec-
tions similarly occur upon infection with HPAIV H5N6 (case-fatality rate of 70%),
LPAIV H7N9 (case-fatality rate of 40%) and to a lesser extent LPAIV H9N2 (case-
fatality rate of 2%). Interestingly, individuals most often infected with HPAIV H5N1
and LPAIV H9N2 are below 15 years of age, while those most often infected with
LPAIV H7N9 are above 60. Bearing in mind the low number of cases, the highest
incidence of cases of HPAIV H5N6 infection appears to be among the 30–44 age
class (Philippon et al. 2020). It is not clear to what extent this is related to intrinsic
age-related susceptibility or pre-existing immunity.

Most IAVs that efficiently transmit in mammalian species, including pandemic
and seasonal IAVs in humans, typically cause both upper and lower respiratory tract
infection, resulting in rhinitis, tracheobronchitis, bronchiolitis, and interstitial pneu-
monia (Kuiken and Taubenberger 2008). Clinical signs range from mild nasal
secretions and coughing to severe pneumonia, which may be complicated by
bacterial infection, acute respiratory distress, and death. In general, infection is
more severe and located along the entire respiratory tract in individuals with
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immature or impaired immune responses, with little history of past infections or with
history of past infections by IAVs of a different subtype. These include infants and
the elderly or individuals with comorbidity; individuals of a species occasionally
infected by IAVs, like harbor seals and farmed mink; and individuals infected by a
novel IAV subtype, like pandemic IAV in humans or a novel IAV strain in domestic
species. In contrast, the infection is usually less severe and more localized to the
upper region of the respiratory tract in individuals with optimal immune functions or
a history of past infections with the same or related virus strains. These include
healthy individuals infected with seasonal or endemic IAVs.

The pathogenicity of IAV infection in mammals appears also largely virus strain
dependent. In general, IAVs that recently crossed the species barrier and some drift
variants that escape population immunity tend to cause more severe disease, with the
infection being located in both upper and lower respiratory tract in immunologically
naïve individuals (Kuiken and Taubenberger 2008). In contrast, IAVs that recur-
rently circulate in mammalian populations tend to cause less severe disease, with the
infection located in the upper regions of the respiratory tract. However, since IAV
pathogenicity depends on both host and viral factors, the disease outcome upon IAV
infection is highly variable. In humans, mild (e.g., 1968 and 2009), moderately
severe (e.g., 1957), and severe (e.g., 1918) pandemics have occurred, with the
severity of certain seasonal IAV epidemics matching that of mild pandemics
(Taubenberger and Morens 2009).

In mammals, neutralizing immunoglobulins and secondary cellular immune
responses, which tend to be stronger and longer-lived in the deeper regions of the
respiratory tract, provide protection against reinfection with the same or closely
related IAV (Doherty et al. 2006; Petrova and Russell 2018). While neutralizing
immunoglobulins are largely strain specific, secondary cellular immune responses
likely provide some cross-protection against heterosubtypic strains (Rimmelzwaan
and Osterhaus 1995; Rimmelzwaan et al. 2007). Pre-existing immunological mem-
ory in mammalian populations may not only protect against severe lower respiratory
disease upon reinfection but also exert selective pressures on IAVs, possibly
resulting in changes in tropism patterns along the host respiratory tract (Reperant
et al. 2012a).

22.4 Crossing Species, Crossing Scales: Adaptive Changes
and Gain in Efficient Transmissibility

22.4.1 Host Switch

IAV crossing species barriers from natural host reservoirs to other avian or mam-
malian spillover hosts can be accompanied by differences in epidemiological and
evolutionary signatures and different pathogenesis patterns. This may include chang-
ing tissue tropism patterns and variable severity of resulting disease. IAV tissue
tropism and disease patterns are determined by the ability of the IAV to infect and
replicate in target cells and stimulate host immune responses. These IAV replication
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processes involve virus-host interactions that occur at molecular and cellular levels
and govern the extent of IAV adaptation to avian and mammalian hosts.

22.4.1.1 IAV Adaptation to Avian Hosts
IAV tissue tropism and patterns of infection in avian hosts are largely determined by
the distribution of IAV receptors in the avian intestinal and respiratory tracts and by
IAV pathotype. The HA proteins of IAVs mediate their attachment to sialylated
glycans of a variety of structural conformations, expressed on the surface of host
cells. The HA proteins of IAVs circulating in wild water birds and in most poultry
species have a preferred receptor binding affinity for sialic acids with α2,3 linkage to
galactose (SAa2,3Gal) (for review see (Taubenberger and Kash 2010; Reperant et al.
2012b; Joseph et al. 2017)) and recognize both N-acetylneuraminic acids (Neu5Ac)
and N-glycolylneuraminic acids (Neu5Gc) (Suzuki et al. 2000). In ducks and
terrestrial poultry, these receptors predominate and are abundantly expressed on
the surface of intestinal and respiratory epithelial cells (Kuchipudi et al. 2009; Pillai
and Lee 2010).

Likewise, the NA proteins of IAVs circulating in avian hosts typically have
sialidase specificity for SAa2,3Gal (Joseph et al. 2017). The frequent reassortment
of IAV HA and NA genes in wild water birds indicates that these genes are generally
compatible and balanced across subtypes and do not point to specific HA/NA
combination with higher fitness (Dugan et al. 2008). In terrestrial poultry, an
in-frame deletion of approximately 20 amino acids from the stalk region of the
NA protein is associated with reduced enzymatic activity and may represent a
common adaptive change in IAVs circulating in these species (Taubenberger and
Kash 2010; Joseph et al. 2017).

In some terrestrial poultry species, such as quails and turkeys, the HA proteins of
circulating IAVs can have a dual receptor binding affinity for both SAa2,3Gal and
sialic acids with α2,6 linkage to galactose (SAa2,6Gal). The latter are expressed on
intestinal and respiratory epithelial cells of terrestrial poultry but are absent or rare on
those of ducks (Wan and Perez 2006; Kimble et al. 2010; Pillai and Lee 2010).
Because SAa2,6Gal receptors are preferentially recognized by IAVs that spread
efficiently in the human population, independently of cross species transmission
(see below), terrestrial poultry may contribute to the generation of IAVs with
pandemic potential.

The localized and systemic nature of LPAIV and HPAIV infection, respectively,
in terrestrial poultry (and in other avian hosts for HPAIV H5N1) is determined by the
HA protein cleavage site, mediating HA cleavage and fusion of the viral and cellular
envelopes (for review see (Swayne 2007; Taubenberger and Kash 2010; Reperant
et al. 2012b)). The HA protein cleavage site of most avian IAVand poultry LPAIV is
composed of a conserved Q/E-X-R motif that requires the presence of extra-cellular
trypsin-like proteases to be cleaved. Tryspin-like proteases are secreted in the
intestine and are present in the respiratory tract of birds. In contrast, the HA cleavage
site of HPAIV is characterized by the insertion of multiple basic amino acids,
resulting in a R-X-R/K-R motif. It is recognized by ubiquitous intra-cellular furin-
like proteases present in cells of many organs. HPAIV multi-basic cleavage site thus
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contributes to the ability of these viruses to cause systemic infection beyond the
intestinal and respiratory tracts in birds.

Little is known about the determinants of efficient replication of avian IAV in
birds. However, avian IAV tends to be more sensitive to low temperatures than
mammalian IAV. Avian IAV replicates efficiently at bird body temperature of 41 �C,
while their replication at 33 �C is reduced in vitro. A glutamic acid residue at
position 627 in the PB2 protein in part governs IAV cold-temperature sensitivity
(Massin et al. 2001). The PB2 627E residue is highly conserved in avian IAVs,
although a lineage of HPAIV H5N1 with substitution E627K in the PB2 protein has
evolved and circulates in bird populations.

Upon infection, many host factors interact with the viral ribonucleoprotein to
support viral replication. The polymerase activity of avian influenza viruses lately
was shown to be supported by the host factor ANP32A (belonging to the acidic
nuclear phosphoprotein 32 family), which has a special 33 amino acid deletion in
birds (Zhang et al. 2019, 2021; Yu et al. 2022). The avian ANP32A as a result
supports the polymerase activity of avian IAVs only. Structural studies demonstrated
that the structure of this host factor allows it to bridge two asymmetric viral poly-
merases and mediates the assembly of the influenza virus replicase. Interestingly, the
avian ANP32 proteins cannot support the activity of influenza B virus polymerase,
which might explain why birds are rarely naturally infected with these viruses
(Yu et al. 2022).

22.4.1.2 IAV Adaptation to Mammalian Hosts
The HA proteins of IAVs circulating in mammals have variable receptor binding
affinity for SAa2,3Gal, SAa2,6Gal, or both types of receptors (for review see
(Taubenberger and Kash 2010; Reperant et al. 2012b; Joseph et al. 2017)). In most
mammalian species, the HA proteins of circulating IAVs recognize both Neu5Ac
and Neu5Gc, except for human IAVs, which only recognize Neu5Ac (Suzuki et al.
2000). Intriguingly, bat IAVs H17N10 and H18N11 use major histocompatibility
complex class II molecules (MHC-II) and not sialic acids for cell entry. The
neuraminidase of these bat IAVs lacks sialidase activity and its function remains
enigmatic (it may downregulate the surface expression of MHC-II molecules,
facilitating viral release; Ciminski et al. 2020).

In general, in mammals, SAa2,3Gal receptors are abundantly expressed on
respiratory epithelial cells located in the deeper regions of the respiratory tract,
including bronchioles and alveoli (Shinya et al. 2006; van Riel et al. 2007; van
Riel et al. 2010). The affinity of avian IAVs for these receptors coincides with the
location of avian IAV infection in the lower respiratory tract of mammals, including
humans, and in part determines the severity of the resulting disease.

Similar to avian IAVs, most IAVs circulating in seals, horses, and dogs, as well as
the bat IAV H9N2, have a preferred receptor binding affinity for SAa2,3Gal (Connor
et al. 1994; Matrosovich et al. 2000; Kandeil et al. 2019). In horses and dogs,
SAa2,3Gal receptors are abundantly expressed on respiratory epithelial cells in the
trachea and bronchi, as well as in the bronchioles and alveoli (Suzuki et al. 2000;
Maas et al. 2007; Ning et al. 2012). The canine IAV H3N2 has a mutation in the HA
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protein that may also increase its binding affinity for specific receptors with
Neu5Aca2–3Galb1–4(Fuca-) or Neu5Aca2–3Galb1–3(Fuca-)-like structures that
are present in dogs (Yang et al. 2013). In contrast, SAa2,6Gal are more rarely
expressed. The abundance of IAV receptors in both upper and lower respiratory
tract may partly determine the relative severity of IAV infection and frequent
development of bronchiolitis and pneumonia in these species. However, the bat
found infected with IAV H9N2 was asymptomatic.

Seals have both SAa2,3Gal and SAa2,6Gal distributed along their respiratory
tract, especially in the bronchioles and alveoli. In these marine mammals, many self-
limiting outbreaks have been caused by avian IAVs with a preferred affinity for
SAa2,3Gal. However, avian IAVs of the H3N8 and H10N7 subtypes that emerged in
seals in 2011 and 2014, respectively, demonstrated increased affinity for SAa2,6Gal
(Karlsson et al. 2014; Herfst et al. 2020). These viruses accumulated mutations that
may mark their adaptation to the marine mammals. While avian and early seal IAV
H10N7 preferentially bond to SAa2,3Gal, later isolates demonstrated a decreased
avidity for SAa2,3Gal and an increased affinity for SAa2,6Gal.

The HA proteins of IAVs circulating in humans typically have a preferred
receptor binding affinity for SAa2,6Gal and in swine a dual receptor binding affinity
for both SAa2,3Gal and SAa2,6Gal (for review see (Taubenberger and Kash 2010;
Reperant et al. 2012b)). Some pandemic IAVs also have been shown to have dual
receptor binding affinity; however, most seasonal IAVs, which evolved from pan-
demic IAVs, have predominant receptor binding affinity for SAa2,6Gal. This pre-
ferred affinity is associated with the widening of the binding pocket of the IAV HA
protein. The receptor binding site of avian IAVs is narrower and typically results in a
steric hindrance of the SAa2,6Gal (Joseph et al. 2017). The widening of the HA
binding pocket—and potentially the creation of a hydrophobic environment—is
mediated by IAV subtype-specific mutations in the HA protein, within and outside
the receptor binding site. In parallel, an increase in NA enzymatic specificity for
SAa2,6Gal typically accompanies the changes in HA affinity. It notably occurred
over time in the human N2 neuraminidase, from the emergence of pandemic IAV
H2N2 in humans in 1957 to recent seasonal IAV H3N2 (Kobasa et al. 1999).

In both swine and humans, SAa2,3Gal and SAa2,6Gal are expressed on the
surface of different respiratory epithelial cells (van Riel et al. 2007, 2010; Van
Poucke et al. 2010; Trebbien et al. 2011). SAa2,3Gal predominate in the deeper
regions of the respiratory tract. They are expressed mainly on non-ciliated respira-
tory epithelial cells and type II pneumocytes, which are the most abundant cell types
in the bronchioles and alveoli, respectively. In contrast, SAa2,6Gal predominate in
the upper regions of the respiratory tract. They are mainly expressed on ciliated
respiratory epithelial cells and type I pneumocytes. Ciliated respiratory epithelial
cells are the most abundant cell type in the nasal cavity, trachea, and bronchi. A
similar distribution of SAa2,3Gal and SAa2,6Gal receptors is described in the
respiratory tract of the ferret, which provides a most relevant animal model of
human IAV pathogenesis.

While the abundance of avian IAV receptors in mammalian lower respiratory tract
correlates with the severity of avian IAV infection in mammals, the predominance of
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SAa2,6Gal in the upper respiratory tract of humans, swine, and ferrets correlates
with milder disease, as described for seasonal and/or endemic IAVs in humans,
ferrets and swine. Remarkably, the presence of IAV receptors—whether SAa2,3Gal
or SAa2,6Gal—in the upper regions of the respiratory tract, i.e., nasal cavity,
trachea, and bronchi, is common to those mammalian species that sustain epidemic
spread of IAVs. Infection of the upper respiratory tract is considered essential for
ongoing host-to-host transmission of IAVs in mammals (for review see
(Taubenberger and Kash 2010; Sorrell et al. 2011; Reperant et al. 2012b)) (see
below).

The HA proteins of IAVs that efficiently spread in mammalian species all have a
cleavage site with a single arginine motif, corresponding to LPAIV in poultry, and
are cleaved by extracellular trypsin-like proteases. Such proteases are present in
the respiratory tract of mammals (for review see (Reperant et al. 2012b)). In contrast,
the multi-basic cleavage site of HPAIVs H5N1 contributes to the systemic nature of
the infection in mammals.

The replication in mammalian cells of IAVs circulating in mammals is typically
more efficient than that of avian IAVs. Mammalian IAVs typically replicate efficiently
at low temperatures corresponding to those recorded in the mammalian upper respi-
ratory tract. Substitution E627K in the PB2 protein is conserved among many
mammalian IAVs and may confer resistance to cold temperatures (Massin et al.
2001). This PB2 substitution introduced in a range of IAV genetic backgrounds,
including of avian and mammalian origin, increases IAV replication and pathogenicity
in mammals (for review see (de Wit et al. 2008; Taubenberger and Kash 2010;
Reperant et al. 2012b; Joseph et al. 2017)). It improves binding of PB2 and NP
proteins to assemble into viral ribonucleoproteins (vRNP) in mammalian cells,
increasing viral transcription, replication, and production. Most intriguingly, it was
recently shown that this substitution overcomes the restriction of the human ANP32
proteins in supporting the replication of avian influenza viruses (Zhang et al. 2019).
The human ANP32A and ANP32B host factors facilitate human IAV RNA synthesis
but cannot efficiently support the polymerase activity of avian influenza viruses. Swine
in contrast have an ANP32A host factor with a unique amino acid evolutionary
pathway that allows it to support both avian and swine influenza viruses, in accordance
with their known role of “mixing vessel” (Zhang et al. 2021; Yu et al. 2022).

Interestingly, however, the PB2 E627K substitution is not present in equine IAVs
of the H7N7 subtype and in equine and canine IAVs of the H3N8 subtype,
suggesting that other host factors likely affect the evolution of this mutation (Joseph
et al. 2017). More surprisingly, this substitution is also absent in the pandemic IAV
H1N1 of 2009, and introducing the mutation in this virus genome did not result in
enhanced replication or increased pathogenicity of the virus (Herfst et al. 2010).

The nuclear transport of some mammalian IAV vRNPs is mediated by different
importins-α than those mediating transport of avian IAV vRNPs (Gabriel et al. 2011).
Six isoforms of importin-α, which recognize vRNP nuclear localization signals as
part of the classical nuclear import pathway, have been described in humans and
chickens. While avian IAV vRNP nuclear import was shown to be dependent upon
importin-α1 and importin-α3, increased use of importin-α1 and a switch from
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importin-α3 to importin-α7 correlated with efficient IAV replication in mammalian
cells and impaired replication in avian cells. Interestingly, importin-α7 (encoded by
the KPNA6 gene) interacts with the ANP32 proteins and affects polymerase activity
(Yu et al. 2022). The changes in importin-α usage are associated with substitution
D701N in the PB2 protein and N319K in the NP protein in a mouse-adapted strain of
avian IAV H7N7. Substitution D701N in the PB2 protein is found in many mam-
malian IAVs, including in the seal IAV H3N8 of avian origin, and in avian IAVs that
caused severe disease in humans, including HPAIV H5N1. It is considered one of
several genetic markers differentiating avian from human IAV isolates. However,
and again quite surprising, this substitution, like E627K, is absent in pandemic IAV
H1N1 of 2009, and its introduction into the genome of this virus did not enhance
replication nor increase pathogenicity (Herfst et al. 2010).

Elevated levels of pro-inflammatory cytokines have been reported in fatal
human cases of 1918 pandemic IAV H1N1 infection and in fatal and severe
cases of HPAIV H5N1 infection (for review see (de Wit et al. 2008; Taubenberger
and Kash 2010; Reperant et al. 2012b). The NS1 proteins of these viruses are
potent inhibitors of the antiviral effect of the innate immune response. Escape from
host antiviral responses may lead to the development of a so-called cytokine storm,
further contributing to the severe respiratory symptoms of these infections. How-
ever, NS1 mutations associated with such escape from host antiviral responses are
not present in most IAVs circulating in humans and thus do not appear to be
markers of IAV host adaptation.

22.4.2 Transmissibility

Although several markers of IAVadaptation to avian or mammalian hosts, associated
with sustained IAV circulation in these species, have been identified, the determi-
nants of the effective transmission of progeny viruses produced during infection to a
new individual host are incompletely understood (Sorrell et al. 2011).

Receptor binding affinity for SAa2,6Gal and high replication levels in the upper
respiratory tract appear essential for transmission of IAVs among humans. Only two
amino acids, changing IAV H1N1 receptor binding affinity from SAa2,6Gal to
SAa2,3Gal, abrogated contact transmission of 1918 pandemic IAV H1N1 in the
ferret model (Tumpey et al. 2007). Conversely, the introduction of one mutation in
the HA gene of avian IAV H9N2 conferred receptor binding affinity for SAa2,6Gal
and improved contact transmission of the virus in ferrets (Wan et al. 2008). To date,
specific residues of IAV HA proteins of the H1, H2, H3, H4, H5, H7, and H9
subtypes affecting their receptor binding affinity for SAa2,3Gal or SAa2,6Gal have
been described (for review see (Reperant et al. 2012b)). However, receptor binding
affinity for SAa2,6Gal is not sufficient to confer IAV transmissibility. A number of
mutations have been found to decrease binding affinity of HPAIV H5N1 for
SAa2,3Gal and increase their binding affinity for SAa2,6Gal; however, none of
the mutated viruses efficiently spread by contact or aerosols in the ferret model
(Chutinimitkul et al. 2010; Herfst et al. 2012).
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Additional mutations, notably in the vRNP and matrix genes, affect IAV trans-
missibility in animal models. In particular, mutations improving IAV replication in
mammalian cells were shown to confer or improve IAV transmissibility. In combi-
nation with the HA and NA proteins of the 1918 pandemic IAV H1N1 (with binding
affinity for SAa2,6Gal), PB2 protein with E627K substitution allowed aerosol
transmission of an avian IAV in ferrets (Van Hoeven et al. 2009). Conversely,
substitution K627E in the PB2 protein of human seasonal IAV H3N2 impaired its
aerosol transmission in guinea pigs (Steel et al. 2009). Substitution D701N in the
PB2 protein also improved contact transmission of HPAIV H5N1 and aerosol
transmission of human seasonal IAV H3N2 in guinea pigs (Steel et al. 2009). Lastly,
the M gene was recently shown critical for the high transmissibility of 2009
pandemic IAV H1N1 in guinea pigs (Chou et al. 2011).

A set of mutations in the HA and PB2 proteins were found to allow aerosol
transmission of HPAIV H5N1 in the ferret model (Herfst et al. 2012). These included
two mutations in the HA gene known to change receptor binding affinity of HPAIV
H5N1 from SAa2,3Gal to SAa2,6Gal; two additional mutations in the HA gene, of
which one affected glycosylation of the protein; and PB2 E627K substitution.
Reassortment of HPAIV H5N1 with 2009 pandemic IAV H1N1 also resulted in
viruses that efficiently transmitted via respiratory droplets in ferrets and guinea-pigs
(Imai et al. 2012; Zhang et al. 2013). In most of these reassortant viruses, mutations
in the HPAIV H5N1 gene conferring SAa2,6Gal were present, while several genes
of pandemic H1N1 origin were shown to improve transmissibility, including PA, NP,
NA, M, and NS genes.

Importantly, thermostability of the HA and to pH of fusion may be additional
prerequisites for aerosol or respiratory droplet transmissibility. In particular, com-
pensatory mutations in the HA emerged and improved stability after the affinity
switch from SAa2,3Gal to SAa2,6Gal in the seal H10N7 IAV (Herfst et al. 2020).
Similar mutations improved respiratory transmission of HPAIV H5N1 and of the
2009 pandemic H1N1 virus. It is speculated that the HA stability phenotype may
affect the stability of HA in aerosols, resistance to drought, stability in mucus, or
resistances to changes in pH in the host environment (Herfst et al. 2020).

22.5 Conclusions

The highly diverse populations of IAVs circulating in wild bird species exist as a large
pool of functionally equivalent and so often interchangeable gene segments that form
transient gene constellations (Dugan et al. 2008). Occasionally, some of these gene
constellations may lead to IAV infection of other avian or mammalian species,
including humans. The ability of these viruses to productively replicate and sustain-
ably spread among these new host species still poses numerous questions, likely to be
addressed by studying more members of the wide diversity of IAVs in an increasing
number of host species. IAV host switch and adaptation to novel host species,
transmissibility, and pathogenicity are each dependent on complex multifactorial,
interrelated, and mutual interactions between virus and host and are likely under
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largely different selective pressures (Taubenberger and Kash 2010). Striking similar-
ities though, in pathogenesis and transmissibility of IAV infections in newly invaded
avian and mammalian species, including humans, may point to common pathways that
lead to adaptation and sustained presence in newly “colonized” species.
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Abstract

The current review summarizes features of Parapoxviruses (PPV): virus proper-
ties, host range, epidemiology, clinical manifestation, diagnosis, immunology,
and countermeasures. The zoonotic potential in transmission to man resulting in
self-limiting local skin lesions is discussed and shown by case pictures. Success-
ful usage of PPV, especially Orf virus, as vector vaccines is demonstrated. Future
aspects such as PPV application for oncolytic therapy are discussed.

Keywords

Parapoxviruses · Zoonosis · Diagnosis · Vector vaccines · Oncolytic therapy

23.1 Introduction

The PPV species are assembled in the genus Parapoxvirus of the subfamily
Chordopoxvirinae within the family Poxviridae. Currently five species of PPV are
established: orf virus (ORFV), bovine papular stomatitis virus (BPSV), pseudo-
cowpoxvirus (PCPV), PPVof red deer (previously red deer in New Zealand, PVNZ),
and PPVof grey seal. There are other tentative species attributable to the genus such
as camel and chamois contagious ecthyma virus. The prototype member of the PPV
genus, Parapoxvirus ovis or ORFV, is endemic in most sheep and goat raising
countries in the world causing contagious ecthyma (CE) or “Orf,” a term probably
derived from the old Icelandic word “hurf” meaning a wound scab. The worldwide
awareness of Parapoxvirus (PPV) infections is high; however due to regional
differences in occurrence, morbidity, and mortality (generally low) and the limitation
of zoonotic infections to occupational contact, mostly clinical cases find a high
degree of attention. On the other hand, PPV represent important examples for the
demonstration of escape mechanisms in the pathogenicity of local skin and mucosal
infections. In contrast, the complexity and multi-protein composition of the large
PPV particles turned out to show beneficial immune modulation when applied
systemically. A different field of attention is the use of PPV, especially of the
prototype ORFV, as a potent viral vector for foreign gene expression in vaccinology.
Finally, a more recent research area is oncolytic therapy using PPV.

23.2 Virus Properties

The ovoid PPV virion measures 220–300 nm in length and 147–170 nm in width and
is surrounded by a tubule-like spiral structure resulting in the characteristic and distinct
“ball-of-wool” appearance. The virion harbors a single linear, double-stranded DNA
molecule of 130–140 kbp with an exceptional high G þ C content of approximately
64%. The genomic termini are cross-linked by single-stranded hairpin loops and
contain inverted terminal repeats (ITR) of 2.6 to 3.5 kbp in size, which can be enlarged
by terminal genomic rearrangements after multiple cell culture passages. To date,
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complete sequence information of 14 strains of ORFV, BPSV, and PCPV is available
(Rziha and Büttner 2021). The genomes encode 124–134 genes, 88 are conserved in
all Chordopoxvirinae. Central parts of the genome are highly conserved and contain
genes essential for virus replication, particle packaging, and export (Rziha and Büttner
2021). Although the 132 putative genes in ORFV are present in different isolates,
substantial sequence variations can occur (Mercer et al. 2006). Highest sequence
differences among PPV species are found in the near terminal ends of the right and
left genomic ends. PPV genomes show a remarkable plasticity when the viruses are
subject to cell culture passages; already after six passages, gene deletions can occur
(Rziha and Büttner 2021). After serial cell culture passages and adaption to cell lines
gene, duplications, rearrangements, as well as major deletions of nonessential genomic
regions can occur, which are accompanied by virus attenuation (Cottone et al. 1998;
Rziha et al. 2019).

23.3 Immunomodulatory, Immune Evasion Genes of PPV

Poxviruses share many properties and particularly viral genes involved in evasion
from and modulation of the immune response. An increasing number of genes
encoding those immunomodulatory proteins (IMPs) become revealed in the PPV
genome, which are also involved in regulation of virulence, pathogenesis, or host
range (Fleming et al. 2015). These IMP genes are predominantly located close to the
genomic termini, are early expressed, and are dispensable for virus replication. The
first virulence determinant of PPV was described in ORFV, a functional homolog of
the mammalian, angiogenic vascular endothelial growth factor (vegf), designated as
vegf-e (Fleming et al. 2015; Meyer et al. 1999). The vegf-e gene is unique for PPV
among Chordopoxvirinae and is suggested to be acquired by the virus from its
mammalian host. It is responsible for extensive vascular proliferation beneath
parapoxvirus lesions (Meyer et al. 1999). The construction of various apathogenic
ORFV recombinants was enabled by the deletion of the vegf-e gene (Rziha et al.
2019). As shown in Fig. 1, no more formation of pustules and inflammatory
vascularization was detectable after removal of the vegf-e gene from the attenuated
ORFV strain D1701-B but could be restored after restoration of the vegf-e gene. The
ORFV-encoded viral interleukin 10 (vIL-10) is an orthologue of the ovine IL-10 and
might also be acquired by ORFV from its host. ORFV lacking the vIL-10 gene has
reduced pathogenicity in sheep (Fleming et al. 2015). Two other secreted IMP have
been discovered, a chemokine-binding protein (CBP) and the soluble protein inhib-
itor of ovine granulocyte-monocyte colony-stimulating factor and interleukin-2
(GIF), which both are important for infection, clinical course, and disease progres-
sion in sheep (Fleming et al. 2015; Sharif et al. 2019; Martins et al. 2021).
Furthermore, ORFV encodes an interferon (IFN)-resistance gene (VIR or IFNR),
which inhibits antiviral activity of interferon as its vaccinia virus homolog E3L
(Fleming et al. 2015). Programmed cell death (apoptosis) represents a common
innate host strategy to eliminate virus-infected cells. The ORFV-encoded Bcl2-like
inhibitor of apoptosis can lead to the survival of infected cells (Fleming et al. 2015;
Li et al. 2018). Signaling pathways of nuclear factor kappa B (NF-κB) represent
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important regulators of innate immune response including apoptosis. For PPV until
now, five encoded NF-κB inhibitors are known, some of them also shown to be
involved in viral virulence (Khatiwada et al. 2017). A functional dUTPAse is
encoded at the left genomic terminus of PPV, which is missing in some attenuated
ORFV strains (Cottone et al. 2002). Poxviruses growing in the epidermis including
ORFV encode a so-called Poxvirus APC/C regulator (PACR) involved in virus
growth and replication (Fleming et al. 2015). Finally, as many other poxviruses
also PPV contain several genes that express proteins comprising the so-called
ankyrin repeat (ANK) consensus motifs (Rziha et al. 2003; Chen et al. 2017).

23.4 Host Range and Epidemiology

PPV infections and clinical signs occur worldwide but are predominantly restricted
to domestic and wildlife ruminants. Natural infection has been reported in many
wildlife and domestic small and larger ruminants such as bighorn, and thinhorn
sheep, domestic and rocky mountain goat, Dall’s sheep, chamois, ibex, Himalayan
thar, muskox, reindeer, caribou, steenbok, and camelids from which all are transfer-
able to humans. BPSV and PCPV both establish infection in cattle and humans, but
all other species tested, including sheep, are resistant. Both, ORFV and PCPV can
affect reindeer where ORFV infection caused the more severe lesions (Rziha and
Büttner 2021). PVNZ originally found in New Zealand is also present in Europe is
now consolidated to PPVof red deer, it induces only very mild lesions in sheep. The

Fig. 1 Lesion development in sheep skin after scarification and application of 107 plaque-forming
units (PFU) of the attenuated ORFV strain D1701 – day 7 after infection. The vegf-e gene deleted
mutant (BrV) lacks induction of pustule formation and inflammatory vascularization as seen in the
parental (D1701-B) and the vegf-e rescued virus (arrows). Derived from: M. Henkel, 2007,
Parapockenvirus ORF-Virus D1701: Attenuierung und Herstellung einer Vektorvakzine gegen die
Borna’sche Krankheit, Dissertation Eberhard-Karls-Universität, Tübingen, Germany
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new established species PPVof seals has been reported in different pinniped species,
i. e., Phocidae (true seals), Otariidae (eared seals), and Odobenidae (walrus), and
led to the inclusion of PPVof grey seal in the actual taxonomy. Recent sequence data
propose the classification of all pinniped PPV under a species named “pinniped
PPV” within the genus (Costa et al. 2021). PPVs do not infect poultry and do not
produce lesions on the chorioallantoic membrane of the chicken embryo.

23.5 Zoonosis

The zoonotic transmission to man can be caused by all PPV species known so far. It
leads to localized erythema, papules, or pustules commonly called milker’s nodule
(MN), paravaccina, or pseudocowpox (PCP). In general, a precondition for success-
ful infection and manifestation of PPV lesion in man as well as in animals is broken
skin or micro-wounds. PPV infections are occupational zoonoses mostly affecting
veterinarians, farmers, hunters, butchers, abattoir workers, and all persons in close
contact to sheep, goats, cattle, or infected wildlife. Frequent infections are reported at
mass slaughtering of sheep or goats during religious feasts. Due to the frequent
benign resolution of the lesions as well as the lack of specific etiology reports, cases
are often underestimated. However, more dramatic disease with painful lesions can
occur in severely immune-compromised persons, e.g., after burn accidents (Baj et al.
2020). As in animals, human infections with PPV occur worldwide, especially
ORFV transmission is common in countries with intense sheep and goat breeding.
The rate of subclinical infections in domestic small and large ruminants is unknown,
but it is often reported that the contact animal(s) had no visible lesions. Nowadays,
ORFV transmission from sheep and goats to humans dominates the zoonotic
infections (Fig. 2). Little is known about immune reactions in PPV-infected persons.
It can be assumed that immune responses in affected humans are similar as reported
for sheep. In man cutaneous infiltrates have been characterized by immunohisto-
chemistry showing an influx of CD3-positive T-lymphocytes of which the majority
was CD4-positive. On infiltrated lymphocytes CD30 was detected as a marker for
stimulated cells indicating a Th2 rather than a Th1 immune response (Rose et al.
1999). In humans, inter-individual transmission, e.g.. by close contact from a
diseased individual to another is not evident.

For treatment of severe lesions (giant orf) in human PPV patients, cyclic nucle-
oside analogs, such as acyclovir ACVor cidofovir CDV, selectively interacting with
poxviral DNA polymerase are effective. Topical treatment with CDV resulted in
complete regression of lesions even in immunocompromised patients (Rziha and
Büttner 2021).

23.6 Clinical Features and Pathology

PPVs cause inflammatory and/or proliferative lesions that are confined to the skin
and oral mucosa with no evidence of systemic spread. Infection is initiated in
abrasions and generally proceeds through an afebrile, self-limiting lesion that
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resolves within 3–9 weeks without leaving a scar. Orf lesions are most generally seen
around the mouth and nares; hence, the infection is commonly referred to as scabby
mouth or sore mouth. Lesions are also observed on other parts of the body, for
example, the coronet, udder, or vulva. Following experimental inoculation of scar-
ified skin, lesions progress through erythema, papule, vesicle, pustule, and necrotic

Fig. 2 Series of orf manifestation at the fingers of a veterinary student handling infected sheep in
Chile. Progress of lesions and beginning of wound healing. Courtesy of Carolina Madariaga,
Universidad Santo Tomás, Chile and Carlos A. Flores Olivares, Universidad Pedro de Valdivia, Chile
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scab before resolving. Large, proliferative, tumor-like lesions can be observed. It is
likely that such lesions are a result of an immune impairment and bacterial super
infection of the host animal.

23.7 Orf, Scabby Mouth, Contagious Pustular Dermatitis (CPD),
Ecthyma Contagiosum

Lesions around the mouth can interfere with feeding or suckling and especially in
young animals result in failure to thrive. Teating lesions can have similar effects
through the inhibition of suckling. Lesions in sheep and goat can develop into tumor-
like, cauliflower proliferative erosions usually accompanied by secondary bacterial
infection (Fig. 3). Edema of the head and swelling of the regional lymph nodes are
common but rather nonspecific signs of severe progression. In severe cases, glossitis
phlegmonosa and ulcerosa with secondary bacterial infections can lead to starvation
especially in young animals. Most common is the labial form that impressed the
designation of the disease. Blisters and yellowish pustules that may reach pea size
are formed on the lips and at the corners of the mouth and can extend up to the nose,
ears, and eyelids. The mild labial form heals within 3–6 weeks. Pustules can develop
on the udders of ewes shortly before the lambing period. Secondary bacterial
infections cause complications. In sheep severe lesion development is known as
bloody lesion that is probably linked the stimulation of vascular endothelial cells and
to proliferation leading to a cauliflower tumor-like clinical outcome. The podal form
(scabby foot) can occur simultaneously with the labial manifestation or indepen-
dently. Lesions develop at the coroner edges of the hooves, at the pasterns and in the
hoof gaps. The end of the digits are painful and lead to lameness and the refusal to
stand. The genital form is less common. Typical pustule and crust formation occur on
the udder mostly developing into mastitis. Skin lesions also can occur on the inner
leg, the labia, or the prepuce.

Fig. 2 (continued)
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23.8 Milker’s Nodule, Paravaccinia, Pseudocowpox

It is highly likely that all PPVs from susceptible domestic and wildlife animals can be
transmitted to humans. Most frequent infections originate from contact with sheep or
goats (human orf) followed by virus transmission from diseased cattle or reindeer
(milker’s nodule, paravaccinia, pseudocowpox) and wildlife. From human patients
complete genome sequence is available from few ORFVan PCPV isolates (Friederichs
et al. 2014; Andreani et al. 2019). The highest risk of infection is reported for handling
of sheep fleece or wool and ritual slaughter of affected sheep, e.g., at religious feasts.
Progression of the lesions is essentially as seen in sheep and cattle such that the infection
is benign and confined to localized pustular lesions on the skin mainly at the hand and
fingers at the points of virus entry (Fig. 2). Restitutio ad integrum without leaving a scar
usually occurs after a few weeks post infection. More severe progressive disease can
occur in immune-compromised individuals showing strong cellular proliferation, called
giant orf. Such cases have also been recorded in otherwise normal individuals after burn
events and in cases of atopic dermatitis. Erythema multiforme reactions in the form of
rashes on the backs of the hands and on the legs and ankles are common.

23.9 Bovine Papular Stomatitis (BPS)

Bovine popular stomatitis normally is a mild form of inflammation around the
muzzle and mucous membrane of the mouth in large ruminants (Fig. 4a, b).
However, more severe lesions can occur resulting in extension of confluent inflam-
mation to the hard gum, the tongue, and far down to the esophagus. Lesions on the
teats (pseudocowpox) are less frequently seen but are painful and lead to rejection of
the suckling calf. Pseudocowpox virus (PCPV) represents a unique species with
molecular characteristics. Interestingly, BPSV and PCPV can be found associated
with ticks infesting cattle in Africa indication possible longevity of the virus in skin
(Ouedraogo et al. 2020). Pustular vulvovaginitis caused by PCPV is a rare and

Fig. 3 Orf (ecthyma
contagiosum, scabby mouth)
in a lamb: proliferative lesions
complicated by bacterial
superinfections
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sporadic occurring disease. Signs of BPS may arise spontaneously in apparently
healthy animals (especially young calves) without reports about skin damage or
injury. Like infections with PPV of red deer, subclinical persistence of the virus
cannot be excluded. The trigger of clinical manifestation can be either unusual
virulence of BPSVor immune suppression or both in synergy.

23.10 Parapox of Red Deer

Initially described in red deer of New Zealand, it became evident that red deer in
Europe and probably worldwide can become infected with this unique species of
PPV. In Italy, clinical manifestation in red deer was seen as inflammation of the
mouth whereas in Germany subclinical infection was diagnosed by viral DNA
presence and virus isolation in cell culture (Rziha and Büttner 2021). For red deer
in New Zealand, it is reported that PPV infection in growing deer antlers can affect
antler growth and severely affect marketability of the product.

23.11 Patho-histology

Keratinocytes are key target cells in ORFV infection where in distinct areas a
cytopathic effect (CPE) is seen as ballooning degeneration of the cells; vacuolization
in the supra-basal layers and typical intra-plasmatic eosinophilic inclusion bodies

Fig. 4 Bovine popular stomatitis, local inflammatory circular lesion on the muzzle. (a) Planar
herds of inflammation and necrosis at the muzzle of a cow from an outbreak of bovine papular
stomatitis (BPS) in Argentina. (Micheloud JF et al. Tropical Animal Health and Production 2020,
52: 453–459. https://doi.org/10.1007/s11250-019-02006-w). Kindly provided by A. Peralta,
Instituto de Agrobiotecnología y Biología Molecular (IABIMO), INTA, Consejo Nacional de
investigaciones Científicas y Tecnológicas (CONICET), Hurlingham, Argentina. (b) BPS inflam-
matory lesions at the hard gum and tongue of a cow (arrows). In severe progressive cases, the
lesions can spread deep down to the esophagus. Note the unprotected hand/fingers facilitating virus
transmission to man
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can be found (Muhsen et al. 2019). Ballooning in context with poxvirus infections is
characterized by cell swelling and rounding of the cytoplasm and is caused by the
rearrangement of the intermediate filaments of the cytoskeleton.

23.12 Diagnosis

Clinical diagnosis of BPS and Orf in sheep is complicated by different similar
inflammatory disease manifestations in the skin and mucous membranes caused by
other viruses such as foot and mouth disease (FMD), bluetongue (BT), bovine viral
diarrhea and border disease (BVD, BD), and bovine herpesvirus (BHV-1)
rhinotracheitis. Shortly after infection nonspecific clinical signs like head edema
make it difficult to find a diagnosis. However, rapid and reliable differential diag-
nosis for such communicable and economically important diseases is essential.

Electron microscopy is a method of choice when enough virus particles can be
expected (105 or more particles) in a sample (biopsy material, skin specimen). In
samples from affected persons, it is extremely difficult to find PPV virions in
electron microscopy because of a lack of sufficient tissue and frequent
pre-diagnostic treatment of lesions. Therefore, currently electron microscopy has
been replaced or at least is accompanied by molecular diagnosis, predominantly
polymerase chain reaction (PCR). Several sensitive real-time PCR protocols became
established for rapid and reliable detection of PPV genome presence in tissue
samples. Conventional PCR followed by electrophoresis of amplified DNA frag-
ments still is of importance for further molecular analysis, e.g., sequencing. The
latter is used to differentiate PPV species and to perform molecular epidemiology.
The most popular target region for this purpose is the open reading frame (ORF)
011 containing the B2L gene, an orthologue of the vaccinia virus Copenhagen F13L
gene, that encodes the major envelope protein p37K (Sullivan et al. 1994).

Whole genome sequencing (WGS) techniques become increasingly popular and
affordable, and direct WGS out of the sample is forward-looking. Nevertheless, for
intense further studies, PPV laboratory strains are essential, although cell culture
isolation of PPV out-of-field samples is tedious and time consuming. Primary
ruminant or human fibroblasts are the most permissive cells followed by Vero cells
that have been successfully used for virus propagation. Long incubation (up to
7 days) of inoculated cells and blind passages can become necessary for successful
PPV isolation.

Serology is of little value in PPV diagnosis. Antibody development is readily
induced, mainly directed against the major envelope protein (B2L gene), but anti-
body screening in ruminants is of poor significance due to the high and widespread
subclinical infection prevalence in the population. There are no commercial antibody
assays available. Therefore, only experimental ELISA protocols have been devel-
oped that can also be used to test human sera. Virus-neutralizing antibodies can only
be generated by multiple experimental injections to produce hyper-immune sera or
monoclonal antibodies.
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23.13 Immune Reactions

PPV infections lead to antibody development that bind to virus components (West-
ern Blot and ELISA reactive), but antibodies partially neutralizing the virus are only
found after repeated infections or several booster injections. The ewe’s colostrum
does not protect her lambs from infection. Vaccines for sheep have been developed
long time ago beginning with scarification trials using scab material, and nowadays
attenuated cell culture-adapted ORFV strains are used as live vaccines, but with
limited success. At least in sheep, vaccination can prevent the severity of pustule
development in lambs and protect them for a certain time from reinfection in a flock.
There are no special studies that evaluate the prevention of virus spread by conse-
quent and repeated vaccination. The resistance of PPV, especially of the mature
enveloped particles, against environmental influences must be taken in account
about contaminated pastures, fodder, and wool of the animals.

23.14 Immune Stimulation

Following iatrogenic application, e.g., by intramuscular or subcutaneous injection,
ORFV can exert a strong immune-stimulatory but well-balanced effect. This has
been exploited especially in treatment of nonpermissive animals in veterinary
medicine to counteract infectious diseases or stress situations at the innate level of
immune defense. Whether the early expressed immune evasion genes of PPV are
functional in vivo in nonpermissive cells is unknown, but the complex proteins and
lipoproteins of the large particles stimulate a battery of cellular and humoral innate
immune reactions, e.g., secretion of cytokines such as type I interferons (Büttner
et al. 1995; Friebe et al. 2004; McGuire et al. 2012). In laboratory animals a
beneficial effect of inactivated ORFV was reported in infection and even in tumor
models. The nonspecific side effect of ORFV application also supports its extraor-
dinary efficacy as a vector vaccine (see below) comprising its own adjuvant.

23.15 Biomedical Potency (Vector, Oncotherapy)

23.15.1 ORFV Vector Platform

The utility of poxviruses as expression vectors was first described in the early 1980s.
Since then, poxviruses have been widely used as vaccine delivery platforms in human
and veterinary medicine. Meanwhile also ORFV evolved as a novel poxvirus vector
platform for delivering heterologous antigens without the risk of a vigorous immune
response against the vector backbone. Additional advantages of the ORFV vector are
the restricted host range, the lack of systemic spread even in immuno-compromised
animals, and the induction of strong, balanced humoral and cellular immune responses
against expressed foreign antigens (Reguzova et al. 2020). Importantly, ORFV-based
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vaccines induce strong immune responses also in hosts nonpermissive for PPV. The
ORFV inherent properties comprise the stimulation of strong innate immune
responses. Dendritic cell activation via toll-like receptor 9 also potentiates the
ORFV-induced immune response (von Buttlar et al. 2014). Those mechanisms can
explain the potency of ORFV-based vaccines without the need of adjuvants.

For the first time, ORFV recombinants were generated from the attenuated strain
D1701 by replacing the nonessential virulence vegf-e gene by foreign antigens
(Rziha et al. 2016, 2019). This finding was the kickoff for the development of the
ORFV strain D1701-based vaccine vector platform resulting in numerous protective
vaccines (Rziha et al. 2019). One special feature of this platform is the use of early
ORFV promoters, which regulate the expression of the heterologous antigens.
Consequently, the successful expression and immune recognition of the foreign
antigens needs neither replication nor production of the inoculated recombinant
vaccines representing an additional safety aspect. Lately, new additional genomic
loci or genes were described in ORFV D1701-V that are suitable for insertion and
expression of foreign genes. This allows the generation of multivalent recombinant
vaccines (Rziha et al. 2019). Just recently for the purification of D1701-V
recombinants, a new strategy of a downstream process was reported combining
filtration and chromatographic methods, which is adequate for safe application and
within the regulatory limits for contaminant levels (Lothert et al. 2020).

The use of ORFV recombinants for delivery of heterologous proteins must not be
restricted to apathogenic, attenuated virus strains. For instance, replacing one of the
abovementioned IMP genes resulted in protective recombinant ORFV vaccines with
reduced pathogenicity in sheep and goat (Joshi and Diehl 2021).

23.15.2 Oncolytic Potency

Oncolytic viruses that are selected or engineered for selective or preferential infec-
tion of tumor cells can be promising candidates for cancer treatment. Several
members of Poxviridae were successfully used in oncolytic virotherapy, and PPV
including ORFV, PCPV, and BPSV could be shown to possess oncolytic properties
(Ricordel et al. 2018). In addition to immune stimulation by inactivated ORFV, also
replicating ORFV was discovered to destroy human cancer cells in vitro and to
reduce the tumor burden in different mouse tumor models including breast, lung, or
colon cancer (Rintoul et al. 2012; Chen et al. 2021).

23.15.3 Prospects

PPV are deeply rooted in biocenosis. The species within the genus have adopted to
successful infection, replication, and manifestation in the skin and mucous mem-
branes. Although the animal host range of PPVs is limited, their transmission to man
can be achieved under the precondition of micro-wounds or skin damage but is
limited to the entry site. As a typical local infection, PPVs represent a major
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difference in pathogenicity to members of the Orthopoxvirus genus. Thus, the
impact of PPV as a zoonosis is of limited danger in comparison to manifestation of
systemic infections with some Orthopoxvirus, e.g., cowpox virus. With respect to
clinical outcome, some disturbance can arise concerning speculations about a pos-
sible PPV etiology probably flanked by unclear electron microscopical pictures.
Recently, emergence of a new poxvirus in red squirrels (McInnes 2006) and the
occurrence of skin pathology in horses led to the assumption of a PPVetiology. The
equine skin disease turned out to be caused by a molluscum contagiosum-like virus
(Ehmann et al. 2021). Nowadays progress in molecular diagnostics including WGS
can rapidly clarify such uncertainties. The plasticity of the ORFV genome is
demonstrated in vitro after serial cell culture passages and by growth adaptation to
certain cell lines. It always led to attenuation and stability of genome alterations in
laboratory strains providing a safe platform for its use as vector, as an immune-
stimulating agent and probably a tool for oncotherapy.
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Abstract

The Orthopoxvirus genus is a group of large DNAviruses with importance to both
animal and human health. These viruses show a range of clinical presentations from
localized lesions to generalized rashes; and have various degrees of complexity in
their natural history involving one or multiple hosts. Variola virus is the most
notable member of this genus and is the causative agent of smallpox, a disease that
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was declared eradicated in 1980. Zoonotic orthopoxviruses include viruses known
to infect multiple mammal species and pose a risk to animal (domestic and wildlife)
and human health such asMonkeypox virus (endemic to Central and West African
countries), Cowpox virus (endemic to Eurasia), and Vaccinia virus (endemic to
South America and parts of Asia, also used in the smallpox vaccine). Recently
described orthopoxviruses, Alaskapox virus, and Akhmeta virus, highlight the
possibility of existence of unknown members of this genus with zoonotic potential.
Circulation of cryptic orthopoxviruses, Volepox virus, Racoonpox virus, Skunkpox
virus, exemplify viruses that appear to have more restricted ability to infect multiple
hosts. Prompt identification followed by prevention and control of these viruses
will prevent additional spread in animals and humans.

Keywords

Orthopoxvirus · Zoonosis · Akhmeta virus · Alaskapox virus · Cowpox virus ·
Monkeypox virus · Vaccinia virus · Camelpox virus · Veterinary public health ·
Diagnosis · Clinical presentation · Epidemiology · Prevention · Control

24.1 Introduction

Viruses in the genus Orthopoxvirus (family Poxviridae) are distinguished by their
diversity in disease ecology, epidemiology, and natural history; and, subsequently, in
the approach toward prevention, control, and treatment. Orthopoxviruses (OPXVs)
are present throughout the globe and have a diverse host range, including both
humans and animals; these viruses can cause a spectrum of disease ranging from
localized skin lesions to fatal disease. OPXVs are double-stranded DNAviruses that
contain large genomes, which includes all genetic material required for their repli-
cation once they enter a host cell. These viruses are capable of causing infections in a
broad range of mammal hosts through multiple routes; furthermore, OPXVs employ
strategies to evade the host’s immune response (Reynolds et al. 2018).

Members of the Orthopoxvirus genus include Abatino macacapox virus, Akhmeta
virus, Camelpox virus, Cowpox virus, Ectromelia virus, Monkeypox virus,
Raccoonpox virus, Skunkpox virus, Taterapox virus, Vaccinia virus, Variola virus,
and Volepox virus (ICTV 2022). In 2019, Alaskapox virus became the most recently
described species within this genus (Gigante et al. 2019). Human infections originating
from exposure to infected animals have been confirmed for Alaskapox virus, Akhmeta
virus, Cowpox virus (CPXV),Monkeypox virus (MPXV), and Vaccinia virus (VACV).
OPXVs have historically been named after the animal species from where they were
first identified (i.e., MPXV, CPXV, Skunkpox virus, etc.), which has subsequently led
to some misunderstandings about their reservoir species. For example, the name
MPXV comes from the discovery of this distinct OPXV after it caused an outbreak
in wild caught primates shipped to Europe for laboratory studies. Only since has the
term become a misnomer, as MPXV is a pathogen of primates, but evidence does not
support primates to be the reservoir host for the virus (Reynolds et al. 2012).
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Variola virus, the causative agent of smallpox, was one of the most significant
public health threats in history with high transmission and case fatality rates (20–60%),
and permanently debilitating sequalae among some survivors (Breman and Henderson
2002). The host specificity of Variola virus and development of effective smallpox
vaccines ensured that it became the first infectious disease to be eradicated. The
eradication of Variola virus was made possible thanks to early efforts of Edward
Jenner, who exploited observations that milk maids who were previously infected with
CPXV did not develop smallpox after being exposed to smallpox patients. Anti-
OPXV antibodies, as the result of infection or vaccination, engender significant
immunological cross-protection against infection by other members of the genus.
Jenner created the first smallpox vaccines using infectious material from cows and
horses thought to be infected with CPXVor possiblyHorsepox virus. By the twentieth
century, VACV was used in pharmaceutical vaccine products as the smallpox vaccine
during the global eradication campaign (Schrick et al. 2017; Li et al. 2007a).

Multiple strains of VACV exist following repeated cell passage and attenuation
for creating smallpox vaccines. Some of these strains are thought to have escaped
back into the wild via inoculation from an active vaccination site or when domes-
ticated bovines were inoculated with VACV for propagation of the smallpox vac-
cine. VACV is currently endemic in parts of Asia and South America where it
contributes to animal and human disease (Oliveira et al. 2017).

The cessation of smallpox vaccination in the 1980s has led to waning population-
level immunity to OPXVs, raising concerns that an immunologically naïve popula-
tion will no longer be afforded cross-protection against OPXV infections. These
predictions have been most stark with regards to monkeypox, an emerging zoonotic
disease in Central and Western Africa that causes relatively high mortality and
morbidity in humans (Durski et al. 2018). MPXV is particularly concerning due to
its unique ability among extant OPXVs to cause extended human-to-human trans-
mission, with reported transmission chains of up to 7 generations (Nolen et al. 2016).
Its recent resurgence in Nigeria (Yinka-Ogunleye et al. 2018); its high incidence
rates in the Democratic of the Congo (Rimoin et al. 2010; Whitehouse et al. 2021);
and increasing number of exportation events in humans and animals (Hutson et al.
2007; Mauldin et al. 2022) outside of its zone of endemicity draw even more
attention to its global relevance.

24.1.1 Orthopoxvirus Relationships

OPXVs are brick-shaped viruses (220–450 nm) with large genomes
(170,000–200,000 base pairs) that encode approximately 200 proteins with a core
central region that is highly conserved (low genetic variability) across the genus
(Hendrickson et al. 2010). The infectious particle (mature virion) is composed of a
lipoprotein membrane that surrounds a core nucleoprotein containing the DNA.
During infection, the virion fuses with the host cell membrane and it is brought
into the cytoplasm through endocytosis (Bengali et al. 2012). Replication of OPXV
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DNA occurs in the cellular cytoplasm, where intracellular mature virions and
intracellular enveloped virions are produced and transported to the cell membrane,
exiting the cell as extracellular enveloped virions (Smith and Law 2004).

Based on phylogenetic inferences, OPXVs have been grouped into New World
(e.g., Volepox virus, Raccoonpox virus, Skunkpox virus) and Old World OPXVs
(e.g., Variola virus, CPXV, VACV, MPXV) (Smithson et al. 2017; Carroll et al.
2011). New World OPXVs – also referred to as North American OPXVs – form a
distinct group that appears to be ancestral to all other OPXVs and are thought to be
endemic to North America; these viruses are not known to cause infections in
humans. Similar to other OPXVs, they were named after the animal species in
which they were initially identified (i.e., vole, skunk, raccoon); however, several
aspects of their geographic distribution, host range, and transmission remain largely
unknown. Alaskapox virus, a recently described OPXV from the Fairbanks region of
Alaska, appears to naturally occur in this state, causes infections in humans, and is
genetically more similar to Old World OPXVs than to those from North America,
which poses interesting questions about the evolution of these viruses (Gigante et al.
2019). Akhmeta virus is another recently described OPXV that is genetically similar
to Old World OPXVs. This virus was first detected in lesions from cattle herders
from the Democratic Republic of Georgia near the town Akhmeta (Vora et al. 2015).

Among Old World OPXVs, CPXV, MPXV, and VACV are known to be zoonotic
and have the largest impact on human and animal health. CPXV is known to have a
broad geographic distribution across Eurasia. Recent phylogenetic analyses suggest
that the group of viruses called CPXV are not necessarily the same virus and that
genetic differences between them could support splitting this group into at least five
different species (Mauldin et al. 2017). One of these proposed groups contains viruses
that are genetically similar to VACV and Horsepox virus, which supports hypotheses
of the origin of VACV strains used as smallpox vaccines (Esparza et al. 2017).

VACV products were used as smallpox vaccines during smallpox eradication cam-
paigns in the twentieth century by inducing a cross-OPXV immune response; however,
the origin of smallpox vaccines is obscured by propagation practices used in early stages
of its use (Fenner 1993). Individual strains were replicated in laboratories around the
world using standard practices to produce attenuated viruses to reduce the potential of
adverse events from the use of the vaccine (Fenner et al. 1988). At the end of the 1990s,
Brazil started reporting cases of VACV infections in humans and cows that eventually
expanded to several states and regions of the country (Oliveira et al. 2017). Phylogenetic
analyses of VACV isolates from Brazil suggest that the virus had been circulating in the
wild before the smallpox eradication campaigns in the 1960s and 1970s, which may
point to viruses brought into the country through early practices of arm-to-arm inocu-
lations prior to eradication campaigns (Trindade et al. 2007). VACV isolates from Brazil
are further divided into two groups (Groups 1 and 2) based on genetic differences
(Oliveira et al. 2017). Colombia is another country from which zoonotic infections of
VACV have been reported (Usme-Ciro et al. 2017), including one case involving an
immunocompromised individual (Laiton-Donato et al. 2020). VACV infections have
also been reported in parts of Asia (India and Bangladesh), where buffaloes are involved
in its transmission (referred as Buffalopox) (Singh et al. 2006).
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MPXV has two distinct genetic clades: Congo Basin and West Africa. West
African MPXV has been described to have a more aggressive clinical presentation
(Likos et al. 2005). The Congo Basin clade includes isolates from the Democratic
Republic of the Congo, the Republic of Congo, Cameroon, and the Central African
Republic, while the West Africa clade has been reported in Sierra Leone, Liberia,
Côte d’Ivoire, Ghana, Nigeria, and northern Cameroon (Durski et al. 2018).

24.1.2 Ecology and Epidemiology

Animal and human infections occur throughout the endemic range of their respective
reservoir hosts. CPXV spillover infections are restricted to Eurasia, VACV in South
America (often referred to as bovine vaccinia), VACV in buffaloes and other bovine
species on the Indian subcontinent (buffalopox), and MPXV is a significant human
infection in Central and Western Africa (Oliveira et al. 2017; Durski et al. 2018;
Eltom et al. 2020; Baxby et al. 1994). Camelpoxvirus (CMLV) occurs in areas with
major camel production operations, except in Australia (Duraffour et al. 2011).
OPXV cases have occurred outside of endemic areas due to travel and the movement
of animals and people. This transboundary movement is best exemplified by MPXV,
which caused an outbreak in humans and animals in the United States in 2003 due to
a shipment of infected wild mammals from Ghana. The mammals were imported for
the exotic pet trade and co-housed with prairie dogs (Cynomys sp.) that were
subsequently adopted as pets and transmitted the infection to humans. This outbreak
led to 47 confirmed and probable human cases, including veterinary staff and animal
handlers (Croft et al. 2007; Reynolds et al. 2007). More recently, there have been a
total of eight instances of travelers who left Nigeria and then sought care in the
United Kingdom (4), USA (2), Singapore (1), and Israel (1) due to MPXV infections;
secondary human-to-human transmission has occurred in two of these instances in
the UK (healthcare worker and family members) (Mauldin et al. 2022; Vaughan et al.
2020; Hobson et al. 2021).

The incidence of OPXVs is not well understood because the infections are often
not notifiable to animal or public health authorities, diagnostic capabilities are
lacking in many endemic countries, and the viruses are responsible for relatively
rare infections that often cause limited disease presentation (with the exception of
MPXV) where care by veterinarians or physicians is often not sought by owners or
patients. Moreover, OPXV incidence may be increasing across the globe due to
cessation of routine smallpox vaccination and waning vaccine-derived immunity in
humans. Traditional smallpox vaccines utilize a version of live VACV to elicit an
immune response sufficient against OPXVs, including Variola virus. In the absence
of vaccinations (lack of vaccine-derived immunity), marked increases in human
monkeypox incidence and the discovery of new OPXVs (Akhmeta, Alaskapox
viruses) have occurred (Durski et al. 2018; Vora et al. 2015; Springer et al. 2017);
several other reasons for these observations could include changes in environmental
and ecological factors that increase interactions between humans and animal hosts
(Reynolds et al. 2012; Durski et al. 2018).
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OPXVs are commonly transmitted through direct or indirect contact with an
infectious host. Skin lesions are infectious through all lesion stages (including
crusts); bodily fluids may be infectious (blood, urine, feces); contaminated house-
hold items (e.g., clothing, bedding, toys), healthcare items used for patient care, and
farm equipment (e.g., milking machines, scratching posts, troughs) have all been
implicated as fomites that may contain infectious virus (Duraffour et al. 2011; Prkno
et al. 2017; Borges et al. 2017, 2014). The portal of entry is either via direct
inoculation through the skin (e.g., wounds, abrasions, scratch, bite) or mucous
membranes (e.g., ingestion of contaminated feed or water, or a splash of infected
bodily fluids in the eye or mouth), or through inhalation of respiratory droplets
(Oliveira et al. 2017; Prkno et al. 2017).

The epidemiology of zoonotic OPXVs is characterized by point-source exposure
to reservoirs hosts (via direct contact with infected bodily fluids, skin lesions, or
infected materials such as bedding or contaminated surfaces). The resulting trans-
mission events will depend on the virus and strain involved, host susceptibility, and
contact patterns between individuals. Animal crowding and species-mixing can lead
to extensive multi-species outbreaks. For example, rodent-to-cat-to-human transmis-
sion of CPXV is frequently limited to a single individual or household, but can cause
outbreaks if susceptible animals are housed together, as has been the case with
infected pet rats (Campe et al. 2009). Another illustrative example involves an
outbreak of MPXV in a zoo following the introduction of infected giant anteaters
(Myrmecophaga tridactyla) that infected more than seven species of non-human
primates (Peters 1966). Similarly, the importation of infected African small mam-
mals for the pet trade in the United States resulted in transmission to at least 4 species
of African mammals, 4 species of North American mammals, and 47 humans
(Hutson et al. 2007).

CPXV has been isolated from a wide array of domestic and wild animals. This
virus is maintained in nature by bank voles (Myodes glareolus), field voles (Microtus
agrestis), and woodmice (Apodemus sylvaticus) (Bennett et al. 1997). Susceptible
species include non-human primates, cats, dogs, horses, llamas, foxes (Vulpes
vulpes), Patagonian cavies (Dolichotis patagonum), banded mongoose (Mungos
mungos), jaguarundis (Herpailurus yagouaroundi), okapis (Okapia johnstoni),
giant anteaters (Myrmecophaga tridactyla), African and Asian elephants (Loxodonta
africana, Elephas maximus), rhinoceroses (Ceratotherium simum), and several
species of big cats (Prkno et al. 2017; Baxby et al. 1982; Kik et al. 2006;
Marennikova et al. 1977; Martina et al. 2006; Tryland et al. 2011; Zwart et al.
1971; Abrahao et al. 2010; Kurth et al. 2009). CPXV has been implicated in
epizootics in captive wildlife and caused extensive multi-species outbreaks and
deaths in zoo animals (Marennikova et al. 1977; Zwart et al. 1971; Kurth et al.
2009). Sequencing data confirmed that wild rats (Rattus norvegicus) were the source
of the outbreak in a primate sanctuary and in a circus, and epidemiologic investiga-
tions indicated feeder rodents as the infection source in two zoo outbreaks
(Marennikova et al. 1977; Martina et al. 2006; Kurth et al. 2008). In Europe, case
investigations have demonstrated that pet cats have often acted as intermediate hosts
between wild reservoir hosts and humans, with diagnoses and severe disease having
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occurred in both the cats and humans (Eis-Hubinger et al. 1990; Haase et al. 2011).
Human-to-human transmission has not been documented.

In contrast to CPXV, VACV is primarily a disease of bovids and horses in South
America, and water buffalo in the Indian subcontinent (buffalopox), although it does
not appear to cause outbreaks in horses (Borges et al. 2018). In the Indian subcon-
tinent, however, bovine herds affected by VACV have had documented attack rates
as high as 50% or more, causing significant morbidity and agricultural loss
(Bhanuprakash et al. 2010; Gurav et al. 2011).

MPXV is capable of infecting a wide range of mammalian taxa, including
rodents, marsupials, and primates, including chimpanzees (Pan troglodytes), orang-
utans (Pongo pygmaeus), sooty mangabeys (Cercocebus atys), baboons (Papio
cynocephalus), cynomolgus monkeys (Macaca fascicularis), and marmosets
(Callithrix jacchus), with cases also likely in gorillas (Gorilla gorilla), gibbons
(Hilobates lar), squirrel monkeys (Saimiri sciurea), and owl-faced monkeys
(Cercopithecus hamlyni) (Reynolds et al. 2018; Hutson et al. 2007; Arita and
Henderson 1968). Since its initial discovery in wild caught primates, MPXV has
caused significant outbreaks among captive chimpanzees housed at two independent
sanctuaries in Cameroon and among wild chimpanzees in Ivory Coast, highlighting
the threat of emerging infectious diseases to endangered wildlife. The source of these
outbreaks is unknown (Patrono et al. 2020) (unpublished reports).

24.1.3 Zoonotic and Human-to-Human Transmission

As with most zoonotic infections, individuals most at risk of OPXV infection include
people with close and frequent animal contact. This includes pet owners, animal
workers (e.g., farmers, milkers, zookeepers, veterinarians, wildlife biologists),
hunters, and people handling raw meat or unprocessed animal products. Laboratory
workers, healthcare staff, and household members are also at risk of disease from
secondary transmission, especially where personal protective equipment is inade-
quate. Additional risk factors may include daily exposure to an infected animal,
cleaning cages and bedding of an infected animal, and providing clinical care to an
infected animal (Croft et al. 2007; Reynolds et al. 2007).

Zoonotic transmission of CPXV and VACV are relatively well understood and
invariably follow close contact with symptomatic animals, for example, during
milking, providing veterinary care, or through close interactions with pets. Epide-
miological and laboratory investigations have demonstrated zoonotic CPXV infec-
tion following contact with cats, wild and pet rats (Campe et al. 2009; Wolfs et al.
2002), and captive elephants (Hemmer et al. 2010). Veterinary staff are noted in
several case reports after treating animals with cowpox, including one alarming self-
report and warning for practicing veterinarians (Hall and Stevens 1987; Vestey et al.
1991; Glatz et al. 2010; Lawn 2010).

Animal infections with VACV have led to human cases among handlers and
milkers (Bhanuprakash et al. 2010; Gurav et al. 2011; Venkatesan 2010; Trindade
et al. 2006). Lesions often appear on the arms and hands of handlers who reported
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touching the infectious lesions of ill bovids, which are often on the teats and in or
around the mouth. Although human-to-human transmission is rarely noted for
VACV, it can occur among close contacts (Oliveira et al. 2017). VACV has been
isolated in dairy products, suggesting the potential for foodborne transmission,
although epidemiologic evidence is lacking (de Oliveira et al. 2015, 2018). There
has been a suggestion of milk-associated transmission to humans with no animal
contact after drinking of unpasteurized buffalo milk (Gurav et al. 2011); this
observation warrants additional attention and careful investigation for future cases.

Akhmeta virus isolates have been recovered from wild caught rodents of the genus
Apodemus, which likely serve as the animal reservoir and maintains its circulation in
nature (Doty et al. 2019). Zoonotic transmission of this virus probably follows a
similar dynamic as VACV, requiring contact with infected bovines, but the evidence is
extremely limited given that only three human cases have ever been reported (Vora
et al. 2015). Risk factors for zoonotic transmission of Alaskapox virus are less clear.
Only four unrelated laboratory-confirmed cases have been reported in humans. All the
cases live within the same area of Alaska, all reported outdoor activities, and several
reported contact with asymptomatic cats and residing in residences with wild rodents
(Springer et al. 2017) (CDC unpublished data). The discovery of Alaskapox virus in
rodents (Myodes rutilus) trapped in proximity to one of the cases suggests potential
cat-borne exposures or contact with an environmental surface that has been contam-
inated by infected small mammals (CDC unpublished reports).

MPXV transmission via fomites, direct contact, and respiratory droplet (without
direct contact) was demonstrated in the prairie dog model, and aerosol transmission
was documented in cynomolgus macaques (Hutson et al. 2011). Although similar
risk factors likely apply in the natural setting, there is no conclusive evidence for
how zoonotic MPXV infections occur. Risk factors for acquisition of the virus in
central Africa include school aged males, those who hunt, and those who have
frequent contact with uncooked wild animal meat (Nolen et al. 2015). However,
without knowledge of the specific wild animal species that are involved in
maintaining the virus, definitive risk factors for zoonotic infection remain an open
question in the field. There may indeed be a much wider role for wild animal
products beyond wild animal meat, such as peri-domestic small mammal contami-
nation of residences, or specific cultural behaviors that place individuals at greater
risk of exposure and subsequent infections in endemic areas (Bonwitt et al. 2017;
Friant et al. 2022). These factors may also explain the epidemiology of outbreaks in
Nigeria, where virus sequencing data suggest multiple zoonotic introductions; prob-
ably as a result of an undetected epizootic, but where cases occurred in urban settings
without reports of animal exposures (Yinka-Ogunleye et al. 2018).

CMLV is host-restricted, and its zoonotic potential is disputed. In a comprehen-
sive study involving 465 herdsmen handling CMLV-infected dromedaries, not a
single human skin lesion sample of 335 tested positive for the virus (Jezek et al.
1983). Epidemiologic, clinical, and non-specific laboratory findings supported zoo-
notic transmission, but not definitive confirmation of viral infection in three camel
herders handling infected animals (Bera et al. 2011). Given the high incidence in
camel herds and rarity (or absence) of human cases, CMLV is not known to present a
major public health concern.

712 J. Bonwitt et al.



24.2 Clinical Features

In general, OPXV infection results in a febrile prodrome followed by the appearance
of a typical pox exanthem on the skin and mucosa. The characteristic lesions of
OPXV infections have similar appearance across species; photographs of the lesions
are important tools for clinical consultation (Fig. 1). The exanthem progresses
through macules (flat discoloration), papules (slightly raised, firm swelling), vesicles
(fluid-filled sac), pustules (pus-filled blisters often with central umbilication), before
crusting, desquamation, and healed, healthy skin. Extensive lesions present in the
oral cavity and throat may cause pain and impact food and water intake (Reynolds
et al. 2017). Lesions on the teats of bovids may impact milking or feeding; secondary
infection and mastitis are concerns (Gurav et al. 2011). Viral multiplication occurs in
the draining lymph nodes, and the lymph nodes are often enlarged early in the course
of illness in humans and non-human primates. In severe cases, viraemia leads to
dissemination to internal organs (including heart, lungs, gastrointestinal tract, liver,
lymph nodes, placental and fetal tissues) causing systemic signs (Reynolds et al.
2017). In humans, with the exception of MPXVand Variola virus, OPXV infections
cause localized lesions; however, individuals with immunosuppressive or dermato-
logic conditions (e.g., atopic dermatitis, eczema) are at risk for a disseminated rash
and severe illness (Laiton-Donato et al. 2020; Lawn 2010).

The severity of disease depends on the viral species and strain, the susceptibility
of the host species, and host immune status. Complications of the skin may include
secondary infection of the skin and cutaneous necrosis; fluid loss may be a concern
due to extensive skin perturbation. Ocular infections can lead to permanent corneal
scarring and vision impairment. Fetuses of pregnant females are at risk of infection
and death in humans (Reynolds et al. 2017; Mbala et al. 2017; Ferrier et al. 2021;
Franke et al. 2016).

Clinicians should also consider parapoxviruses, cutaneous anthrax, varicella,
herpes simplex, treponema, and rickettsial pox as differential diagnoses that may
have presentation characteristics similar to OPXVs. Laboratory confirmation may be
pursued to determine the cause of infection and pathological analyses can be
performed from necropsy or biopsy specimens.

24.2.1 CPXV

CPXV exhibits fetal tissue tropism and can cause abortion, even in asymptomatic
dams; this has also occurred in an elephant and two foals (Elephas maximus) (Franke
et al. 2016; Ellenberger et al. 2005; Wisser et al. 2001). Infected domestic cats
present with pyrexia, inappetence, depression, and mild respiratory infection in 20%
of cases. Skin lesions typically begin at the bite site and 20% of cases have oral
lesions. Infection is usually self-limiting and healing is complete within 6 weeks.
Severe cases have been associated with immunosuppression, and these animals have
presented with secondary bacterial infection, cellulitis, and necrotizing pneumonia,
which is nearly always fatal (Bennett et al. 1990; Hoare et al. 1984; McInerney et al.
2016). Horses appear relatively refractory to infection; of 3 reported cases, two
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Fig. 1 Vaccinia virus lesions on the teats (a) and muzzle of a cow (b) (Leite et al. 2005); Cowpox
virus lesions on a pet rat (c) and neck (d) of a human (Campe et al. 2009); Cowpox virus lesions
with ocular manifestations (e) (Wolfs et al. 2002); and disseminated lesions from a Cowpox virus
infection in a pediatric patient with a history of atopic dermatitis (f) (Pelkonen et al. 2003)
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involved aborted or neonatal foals without involvement of the dams (Franke et al.
2016; Ellenberger et al. 2005). Contemporary case reports do not include cattle or
other bovids.

Alpacas and llamas are susceptible to infection with CPXV; signs include alope-
cia, local or generalized exanthem, and keratoconjunctivitis (Prkno et al. 2017;
Cardeti et al. 2011). In susceptible wildlife species, ulcerated lesions are common
and lesions in the oropharynx can manifest as anorexia, hypersalivation, and dys-
phagia. Wild felids and elephants are especially susceptible to infection and a
number of deaths have been reported. In felids, disease severity ranges from
ulcerated skin lesions to necrotizing pneumonia (Marennikova et al. 1977). Infection
is particularly lethal in cheetahs (Acinonyx jubatus) (Baxby et al. 1982; Stagegaard
et al. 2017). Zoo outbreaks in elephants used to be frequent in European zoos but
have been largely brought under control thanks to routine vaccination with VACV
(i.e., smallpox vaccine) (Kurth and Nitsche 2011).

In humans, CPXV is usually self-limiting and individuals have limited lesions
notably at the site of existing disruptions to the dermal barrier, or at the location
of animal bites or scratches. For patients who own pet rats, lesions have been noted
to occur on the neck or face (Campe et al. 2009). Severe infections, including deaths,
have been noted in individuals with underlying atopic dermatitis, immunosuppres-
sion, and pregnancy (Lawn 2010; Ferrier et al. 2021; Pelkonen et al. 2003); and
complicated ocular infections have occurred (Schwarzer et al. 2013; Kiernan and
Koutroumanos 2021).

24.2.2 VACV, Alaskapox Virus, Akhmeta Virus

VACV can infect a wide range of hosts but mostly causes disease in bovines. With
high attack rates (as high as 80–100%) and significant morbidity, outbreaks in dairy
herds can cause significant economic loss (Oliveira et al. 2017). After a 3–7 day
incubation period, VACV causes vesiculation followed by an ulcerative exanthem
that mostly affects teats and udders, but that can also progress to skin and mucous
membranes (Leite et al. 2005). In water buffalos (Bubalus bubalis), clinical signs
include a typical pox exanthema that appear on the face, proximal and distal limbs,
udder, teats, and scrotum (Bhanuprakash et al. 2010; Gurav et al. 2011). Suckling
calves of infected cows can present with oronasal lesions (Leite et al. 2005).
Production losses occur due to secondary mastitis, reluctance to being milked, and
cows avoiding suckling calves. In buffalo herds, infection can result in a 42–70%
reduction in milk yield (Eltom et al. 2020). Systemic disease may result in a
relatively high mortality (up to 11%) in buffalos (Gurav et al. 2011).

AVACVoutbreak has been recorded in Brazilian horses, involving 14 horses and
foals causing extensive coalescing pox lesions on the muzzle, external nares, and
external and internal lips, but without systemic signs (Brum et al. 2010; Campos
et al. 2011). VACV has also been isolated from non-human primates, cats, dogs,
equids, marsupials, lagomorphs, rodents, and bats in South America (Oliveira et al.
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2017; Costa et al. 2017, 2018). Unlike CPXV, however; infection in wildlife or other
domestic animals were not accompanied by clinical signs.

Although Akhmeta virus has never been isolated from domestic animals, infection
in cattle probably follows a similar course to CPXV or VACV. In the Democratic
Republic of Georgia, 10 of 71 dairy cows with epidemiologic links to laboratory-
confirmed human cases of Akhmeta virus presented with characteristic pox lesions
on their udder and teats. All cows fully recovered except one, in which teat
contracture resulted in reduced milk production (Vora et al. 2015).

In humans, zoonotic VACV infection often manifests as a self-limiting infection
with few lesions, often appearing at the site of exposure (via milking or other
handling), the hands, or the face (Gurav et al. 2011; Megid et al. 2012). A recent
report documenting a severe form of VACV infection, progressive vaccinia, in a
dairy cattle handler from Colombia highlights the severity of such an infection in an
individual with underlying immunosuppression caused by HIV and subsequent
AIDS (Laiton-Donato et al. 2020). Further, VACV is easily transferred from a
contaminated surface or infected individual (via contaminated hands or contact
with lesions) to another person and autoinoculation can occur to other sites of a
patient’s body. Nosocomial transmission of VACV has occurred in Pakistan (Zafar
et al. 2007) and there is a body of literature documenting the risks of inoculation
from VACV lesions via smallpox vaccination.

24.2.3 MPXV

Monkeypox (MPX) disease presentation is very similar in humans and non-human
primates (Arita and Henderson 1968). After a prodromal period of fever, fatigue,
respiratory symptoms, and often lymphadenopathy (cervical, maxillary, and/or
inguinal), the characteristic rash is apparent, often first appearing in the mouth or
face followed by dissemination to other parts of the body. A MPX rash is distinct in
that it is generalized and often includes lesions in the palms of the hands and soles of
the feet. This rash will slowly progress through different stages until desquamation
and final healing of the skin. Severe disease can occur as indicated above, and death
occurs in approximately 11% of humans without prior smallpox vaccination (Jezek
et al. 1987). Respiratory complications can include bronchopneumonia and airway
obstruction due to significant lymphadenopathy; the latter has contributed to deaths
in chimpanzees infected with MPXV (personal communication) (Reynolds et al.
2017). Exposure via an animal bite or scratch versus a less invasive exposure has
been associated with more severe forms of disease (Reynolds et al. 2006).

In-vivo bioluminescent imaging of infected prairie dogs has shown widespread
dissemination in internal organs (lymph nodes, intestines, heart, lungs, kidneys, and
liver) prior to the disseminated rash (Weiner et al. 2019). Separate studies have
isolated MPXV from most internal organs of infected animals (Hutson et al. 2009;
Marennikova et al. 1972; Guarner et al. 2004; Langohr et al. 2004). Higher doses
cause a more severe presentation with widespread rash lesions, generalized hemor-
rhagic manifestations, and faster symptom onset in laboratory infected marmosets
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(Callithrix jacchus) and prairie dogs (Cynomys ludovicianus) (Falendysz et al. 2014;
Mucker et al. 2015). Susceptibility to MPXV varies across species, as evidenced
during a multi-species outbreak in a zoo where clinical signs occurred along a
spectrum of severity ranging from pox exanthems to anorexia, lymphadenopathy,
dyspnea, nasal discharge, depression, secondary infections, and death (Peters 1966).

24.2.4 CMLV

In contrast to other zoonotic OPXVs, CMLV is thought to have a narrow host range,
only affecting bactrian (Camelus bactrianus) and dromedary (C. dromedarius)
camels. It is highly contagious and causes significant production losses (Duraffour
et al. 2011). After a 9–13 day incubation period, camels may present with pox
lesions on the rostrum, eyelids, margins of the ears, and oronasal mucosa. In severe
cases, lesions may cover the entire body. Systemic signs include fever, anorexia,
lymphadenopathy, and mucopurulent discharge (WOAH, 2019). Abortion rates can
be as high as 87% (Al-Zi’abi et al. 2007). Mortality can exceed 30% in adults and up
to 100% in calves (Jezek et al. 1983; Krizn 1982).

24.3 Laboratory Diagnosis

OPXV infections can be difficult to diagnose clinically; thus, laboratory diagnostic
evaluation is essential for confirming infection in humans and animals, which can be
achieved using a variety of techniques (Table 1). Different methods have a range of
veterinary and public health utilities and require different sample types; however,
OPXV diagnostic assays are largely the same for animals and humans. Understand-
ing disease progression and transmission is key to identifying the appropriate
diagnostic sample type and timing of sample collection in relation to disease onset
or exposure; however, for some enigmatic viruses, little is known about disease
progression and transmission routes. Lesion material is consistently the best diag-
nostic sample type and the primary clinical feature used to identify OPXV infections.
The presence of characteristic pox-like lesions on the surface of the skin, in the oral
cavity, or on the surface of organs often suggests possible infection with an OPXV.
Samples from these lesions provide a relatively simple and less invasive sample to
collect for acute (active) infections in living patients.

The most reliable way to diagnose and differentiate among OPXV species is the
detection of viral nucleic acids, for which polymerase chain reaction (PCR)-based tests
are the gold standard. PCR assays target a specific piece of viral DNA to amplify for
detection and/or sequencing, and can use a conventional approach where a PCR
product is visualized on an electrophesis gel, or they can utilize a real-time approach
that is capable of quantifying viral DNA in a sample (Li et al. 2006, 2007b, 2010).
Most PCR assays that are used to differentiate OPXV species and strains are real-time
assays which target variable regions of the genome where only nucleic acids from one
species of virus will be amplified. Skin lesions are the optimal specimen type for PCR
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as they contain viral particles and nucleic acids. Blood is not an optimal specimen
type, as the period of viremia in the blood is often short relative to the entire course of
clinical presentation (Hutson et al. 2009; Nitsche et al. 2007).

Viral sequencing is a tool that has been increasingly used in recent years and can be
used to determine the strain and species of a virus in a particular sample. Additionally,
analysis of these sequences allows investigators to determine the relationships among
viral strains and species, assess geographic variations, examine evolutionary diversi-
fication, and may provide insights into the epidemiology of the virus or the clinical
presentation (Gigante et al. 2019; Likos et al. 2005; Gruber et al. 2018).

Serological assays are used for antibody detection in serum and plasma samples.
Common assays include enzyme-linked immunosorbent assay (ELISA), plaque-
reduction neutralization test (PRNT), Western blot, and hemagglutination-inhibition.
ELISA is the most commonly used serologic assay and can detect either IgM or IgG
antibodies. Serology is not recommended as a primary diagnostic tool because it
lacks the ability to distinguish infections caused by different OPXV species; rather,
they allow investigators to evaluate antibody response to OPXVs on the whole. In
humans, this will include individuals who received prior smallpox vaccination with
VACV. The utility and interpretation of antibody detection will depend on the
intended use of the assay. Serological assays can be used as a tool to identify

Table 1 List of diagnostic assays, preferred sample types, and utility

Assay Target
Specimen
type

Species
specific Utility

PCR Nucleic acid Lesion
material

Yes Gold standard for diagnostics,
including conventional or real-time
PCR and may include species-
specific assays

Viral DNA
sequencing

Nucleic acid Lesion
material

Yes Can be used for diagnostics when
no species-specific PCR assay
exists, but generally utilized to
examine evolution of viruses or
other genetic features

Serology
(ELISA,
PRNT,
Western blot)

Antibodies
(IgG or IgM)
and proteins

Serum or
plasma

No Retrospective case identification or
serosurveys, can complement PCR

Immuno-
histochemistry

Antigen Lesion
material;
tissue
biopsy

No May be used to identify or rule out a
biological agent in differential
diagnosis

Viral culture Viable
infectious
viral
particles

Lesion
material

No May be used to generate sufficient
material for whole genome
sequencing, requires strict biosafety
measures

Electron
microscopy

Viral
particles

Lesion
material

No Can identify poxvirus particles
when poxvirus is not a primary
differential during diagnosis of
unknown pathogens
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retrospective cases, assess immune responses to smallpox vaccination, and are useful
for a variety of research purposes (Doshi et al. 2019; Doty et al. 2017; Guagliardo
et al. 2020; Townsend et al. 2013).

Antibody responses may vary from one individual to the next and may vary
significantly based on the viral species of exposure (Gilchuk et al. 2016). Gener-
ally, IgM antibodies are present a few days after exposure and may be detectable
for approximately 2 months. Conversely, IgG antibody production will rise fol-
lowing the acute phase of illness, suggesting it may not be detectable until a few
weeks after exposure, but may remain at detectable levels for years. Given this
information, the presence of IgM antibodies indicates a recent OPXV infection or
exposure, whereas IgG antibodies indicate an exposure months to years before the
serum samples were collected.

Immunohistochemistry (IHC) is conducted on lesion material from affected skin,
including crusts and lesion biopsies. Staining is used to detect antigen within cells
using an OPXV antibody that is cross-reactive with many (if not all) viruses in the
genus. While this can be a powerful tool for pathological samples, the method is
labor and reagent intensive, and requires specialized equipment (Sejvar et al. 2004).

Diagnostic electron microscopy was widely used for smallpox diagnosis until its
eradication, with decreased use in favor of molecular diagnostic techniques (i.e.,
PCR); however, it still remains an important tool for the identification of novel
OPXVs that may be divergent enough from known ones not detected by other
diagnostic assays (Gelderblom and Madeley 2018).

While the majority of diagnostic assays require laboratories with specialized
equipment and experienced laboratorians, novel point-of-care assays are currently
being developed and tested for field deployment. While these assays are generally
being developed for human diagnostics, they could potentially be used for animals in
certain situations where OPXV diagnosis may be important for public health or
veterinary outbreak response situations such as monkeypox infections in primate
sanctuaries in monkeypox endemic regions).

24.4 Animal and Public Health Control Measures

Interventions against animal and human OPXV infections hinge on preventing
epizootics in domestic and captive wild animals, reducing the risk of zoonotic
exposures, and preventing human-to-human transmission. Given the broad host
range of OPXVs, interrupting disease transmission between members of a same
species, as well as across species (i.e., spillover transmission), is the cornerstone of a
cohesive strategy to prevent infection in animals and humans alike. The survival of
OPXV on surfaces and prolonged survival of virus in lesion material for years
(McCollum et al. 2014) means that environmental disinfection is paramount.

In animals, prevention and control can only be achieved in domestic animals and
captive wildlife. Infection control in free-ranging wildlife (reservoirs or spillover
hosts) is currently impossible due to the absence of a licensed vaccine, logistical
challenges of vaccine delivery, and broad host range. In domestic pets, infection
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prevention can be achieved by reducing contact with susceptible hosts where the
reservoir hosts are known; for example, by keeping cats indoors in areas endemic for
CPXV. In herds, zoos, and wildlife sanctuaries, standard biosecurity precautions may
be instituted to prevent pathogen introduction, including quarantine of new arrivals
(21 days), and routine rodent control measures. Rodents fed to captive mammals
should be bred in a closed system and feeding using wild rodents should be avoided.
Off-label smallpox vaccination has been used for susceptible wildlife species kept in
captivity, especially in outbreak situations (Kurth et al. 2009) or where prior cases have
occurred indicating endemic circulation in wild rodents. Modified VACV Ankara
(MVA) vaccine has been used in European zoos for captive elephants, rhinoceroses,
and felids at risk of infection (Stagegaard et al. 2017; Wolters and van Bolhuis 2008).
Researchers have demonstrated that MVA can provide protection against MPXV
infection in non-human primates (Stittelaar et al. 2005), although its use and effec-
tiveness at preventing outbreaks in captive non-human primates has not been assessed.

Symptomatic animals may be immediately isolated to prevent animal-to-animal
and zoonotic transmission. Biosecurity measures for isolation pens may address the
potential of fomite transmission via animal bedding, shared equipment (e.g., food
troughs, milking machines), and animal handlers, as well as the potential for droplet
transmission to susceptible species. OPXVs can be shed via infectious lesions and
bodily fluids, including urine, feces, and milk, thus infected animals should be
isolated from susceptible animals. Special attention should be paid to routine
disinfection of the environment where the ill animals reside and rodent control to
prevent further spread to wild rodents (Guedes et al. 2013; Rehfeld et al. 2017).
Preventing infection in susceptible animals that have frequent and close contact with
humans (e.g., cats) also serves to reduce zoonotic transmission and is especially
important for individuals at higher risk of disease. Rodent control in houses (rodent
proofing, removing rodent harborage and attractants) may be implemented to reduce
animal-human contact and environmental contamination.

People at risk of severe disease from OPXV infection (including individuals with
a history of atopic dermatitis or eczema, pregnant women, individuals with an
immunosuppressive condition or taking medications that may cause immunosup-
pression) should not handle infected animals. Personal protective equipment is
effective at preventing transmission: gloves, gown, rubber boots, eye and mouth
protection (mask or face shield). MPXV infections may produce infectious respira-
tory droplets and additional PPE should also include a N95 or filtering respirator
(CDC 2021a). Preventing zoonotic transmission of MPXV is challenging, as the
reservoir species are unknown and the endemic range overlaps with areas of food
insecurity where people principally rely on wild animals as a source of protein. In
this setting, avoiding hunting rodents and animals found sick or dead is a measure to
reduce the risk of zoonotic transmission. There are, however, a number of cases in
urban environments of Nigeria with no known wild animal exposure (Yinka-
Ogunleye et al. 2018), further complicating our understanding of MPXV control.

Control of human-to-human OPXV transmission relies on hygiene practices to
avoid transmission from skin lesions, contaminated items, and surfaces, and for
MPXV, respiratory droplets. Healthcare providers and family members should adopt
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standard contact precautions with personal protective equipment with the addition of
a N95 or filtering respirator for MPXV. MPXV patients should be isolated in a
healthcare or home-based care environment (CDC 2021a). For patients with local-
ized lesions (and not a disseminated rash), lesions may be covered with a
non-adhesive dressing to prevent spread to close contacts. Coverage of an infectious
lesion also reduces the risk of self-inoculation which can lead to significant compli-
cations such as an ocular infection. Clothing, linen, and towels carry a risk of fomite
transmission and should be treated as biohazard; they should either be destroyed or
washed using standard laundry detergents at the highest temperature setting. Sur-
faces and shared household items can be disinfected using household chlorine bleach
or quaternary ammonium products (CDC 2021a).

Except for MPXV, human-to-human transmission of zoonotic OPXVs is rare but
cannot be discounted, especially among immunosuppressed individuals, in healthcare
settings, or among close contacts. For all OPXV infections, infection prevention mea-
sures should be maintained until all crusts separate and a fresh layer of skin forms at
former lesion sites, at which time they are no longer infectious. Given the broad range of
susceptible animals and potential introduction of OPXVs in new geographic areas,
humans should avoid direct contact with mammals (e.g., pets and wild rodents) during
their period of infectiveness until all lesions have resolved and a fresh layer of skin has
formed, to prevent further spread and reverse zoonosis (CDC 2021a).

Smallpox vaccination has been shown to be effective against MPXV infection
(Jezek et al. 1988) and is recommended in the United States for prevention of OPXV
infections in specific occupational groups (Petersen et al. 2016). Traditional small-
pox vaccines use attenuated VACV to deliver a controlled dose to stimulate an
immune response via vaccination. More recently, a third-generation vaccine utilizing
MVA (which does not replicate efficiently in human cells) has been approved in the
United States and European Union for the prevention of monkeypox in adults at high
risk of infection. Further studies are needed to evaluate its effectiveness in outbreak
response and duration of immunity. Studies of its pre-exposure use are underway in
areas endemic for MPXV in humans (Petersen et al. 2018).

Finally, disease reporting to animal and public health authorities is critical for
localized and international control efforts. Many countries may deemOPXVinfections
in humans reportable under the International Health Regulations (IHR); animal infec-
tions may be reported to the World Organization for Animal Health. The presence of
transboundary events and viral spread to non-endemic areas may lead to a Public
Health Emergency of International Concern under the IHR. These events can be
serious and have led to traveler’s health notices (CDC 2021b) and the ban of African
rodent importation to the United States (Bernard and Anderson 2006; CDC 2015).

24.5 Future Perspectives & Conclusions

Following decades of research, our understanding of OPXVs is extensive, but many
features of their ecology, epidemiology, and natural history continue to elude
us. Enhanced human and animal surveillance, including confirmation by laboratory
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diagnostics, will be critical to detect emerging zoonotic OPXVs, especially in the
face of a global waning smallpox immunity, increased susceptibility to infection as
result of immunosuppressive conditions (e.g., HIV/AIDS pandemic, immunosup-
pressive therapies, etc.), and increasing movement of humans and animals. Equally,
animal surveillance will be key to monitor OPXV infections that threaten animal
production and welfare in the context of livestock practices. OPXV surveillance is
challenging, as many occur in areas with poor laboratory capacity or are considered
relatively benign and are therefore not reportable. Similarly, detailed epidemiolog-
ical investigations, including relevant zoonotic parameters, need to be pursued to
elucidate the role of atypical transmission (e.g., via zootherapy and dairy products)
and that of unrecognized domestic or peri-domestic reservoir hosts (e.g., dogs, cats,
and coatis) (Costa et al. 2018). By harnessing the high degree of cross-reactivity and
long duration of immunity, vaccine research is critical to protect persons at risk,
reduce animal production losses, and hedge against disease emergence and bioter-
rorism. It is no exaggeration to say that poxviruses have shaped and are being shaped
by human behaviors and practices. In all certainty, they will continue their evolu-
tionary trajectory with humans and animals, and will continue to surprise us for years
to come, for better or for worse.

24.6 Disclaimer

The findings and conclusions in this report are those of the authors and do not
necessarily represent the views of the Centers for Disease Control and Prevention.
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Abstract

Rabies is the oldest diseases known to mankind. Occurring on all continents,
except Antarctica, rabies remains one of the neglected tropical diseases (NTD)
that predominantly affects the poor of the poor particularly in Asia and Africa still
causing tens of thousands of lives lost every year. This chapter ‘Elimination of
Rabies—A Missed Opportunity’ provides an up-to-date review of information
known about the etiology and epidemiology of the disease, the rabies situation
worldwide, human rabies prevention, prophylaxis and experimental therapy,
rabies control in wildlife and dogs as well as road blocks on the way to global
elimination of dog mediated rabies from a “One Health” perspective.

Keywords

Control · Dogs · Epidemiology · Humans · Prevention · Prophylaxis · One
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25.1 Rabies – Fascinating Backgrounds of a Deadly Disease1

Ancient world writings from as early as Mesopotamian and Greek times suggest that
rabies (lyssa, hydrophobia) is the oldest recognized zoonosis, perhaps as old as
mankind. The first written record of rabies is in the Mesopotamian Codex of
Eshnunna of Babylon (circa 1930 BC) and mentioned preventive measures to be
taken by owners of dogs supposed of having contracted rabies and further detailed
heavy sentences for dog owners in case another person being bitten by their rabid
dog later died (Dunlop and Williams 1996). Rabies is defined as an acute, progres-
sive, incurable viral encephalitis that is transmitted following bites of infected
mammals. While the name rabies is derived from the Latin name for “madness,”
the old Greeks derived the word lyssa from lud or “violent”; this root is used in the
name of the genus lyssavirus (Rupprecht et al. 2020a).

For millennia, the disease has been considered a scourge for its prevalence as well
as a dual public horror and biomedical travesty (Rupprecht et al. 2008). There is
probably no other zoonosis known today, which has been eliciting such anxiety to
people, has been so intensively studied, and about which so many common and
scientific reports have been published. It is a tragedy that despite the pioneering work
of Louis Pasteur, more than 150 years ago, who with his first vaccination trials in
man paved the way for today’s efficient pre- and post-exposure rabies prophylaxis in
humans and preventive vaccination in animals, rabies still is an imminent danger for
humans and animals alike.

25.1.1 Virological Background and Diversity of Lyssaviruses

For a long time, rabies was believed to be caused by a single virus and it was not until
the first discovery of bat-associated lyssaviruses in the second half of the last century
that this perception changed. Today it is commonly accepted that rabies as a disease
is caused by a plethora of different negative-strand RNA viruses of the Lyssavirus
genus, family Rhabdoviridae of the Mononegavirales order (Fooks et al. 2017;
Fisher et al. 2018).

Currently, the genus has been subdivided into 17 recognized and 2 putative virus
species (Walker et al. 2020; Amarasinghe et al. 2018). Intriguingly, Chiroptera
appear to be the reservoir for almost all lyssaviruses thus putting rabies in the list
of the most significant viral zoonosis associated with bats (Luis et al. 2013). While
all lyssaviruses share certain morphological and structural characteristics, on the
basis of their genetic and antigenic relatedness as well as their biological properties,
e.g., pathogenicity, induction of apoptosis, cell receptor recognition, and immuno-
genicity, lyssaviruses can be further segregated into at least three phylogroups
(Badrane et al. 2001). The great majority of lyssaviruses are considered members
of phylogroup I, including the prototypic rabies virus (RABV), European bat

1Authors: Thomas Müller and Conrad M. Freuling
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lyssavirus-1 (EBLV-1), EBLV-2, Australian bat lyssavirus (ABLV), Aravan virus
(ARAV), Khujand virus (KHUV), Irkut virus (IRKV), Bokeloh bat lyssavirus
(BBLV), Duvenhage virus (DUVV), Gannuruwa bat lyssavirus (GBLV), and Taiwan
bat lyssavirus (TWBLV). The African lyssaviruses Lagos bat virus (LBV), Mokola
virus (MOKV), and Shimoni bat lyssavirus (SHIBV) were assigned to phylogroup
II, while the genetically more diverse lyssaviruses including West Caucasian bat
virus (WCBV), Ikoma virus (IKOV) and Lleida bat lyssavirus (LLEBV) are likely
representatives of other phylogroups (Walker et al. 2020; Kuhn et al. 2020). Recent
discoveries of one further novel lyssavirus, Kotalahti bat lyssavirus (KBLV) and two
sequences from a potentially novel lyssavirus named Matlo bat lyssavirus (MBLV)
in European and African bats, respectively (Fooks et al. 2021), clearly indicate that
there is reason to believe that with reinforced and enhanced surveillance, particularly
in bats, the diversity of lyssaviruses will further evolve. Interestingly, the recent
detection of lyssavirus-like sequences in frogs and anoles challenges the host
restriction to mammals (Horie et al. 2020). Further research is needed to corroborate
such findings and assess their relevance for, e.g. virus origin.

Although lyssaviruses are capable of infecting all mammals, onward transmission
in a new host population requires adaptation of the virus, in a number of stages with
both host and virus factors determining the outcome. Within each lyssavirus species,
genetic diversity may vary more or less within sublineages corresponding to distinct
variants circulating in specific geographical regions and/or particular reservoir hosts
in complex ecological communities. It is assumed that limited diversity of a specific
variant corresponds to a dynamic equilibrium (or genetic stasis) resulting from a
relatively conserved and long-term virus-host coevolution and coadaptation
(Mollentze et al. 2014). Such stability is observed frequently among bat lyssavirus
variants. While in general, the immune status of the host, the nature of exposure and
strain differences influence infection and transmission dynamics (Fisher et al. 2018),
modeling studies suggest that increased virulence in a novel host might act as a
limiting factor preventing onward transmission (Mollentze et al. 2020). Interestingly,
RABV has successfully crossed species barriers and established infectious cycles in
new hosts to become the global multi-host pathogen it is today, while other
lyssaviruses appear very restricted in hosts, suggesting that RABV is the exception
but not the rule among lyssaviruses (Marston et al. 2018).

25.1.2 Reservoir Hosts of Classical Rabies

While all mammals are susceptible for the prototypic RABV, yet its lyssavirus
reservoir in its entire complexity is cryptic (Fisher et al. 2018). Intriguingly,
RABV is the only lyssavirus known to have primary reservoirs in species of the
orders Chiroptera (bats) and Carnivora, where lineages of RABV circulate inde-
pendently. Particularly canine species (family Canidae) are reservoir hosts of RABV
in most parts of the world (Müller and Freuling 2020a). Next to wild carnivores,
rabies virus maintained and transmitted by domestic dogs (Canis familiaris) by far
poses the most serious threat to public health. Dog-mediated rabies is responsible for
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more than 95% of the tens of thousands of human rabies casualties reported every
year and results in millions of exposure contacts that require costly medical inter-
vention. Mainly developing countries from Asia and Africa suffer from the burden of
dog-mediated rabies (Hampson et al. 2015).

25.1.3 Americas

The Americas are the only continents where just one single lyssavirus species is
present – the classical rabies virus (RABV); the reason for this paradox remains
elusive. In North America, terrestrial rabies is a multispecies reservoir problem.
Here, independent infectious cycles exist in raccoons (Procyon lotor), skunks
(Memphitis ssp), red foxes (Vulpes vulpes), gray foxes (Urocyon cinereoargenteus),
coyotes (Canis latrans), and arctic foxes (Alopex lagopus) (Ma et al. 2021) with the
latter contributing to the circumpolar transmission of arctic variants of RABV (Mork
and Prestrud 2004; Hanke et al. 2016; Mansfield et al. 2006b).

Historically, it has not been fully elucidated up to now whether rabies was present
in the New World prior to the arrival of the first European settlers in the mid of the
previous millennium (Vos et al. 2011; Rupprecht et al. 2017). It is certain, however,
that canine RABV was introduced to the Americas during European colonization
causing many human casualties. The same applies to the small Indian mongoose
(Herpestes auropunctatus), a small terrestrial carnivorous mammal introduced dur-
ing the latter part of the nineteenth century, which is now implicated as the principal
wildlife reservoir for rabies on many Caribbean islands (Seetahal et al. 2013, 2018;
Zieger et al. 2014). While enzootic rabies elimination from dogs has been almost
achieved in many countries in the Americas (Vigilato et al. 2013a; Velasco-Villa
et al. 2017a), the disease seemed to have reemerged in wild terrestrial carnivores
(Velasco-Villa et al. 2008). In South America, other species including the Crab-
eating fox (Cerdocyon thous), the Hoary fox (Lycalopex vetulus) (Antunes et al.
2018; Bernardi et al. 2005; Silva et al. 2009), and the Peruvian fox (Lycalopex
sechurae) have been identified as wildlife reservoirs maintaining species adapted
RABV variants (Velasco-Villa et al. 2017a). Interestingly, recent detections of a new
RABV variant in marmosets (Callithrix jacchus) suggest the first independent
infectious cycle in monkeys (Favoretto et al. 2001).

The Americas are also unique for their chiropteran rabies reservoirs as almost any
indigenous species of bats on both continents ranging from insectivorous, frugivorous,
nectarivorous to hematophagous bats has been identified to harbor distinct well-
adapted RABV variants (Banyard et al. 2020b). While RABV in insectivorous bats
only causes sporadic spillovers, vampire bat (Desmodus rotundus) transmitted rabies
poses a serious threat to public and animal health in Central and South America
(Johnson et al. 2014). It has been hypothesized that an ancient chiropteran origin of
RABV might be the most likely explanation for the existence of the independently
evolved “indigenous American” virus lineages as well as for the absence of RABVs in
related bat species in the Old World (Rupprecht et al. 2017). Indeed, phylogenetic
analysis suggests that RABV first evolved as a bat virus and subsequently crossed the
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species barrier from Chiroptera to the Carnivora order (Badrane and Tordo 2001). In
fact, both the raccoon as well as the skunk variant of RABV in Southern USA have
been shown to descent from an ancestral bat origin (Velasco-Villa et al. 2017b). Even
today, cross-species transmission events are documented regularly. While most of
these spill-over events lead to dead-end infections, molecular inferences suggest
multiple sustained spillovers of RABV from bats to mesocarnivores in North America
as documented for foxes (Daoust et al. 1996); skunks (Leslie et al. 2006), and gray
foxes (Kuzmin et al. 2012), hence, confirming the possibility of such historical events
(Marston et al. 2017, 2018) (Fig. 1).

25.1.4 Africa

Next to the diversity of lyssaviruses found in Mega- and Microchiroptera, the current
epidemic of classical rabies probably is a result of a more recent event because both
historical records and phylogenetic analysis prove that the cosmopolitan lineage of
canine RABV was introduced during European colonization (Rupprecht et al.
2020a). Apart from independent introductions in space and time, translocation,
emergence among feral dogs, and adaptation to wildlife species are considered
important dissemination mechanisms of canine rabies that are supposed to have
peaked early in the twentieth century (Rupprecht et al. 2008). Classical rabies cycles
are sustained by many carnivorous hosts of the family Canidae. Alongside the
domestic dog, which is the major host reservoir of classical RABV in Africa,
evidence is mounting that other wildlife canids such as jackals (Canis adustus and

Fig. 1 Distribution of terrestrial wildlife rabies caused by RABV in different reservoir. The
individual ranges are based on data provided by the IUCN
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C. mesomelas) and bat-eared foxes (Otocyon megalotis) are reservoirs for RABV in
Southern Africa too (Bingham et al. 1999; Sabeta et al. 2003). While usually RABV
variants are independently maintained in these species, in some areas common
dog-jackal transmission cycles have been reported resulting in a rather complex
epidemiological situation (Bellan et al. 2012). There has been no sustained progress
yet in eliminating dog-mediated rabies on the continent (Haselbeck et al. 2021).

Also, members of the family Herpestidae appear to be responsible for the
transmission cycle of a distinctive variant of RABV (Nel et al. 2005) as suggested
for the Yellow mongoose (Cynictis penicillata) and the Slender mongoose (Galerella
sanguinea) (King et al. 1993; Foggin 1988). Uniquely, for a long period of time
independent horizontal transmission of the cosmopolitan RABV lineage among
kudu antelopes (Tragelaphus strepsiceros) has been suspected, a phenomenon
exclusively found in Namibia (Scott et al. 2012). However, phylogenetic and
experimental research suggest that jackal and kudu may form part of the same
epidemiological cycle of rabies in Namibian wildlife (Mansfield et al. 2006a) and
that rabies epidemics in this herbivorous species is rather a combination of spill-over
events and perhaps locally restricted horizontal transmission (Hassel et al. 2018).

25.1.5 Europe

The earliest references to rabies coming from ancient sources clearly indicate that
terrestrial rabies has been endemic in Europe for centuries (Neville 2004). Until the
nineteenth century, historical records mainly refer to dog-mediated rabies, while
anecdotal reports also mention outbreaks of rabies in wolves and foxes (Blancou
2004; Rupprecht et al. 2020a). So, there is reason to believe that variants of RABV
proceeded to involve not only dogs, but also other wild canids over vast areas. While
dog-mediated rabies has been successfully controlled in Europe (Müller and
Freuling 2018; Rupprecht et al. 2020a), Turkey remains the only country, where
dog-mediated rabies persists (Johnson et al. 2010).

In the mid-twentieth century, wildlife rabies emerged in and was maintained by
the red fox (Vulpes vulpes) as the new main reservoir host, spreading the disease
throughout the continent within a few decades (Wandeler 2004, 2000). While due
to oral vaccination of foxes large parts of Western and Central Europe have been
declared free from fox-mediated rabies (Müller et al. 2012, 2015), it is still endemic
in Eastern parts of the continent (Müller and Freuling 2018). Besides the red fox,
the raccoon dog (Nyctereutes procyonoides), an alien species to Europe is sup-
posed to be another wildlife rabies reservoir. Rabies cases have also been reported
in golden jackals (C. aureus) on the Balkan Peninsula. However, it is not yet clear
whether the raccoon dog or the golden jackal represent independent rabies reser-
voir hosts (Johnson et al. 2008; Müller et al. 2015). In the northernmost parts of
Europe, conspecifics of the Arctic fox (Alopex lagopus) are involved in the
circumpolar transmission cycle of arctic rabies (Mork and Prestrud 2004; Johnson
et al. 2007).
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Also, other alien species including the North American raccoon (Procyon lotor)
and the small Indian mongoose (Herpestes auropunctatus) are now firmly
established in parts of Europe often reaching higher population densities compared
to their areas of origin (Cirovic et al. 2011; Vos et al. 2012). Sustained introductions
of RABV variants into these species would pose a significant challenge in terms of
rabies control (Vos et al. 2012; Müller et al. 2015).

25.1.6 Asia

Domestic dogs represent the major reservoir and vector for the disease in large parts
of Asia (Müller and Freuling 2020a), and dog transmitted RABV causes thousands
of victims per year (Song et al. 2014; Sudarshan et al. 2007). The veterinary public
health focus on dogs may mask the presence of rabies in wildlife. In fact, the disease
has also been reported from wildlife species in many Asian countries (Müller and
Freuling 2020a). In Russia and other countries of the former Soviet Union, rabies is
also maintained by wild canids, particularly foxes, while local dog epizootics
occurred only sporadically in some territories. The red fox serves as the main
reservoir, but the steppe fox (Vulpes corsac) and the golden jackal participate in
RABV circulation in the steppe and desert territories (Kuzmin et al. 2004; Shulpin
et al. 2018). Phylogenetic data indicate that except for arctic foxes in the polar region
and raccoon dogs in Far East Russia an association of RABV variants with host
species was less obvious (Shulpin et al. 2018). In Central Asia, fragmentary surveil-
lance data indicate that the majority of cases are reported from dogs. Although
wildlife rabies has been reported only scarcely, it seems to play a role in the
epidemiology of the disease (Gruzdev 2008; Sultanov et al. 2016). In the Middle
East region, besides dogs, also wild canid species, i.e., golden jackals and fox
species are considered reservoirs. Turkey is a country, where a host switch from
dogs into red foxes was reported that lead to an epidemic in the Aegean region of
Turkey (Johnson et al. 2006; Vos et al. 2009; Marston et al. 2017). Sri Lanka may
also serve as an example of the coexistence of dog-mediated and wildlife-mediated
rabies, with the latter associated with mongoose and jackals (Karunanayake et al.
2014). Also, in China and Taiwan, rabies is associated with the Ferret badger (Lan
et al. 2017; Zhang et al. 2009).

25.1.7 Other Lyssaviruses

Intriguingly, all recognized and proposed lyssavirus species within the genus
Lyssavirus have reservoirs in Chiroptera, except for MOKV and IKOV (Banyard
et al. 2020a)

Bats have particular traits that may promote the maintenance and transmission of
lyssaviruses. It is hypothesized that all lyssaviruses originated from a precursor bat
virus and therefore, bats with their more than 1100 recognized species to date (more
than 16% of mammalian species) are the ultimate historical source of carnivore
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rabies infections, based in part upon epidemiological, ecological, and phylogenetic
inferences (Badrane and Tordo 2001; Calisher et al. 2006). In Europe, bat rabies is
caused by various lyssaviruses. EBLV-1 accounts for more than 95% of all bat rabies
cases in Europe and is mainly found in Serotine bats (Eptesicus serotinus) and
Isabelline bats (E.isabellinus) (Schatz et al. 2013). In contrast, EBLV-2 has only
been detected sporadically, always associated with Myotis bats (M. daubentonii and
M. dascyneme) in the Netherlands, United Kingdom, Switzerland, Germany, Nor-
way, and Finland (McElhinney et al. 2018). Bat rabies cases in Europe are seemingly
less frequent than in the Americas; however, in many European countries bat rabies
surveillance is still inadequate, despite international recommendations (Schatz et al.
2013). Discoveries of novel bat lyssaviruses WCBV (2001 from Miniopterus
schreibersii), BBLV (2010 from M. nattererii), LLEBV (2012 from
M. schreibersii), and KBLV (2019 fromM. brandtii) (Freuling et al. 2011; Aréchiga
Ceballos et al. 2013; Nokireki et al. 2018; Kuzmin et al. 2005) indicate the diversity
of lyssaviruses in Europe that is likely to expand in the future.

In Africa, bat-associated LBVand DUVV have been associated with several taxa,
including Eidolon, Epomophorus, Miniopterus, and Nycteris species (Hayman et al.
2012; Markotter et al. 2020). SHIBV was isolated from an insectivorous
Hipposideros bat in Kenya (Arai et al. 2003; Botvinkin et al. 2003), and recently a
novel virus, tentatively named Matlo bat lyssavirus (MBLV), that is closely related
to WCBV, was detected in Natal long-fingered bats (Miniopterus natalensis) in
South Africa (Coertse et al. 2020).

There is increasing knowledge on the diversity of lyssaviruses known to circulate
also in Asian bat populations. Single representatives of ARAV and KHUV were
isolated from Eurasian Microchiroptera, i.e., Myotis blythi, andM. mystacinus (Arai
et al. 2003; Botvinkin et al. 2003). IRKV was isolated from infected Murina
leucogaster in Irkut (Kuzmin et al. 2005) and China (Liu et al. 2013b). Also, one
human rabies case after IRKV infection was reported in the Russian Far East
(Leonova et al. 2009). More recently, rabies cases in the Japanese pipistrelle bat
(Pipistrellus abramus) in Taiwan were characterized as the novel lyssavirus TWBLV
(Hu et al. 2018). Also, genetic analyses confirmed that rabies cases in Indian flying
foxes (Pterpus medius) in Sri Lanka were caused by the novel lyssavirus GBLV
(Gunawardena et al. 2016). In Australia, variants of ABLV exist among several
species of Pteropus, as well as in insectivorous Yellow-bellied sheath-tailed bats
(Saccolaimus flaviventris) (Foord et al. 2006; Iglesias et al. 2021) (Fig. 2).

Despite MOKV being isolated from a variety of mammal species including
shrews (Crocidura spp.), rodents (Lophuromys spp.), unvaccinated and vaccinated
domestic cats and dogs (Sabeta and Phahladira 2013), and IKOV from an African
civet (Civettictis civetta) from Tanzania (Marston et al. 2012), these species are the
only lyssaviruses never to have been isolated from bats. Given the fact that
Chiroptera are considered key reservoir species for lyssaviruses, there is reason to
believe that the reservoir hosts of those lyssaviruses are bats too. However, such
reservoirs for MOKV and IKOV still remain to be identified.

Now that it is understood that each lyssavirus has evolved to fit a particular
ecological niche and that continuing evolutionary progression yields new variants

25 Elimination of Rabies: A Missed Opportunity 737



and new threats to human and animal health, concerted global actions to combat
rabies in terrestrial animals become increasingly important.

25.1.8 Self-Made Problems

The underlying diversity of the neurotropic, negative-stranded RNA viruses respon-
sible for infection, combined with adaptation to the central nervous system in a broad
spectrum of abundant, widely distributed mammalian hosts, may seem to hinder
serious contentions for disease abatement (Rupprecht et al. 2008; Rupprecht and
Salahuddin 2019). For a long time, unfortunately, the global rabies situation has not
changed dramatically, despite local successes in rabies control in particular reservoir
hosts, such as dogs or foxes in Europe (Müller et al. 2012), Latin America (Vigilato
et al. 2013a) and North America (Ma et al. 2020). Hence, disease distribution still
encompasses all continents, with the exception of Antarctica. There is ample evi-
dence that for centuries human sociocultural evolution as well as population growth
and human-related activities (e.g., the introduction of alien wildlife species, live-
stock, the translocation of domestic and wild animals) has affected its epidemiology
and control. It is likely that in the future these factors will also affect the
(re) emergence of rabies (for review see (Freuling et al. 2013). Furthermore, inef-
fective rabies control measures at the animal source may well create new rabies-
related problems in wildlife. Mongoose rabies on the Caribbean islands and emer-
gence of fox rabies in Turkey, for example, are considered a result of independent
spillover infections from rabid dogs (Nadin-Davis et al. 2006b; Johnson et al. 2003;

Fig. 2 Lyssaviruses associated with bats. Of note: Mokola virus (MOKV) and Ikoma lyssavirus
(IKOV) were isolated from terrestrial animals and the reservoir host is unknown. Figure created
with Biorender.com
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Vos et al. 2009). The latter phenomenon is observed in many other countries in Asia,
Africa, and the Americas as well.

It is speculated that growing urbanization, man-made environmental changes
(e.g., deforestation), or climate change will put human populations at risk of
exposure to zoonotic pathogens including lyssaviruses (Allen et al. 2017; Grange
et al. 2021).

25.2 Human Rabies Prevention, Prophylaxis, and Experimental
Therapy2

Rabies is a highly neglected, but also a vaccine-preventable, zoonotic disease
(Briggs 2012; Fooks et al. 2017). For practical purposes, rabies should be considered
as universally fatal, once clinical symptoms manifest (Fooks et al. 2014). However,
progress is being made in the basic understanding of the design and application of
biologics and anti-viral drugs to prevent, and in the future potentially treat, clinical
rabies (Ledesma et al. 2020; Du Pont et al. 2020; Smith et al. 2020; Smith et al.
2019a; Rupprecht et al. 2006). Vaccines may be applied to at-risk populations prior
to exposure (pre-exposure immunization or PrEP), or biologics are provided through
post-exposure prophylaxis (PEP), administered to individuals after viral exposure,
but before the onset of illness (Tables 1 and 2).

Not all animal exposures are “rabies-prone” and human rabies prevention should
occur via an integrated bite case management approach (Undurraga et al. 2017). The
administration of PEP occurs only after a thorough risk assessment, predicated in
part by viral pathogenesis, the local epidemiology of rabies, the mammalian species
involved, and the circumstances of each specific exposure (Table 2). Exposure is
defined as occurring either via the bite (any penetration of the skin by the teeth of a
rabid animal) or non-bite (transdermal or mucosal contact with virus-infected mate-
rial, such as brain tissue) routes. Almost all human cases are caused after the bite
from a rabid mammal. After such an event, PEP begins by thorough washing of the
wound with soap and water. In previously unvaccinated persons, rabies immune
globulin (RIG) is infiltrated into and around the bite, as an initiation of passive
immunization. The RIG may be human in origin (HRIG), heterologous (obtained
from other species), or monoclonal antibody (mAb)-based therapies. The first of
several doses of rabies vaccine is also administered at the same time as RIG. The use
of RIG on day 0 bridges the time after viral exposure, but before the active induction
of rabies virus neutralizing antibodies (VNA) from vaccine administration
(Rupprecht et al. 2020b).

While cases of PEP failure exist (Tinsa et al. 2015; Shantavasinkul et al. 2010b;
Wilde 2007), many are attributed to errors in PEP administration (Wilde 2007; Wilde
et al. 1989) or possible direct inoculation of RABV into the CNS or other neural
tissues (Bharti et al. 2019). Therefore, survivorship is almost certain if prophylaxis is

2Authors: Charles E. Rupprecht, Anthony R. Fooks, Leo Both, and Samuel P. Smith
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begun in a timely and appropriate manner after exposure. However, there is no
proven treatment after the manifestation of rabies as an acute progressive encepha-
lomyelitis in humans or other animals.

25.2.1 Preventive Vaccination

Vaccination of certain occupational groups, such as first responders in rabies man-
agement, is recommended due to the higher risk of viral exposure in comparison to
the population-at-large (Table 1). PrEP simplifies PEP, priming the immune response
(Mills et al. 2021) and potentially providing a degree of protection against minor,
unrecognized exposures. Such exposures, if proper personal protection equipment
(PPE) is used, appropriate, well recognized techniques are employed, and exposure
protocols are followed, should by definition, be negligible. If recipients of PrEP are
exposed to RABV, booster doses of vaccine are used to induce an anamnestic

Table 2 Rabies risk assessment and prophylaxis considerations

Animal type
Evaluation and disposition of
animal

Post-exposure prophylaxis
recommendations

Dogs and cats Healthy and available for
10 days observation

Should not begin PEP unless
animal develops signs of rabiesa

Rabid or suspected rabid Initiate PEP immediatelyb

Unknown (escaped) Consult public health officials

Bats, foxes, mongoose,
raccoons, skunks, other
carnivores

Regard as rabid unless
geographic area is known to be
free of rabies or until animal is
proven negative by diagnostic
tests

Initiate PEP.c Consider factors
such as provocation, suggestive
clinical signs, severity of
wounds, type of exposure, and
timeliness of diagnostic results
(24–48 h) for decisions
regarding immediate initiation,
or to delay pending test results

Livestock, insectivores,
most rodents, and
lagomorphs (rabbits and
hares)

Consider individually Consult public health officials;
bites of rats, mice, hamsters,
guinea pigs, gerbils, chipmunks,
squirrels, shrews, and other
small mammals almost never
require PEP

Adapted from recent WHO and US Advisory Committee on Immunization Practices (ACIP)
guidelines
aIf clinical signs compatible with rabies develop during a ~ 10-day confinement and observation
period, the animal should be euthanized and tested immediately. Depending on circumstances,
initiation of PEP may be delayed pending a laboratory report, if results may be obtained promptly in
~24–48 h
bIf the bite was unprovoked or resulted in severe wounds, prophylaxis of the bitten person should
begin immediately with rabies immune globulin and modern cell culture vaccine. Rabies PEP may
be discontinued if the test is negative
cIf available, the animal should be euthanized and tested as soon as possible. Holding for an
observation period is not recommended since the potential viral shedding period prior to clinical
signs has only been determined for dogs, cats, and ferrets

742 T. Müller et al.



response. RIG is unnecessary under such circumstances due to the preexistence of
VNAs and additional RIG may form immune complexes and interfere with devel-
opment of a normal anamnestic response. However, individuals who receive PrEP
should remain vigilant in recognizing potential viral exposures and seek appropriate
PEP ad hoc.

If exposures occur, but are unrecognized, the recipient of PrEP may still succumb
to rabies after exposure, albeit very rarely. One documented case of mortality despite
previous vaccination occurred in a Peace Corps volunteer in Kenya. This volunteer
had completed a standard three-dose intradermal vaccination regimen using human
diploid cell rabies vaccine, but upon being bitten by her own puppy died of a disease
compatible with rabies (Bernard et al. 1985). Travelers should be advised to consider
PrEP based upon their planned activities and destination, as certain critical biologics
may not be always readily available (Jentes et al. 2013).

25.2.2 PrEP of Children?

An estimated 10–16 million people undergo PEP worldwide each year following
exposure to proven or suspected rabid animals (Both et al. 2012). Of special
importance is the pediatric population (Kessels et al. 2017). Of note, the first ever
patient to receive Pasteur’s rabies vaccine was a child presenting with multiple deep
bite wounds during July 1885. This case exemplifies that children in particular are at
a high risk of exposure to rabid dogs. On average, 50% of rabies deaths are estimated
to occur in children under 18 years of age. Children 5–10 years of age are particu-
larly exposed, because they are often unable to discern abnormal animal behavior,
they may be watched less by their parents than younger children, they enjoy playing
with dogs, and, due to their size, they are frequently bitten on the head and neck,
which carries a higher risk of contracting rabies (Ichhpujani et al. 2008; Knobel et al.
2005). Because of the large numbers of affected children, rabies is the seventh most
relevant global infectious disease with regard to the years of life lost (Jackson 2008).

Surveys have confirmed the disproportionate toll of rabies among children,
resulting from an insufficient supply of rabies biologics, including RIG and modern
cell-culture vaccines (Pancharoen et al. 2001a; Wilde et al. 1996; Sriaroon et al.
2006; Pancharoen et al. 2001b; Kularatne et al. 2016; Ngugi et al. 2018; Kessels
et al. 2017). Studies in Tanzania have shown that up to 55% of victims are children
(Mazigo et al. 2010; Hampson et al. 2008). In a survey from South African, 49% of
rabies exposures were children <10 years and 22% were 11–20 years (Weyer et al.
2011). One study in Kenya between 2011 and 2016 revealed 36% of all recorded
cases affected children<14 years of age, and a 17% incidence in ages 15–24 (Ngugi
et al. 2018). A study across eight Asian countries revealed that 43% of all patients
were children and teenagers (Dodet et al. 2008). A study focusing on rabies in China
demonstrated that children under 15 years of age constituted 25% of the nation’s
rabies deaths (Song et al. 2009). Another study in Cambodia showed that, among
44 human rabies cases, 37% were 15 years old or younger, and RIG was adminis-
tered free of charge only for children with wounds on their upper arms and faces
(Ly et al. 2009).
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The need for RIG can be avoided by the use of PrEP, as previously vaccinated bite
victims only receive two booster doses with vaccine and no RIG is required (O’Brien
et al. 2019). PrEP may be useful for certain populations at high risk of RABV
infections, e.g., veterinarians, animal handlers, diagnostic workers, vaccine pro-
ducers, research scientists, cavers, wildlife biologists, children in endemic areas
containing many unvaccinated stray dogs, or those in very remote areas, such as
the Amazon who suffer routine exposure to vampire bat bites (Fooks et al. 2017).
PrEP may also be considered for certain international travelers (Fooks et al. 2003). In
the UK, an annual number of 3,700–5,700 rabies vaccine prescriptions were dis-
pensed between 2009 and 2011. The field of rabies immunization benefits from over
a century of classical scientific insights, but also lingers in the legacy of Pasteur
toward certain conservative tendencies, particularly related to the basic use, types,
doses, routes, and schedules of biologics (Wu et al. 2011). As background, several
publications have reviewed in depth the history, basic approach, available products,
and biological basis for rabies immunization (World Health Organization 2013;
Smith et al. 2019a; Ertl 2019; World Health 2018; Fooks et al. 2019). For other
updates, specific details and current recommendations on rabies immunization may
be found at the websites (http://www.who.int/rabies/en/) of the World Health Orga-
nization (WHO) and the Advisory Committee on Immunization Practices (ACIP),
United States (http://www.cdc.gov/vaccines/acip/recs/index.html).

The etiological agents of rabies consist of diverse RNA viruses in the Family
Rhabdoviridae, Genus Lyssavirus (Kuzmin et al. 2009). While all lyssaviruses cause
rabies, historical and rabies biologics are produced only using RABV strains. Modern
rabies biologics will protect against all known RABV variants As there is evidence for
broad spectrum cross-neutralization and cross-protection within lyssavirus phylogroups,
current commercial rabies vaccines are known to cross protect against all members of
phylogroup I (Brookes et al. 2006; Fekadu et al. 1988; Hanlon et al. 2005; Liu et al.
2013a; Malerczyk et al. 2009, 2014). However, little to no protection is evident against
phylogroup II lyssaviruses (Servat et al. 2019;Malerczyk et al. 2014; Hanlon et al. 2005;
Fekadu et al. 1988; Banyard et al. 2018; Horton et al. 2014). Cross-protection against
phylogroups I and II has been achieved in a variety of experimental studies by either
creating chimeric lyssavirus glycoproteins (Evans et al. 2018; Fisher et al. 2020) or the
sequential insertion of glycoproteins within a viral backbone (Kgaladi et al. 2017;Weyer
et al. 2008).

The original anti-rabies biologics of the late nineteenth and early twentieth
century consisted of RABVs propagated in mammalian nervous tissues, such as in
rabbits, small ruminants, nonhuman primates, or suckling mice. These nerve tissue
origin (NTO) vaccines are no longer recommended for human immunization,
although such products are still in use in a few developing countries, such as in
Ethiopia. Due in part to poor potency, over the course of a month, 14–21 adminis-
trations of NTO vaccines occurred by the intracutaneous route applied over the
abdominal region. Such NTO biologics were gradually replaced by safer and more
potent cell culture vaccines during the late twentieth century. Modern rabies cell
culture vaccines include the human diploid cell vaccine (HDCV), purified chick
embryo cell vaccine (PCEC), purified duck embryo vaccine (PDEV), and purified
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Vero cell rabies vaccine (PVRV). Besides an improvement in overall quality, the use
of HDCV, PCEC, PDEV, and PVRV allowed for a decrease in the total number of
vaccine doses applied to ~ 4–5 by the end of the twentieth century, and the
application via the intramuscular (IM) route at a volume of 0.5–1.0 mL.

Rabies vaccines and RIG are listed among the WHO Essential Medicines for both
adults and children, but access across the developing world is often insufficient
(Li et al. 2019). In fact, shortages of rabies vaccine and especially RIG are common
in developing countries. Bite victims may need to travel long distances to obtain any
PEP and may present to medical personal with substantial delays. Also, costs are a
restriction, since the price for modern tissue-culture vaccine vials ranges from $7–20
in many low-income countries and multiple vials are required per patient depending
upon the PEP regimen used (Hampson et al. 2011; Quiambao et al. 2005). To save
costs compared to IM vaccination, intradermal (ID) vaccination makes use of less
vaccine, with smaller amounts of vaccine being injected into the skin at multiple sites
on the first day of the course to elicit a potent immune response (0.1 ml for each ID
injection versus a single 0.5 or 1 ml vial for each IM injection) without limitations in
safety, immunogenicity, or efficacy for both PrEP as well as in use for PEP
(Shantavasinkul et al. 2010a, c; Khawplod et al. 2012; Warrell 2012; Shantavasinkul
and Wilde 2011; Gongal and Sampath 2019; Denis et al. 2019; Kessels et al. 2019).

The disadvantage of ID regimens is that vaccine leftovers in partially used vials
must be discarded after several hours to avoid the risk of contamination. Addition-
ally, ID vaccination is technically more demanding, is subject to pharmaceutical
regulations, and may result in more frequent local adverse events. However, where
feasible, due to a high turnover of animal bite victims, local health clinics, and well-
trained staff, switching from IM to ID immunization will make rabies PEP more
accessible and affordable (Hampson et al. 2011; Gongal and Sampath 2019). Besides
alternative routes, shorter vaccine schedules, based in part upon the evidence
provided in animal models, the basic immunological response to rabies vaccines,
epidemiological investigations, and human clinical trial data have been investigated
(Rupprecht et al. 2009, 2010; Robertson et al. 2010; Khawplod et al. 2012). While
some studies have focused on the reduction of PrEP regimens to 7 days (Soentjens
et al. 2019) other studies have addressed reductions in PEP regimens (Warrell
2019a, b).

After vaccination, antibody titers serve as surrogates of response, but do not
directly correlate with absolute protection against a fatal productive infection,
because other immunological factors also play a role in prevention of disease (Briggs
2011). Hence, there is no known absolute “protective antibody” level for all humans.
Minimum arbitrary standards are based empirically on presumed activity of rabies
virus-specific antibodies, e.g., VNA, for a given exposure scenario and on repeatable
values for paired sera. For example, a VNA titer of 0.5 IU/mL by WHO standards is
evidence of adequate immunization in persons at either constant or frequent risk of
exposure, at 6-month or 2-year intervals, respectively, as a measure of baseline
immunity. A single booster vaccine dose is administered if the VNA level is lower
than recommended, based on a determination of risk (Table 1). After a century of
use, several generalizations are apparent in the application and use of human rabies

25 Elimination of Rabies: A Missed Opportunity 745



biologics today (Table 3). Future alterations in the methods used to measure basic
rabies vaccine potency are anticipated to reduce the dependency on the use of
animals and to more effectively resolve a cumulative understanding of human
response to precise doses of vaccine by more comparative techniques (Stokes
et al. 2012).

25.2.3 Improvements to PEP

While current biologics to prevent rabies are extremely effective, progressive devel-
opment of other products is necessary. Modern inactivated cell culture vaccines and
RIG are vastly improved over historical NTO vaccines, but such products are
expensive (especially in the developing world where they are most needed), are
often in scarce supply, and may carry a perceived theoretical risk of adventitious
agents. Hence a major focus in rabies prevention has concentrated on the need for
potent, inexpensive PEP, especially different routes, fewer vaccine doses, shorter
schedules, and replacement of costly RIG, while retaining activity against a wide
variety of diverse lyssaviruses (Both et al. 2012). While advances have been made in
rabies PEP regimens as discussed previously (Warrell 2019a, b), PEP remains costly
and is still in short supply in areas that need it most.

Besides HRIG, there are other products to provide passive immunity. In contrast
to the relatively poor-quality equine rabies immunoglobulin serum used in the past
that resulted in high adverse reactions, such as serum sickness in up to 40% of
human recipients, modern purified equine rabies immune globulin (ERIG) prod-
ucts are safer, more potent, and more affordable than older cruder products, and are
less expensive than HRIG. For example, in Bhutan, prophylaxis of an adult with
HRIG is approximately 20 times more expensive than equivalent treatment with

Table 3 Ten generalized observations on human rabies immunization in the twenty-first century

Antibodies to the viral glycoprotein appear to be the most important in rabies immunization

Anti-IgG antibodies begin to appear within ~7–14 days of rabies vaccination in healthy subjects

A basic prime-boost strategy seems most effective in rabies pre-or post-exposure vaccination

Modern cell culture vaccines are superior to nerve tissue origin products in safety and
immunogenicity

Intradermal vaccine regimens provide comparative effectiveness compared to intramuscular use

Routine serologic monitory is unnecessary except in the immune-compromised or after major
deviations from standard recommendations

Host factors, such as age, genetic background, etc., will affect an ideal immune response to
vaccine

The role of cell-mediated immunity is not well documented in rabies prophylaxis

Timely and appropriate wound care, infiltration of rabies immune globulin, and administration of
potent cell culture vaccines virtually assure human survivorship, even after severe bite exposures

Most people die of rabies because they do not receive appropriate access to modern rabies
biologics

Adapted from (Rupprecht and Plotkin 2013)
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ERIG (Tenzin et al. 2012). Due to its potency and apparent lack of significant local
or systemic effects, purified ERIG products have traditionally been seen only as
immediate alternatives to HRIG, if supply should be threatened by shortages,
contamination, or other limitations (Quiambao et al. 2009). However, ERIG has
been used effectively in conjunction with vaccine in human rabies PEP, particu-
larly in developing countries, and no preference between HRIG and ERIG is
currently given by WHO recommendations (Sparrow et al. 2019). The use of
such heterologous HRIG/ERIG products may be considered a temporary anteced-
ent until the widespread and commercial availability of more novel replacements,
such as mAbs (Both et al. 2013a, b). Particularly, countries with chronic shortages
of RIG would benefit greatly from replacement of these scarce and expensive
polyclonal preparations, especially in Africa which suffers from an estimated
24,000 rabies deaths, with less than 2% of exposed patients receiving RIG (Knobel
et al. 2005). Studies into RIG alternatives have revealed the potential of neutral-
izing camelid variable domain on a heavy chain (VHH) antibodies, mAb, and scFv
proteins. VHHs, also called nanobodies, are the antigen-binding variable domain
of Camelidae antibodies and are able to recognize more epitopes, are more
thermostable, and have faster tissue penetration than traditional antibodies
(Harmsen and Haard 2007). One VHH cocktail of note is Rab-E8/H7, a combina-
tion of two monovalent VHHs (E8 and H7). E8 and H7 were discovered when two
phage-display libraries were constructed after the immunization of llamas with an
inactivated HDCV vaccine (Hultberg et al. 2011). Further study of Rab-E8/H7 has
revealed its effectiveness in preventing the onset of disease if given as either PrEP
or PEP when given, like RIG, in the context of vaccination (Terryn et al. 2014,
2016).

Hybridomas that secreted RABV antigen-specific mAbs have been generated
during the 1970s. The resulting mAbs were selected on the basis of isotype,
antigen and epitope specificity, virus strain specificity, affinity, and neutralizing
activity. The administration of mAbs have various theoretical advantages
over RIG: Firstly, mAbs need comparatively small volumes for equivalent active
protein content as specific neutralizing activity per mass of protein is higher, so
mAbs may be optimal for lessening the trauma and pain of local wound infiltration
with a source of passive antibodies. Second, safety issues arising from the possi-
bility of adventitious agents associated with human or animal blood products
would be alleviated by bulk production under modern GMP conditions in cell
culture. In a WHO consultation during 2002, a number of mAbs were proposed for
inclusion into an antibody cocktail (Müller et al. 2009) and several mAb combi-
nations were designed based on stringent criteria (Table 4). Fifteen years later, the
Strategic Advisory Group of Experts reviewed its recommendations for the inclu-
sion of anti-Rabies mAbs into PEP. This, in concert with the publishing of a WHO
position paper during 2018, encouraged the use of mAbs within PEP where
available (Meeting of the Strategic Advisory Group of Experts on immunization,
October 2017 – conclusions and recommendations 2017; World Health Organiza-
tion 2018a; Sparrow et al. 2019). Since 2002, these RABV-specific mAbs have
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been under investigation and some are either in advanced stages of clinical
development or have been licensed for use in humans.

Two mAbs have now been licensed for use: Rabishield and Twinrab (Rabimab) in
India. Rabimabs is a cocktail of two mAbs antibodies docaravimab (62-71-3) and
miromavimab (M777-16-3). These mAbs bind two distinct nonoverlapping epitopes
and have the ability to neutralize a wide variety of RABVs and related escape
mutants (Müller et al. 2009). In a Phase 3 noninferiority trial, TwinrabTM was
assessed at 40 IU/kg (in combination with rabies vaccination during PEP) in
124 patients who had a category III exposure and were aged �5. No deaths or
serious adverse events were recorded, and no statistically significant difference was
observed between HRIG and TwinrabTM (Kansagra et al. 2020).

Rabishield consists of a single IgG1 mAb,17C7. Developed by Massachusetts
Biologic Laboratories, 17C7 was generated using transgenic mice expressing human
antibody genes (Bakker et al. 2008; Sloan et al. 2007). Multiple preclinical studies
have shown that mAb 17C7 was able to neutralize street RABVs and can confer
protection equivalent to HRIG in hamster challenge models, tested either alone or in
combination with rabies vaccine (Sloan et al. 2007; Wang et al. 2011b). The 17C7
mAb, also known as RAB1 or SIIR mAb, has also been investigated in randomized,
dose-escalation phase 1 safety study in adults. Rabishield was found to be well

Table 4 Criteria for antibody selection and testing by the WHO Rabies Collaborating Centres

a) Criteria for mAb selection

The history of hybridomas, including relative risk of contamination with certain agents (e.g.,
FMDV, TSE agents) and use of FCS (fetal calf serum) should be available

A production of a minimum of 100 IU per ml of crude hybridoma supernatant should be obtained

Stability expressed as loss of antibody secretion production should not exceed 10% upon
passaging

In-vitro cross-reactivity should be measured by RFFIT or FAVN on a selection of RABV and
phylogroup I lyssaviruses isolated from major of reservoir host species and geographical areas,
including dogs from Asia, Africa, and the New World

At least two broadly cross-reactive mAbs should be selected recognizing different G protein
epitopes

The mAbs should not interfere with each other during neutralization testing

The mAbs should not be inferior to RIG with regard to viral reactivity

b) In vitro testing of candidate mAbs

History of hybridomas should be established in writing

Use of FCS should be avoided. Low serum or no serum media must be preferred

Each laboratory should establish a mini master cell bank with a minimum of 10 vials

Tests for mycoplasma, bacteria, etc., in T25 cm2

Thirty passages must be performed (with freezing aliquots after every 10 passages)

Culture batch (500 ml) on roller bottles

Purify IgG on protein A column and determine IU/mg.

Compare supernatant of passages 0, 10, 20, 30 (a 30% variation +/- for naturalization from test to
test is acceptable) and determine isotype at passages 0 and 30

Purify IgG at a concentration of at least 1000 IU/ml

(WHO consultation, 2002)
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tolerated and reached comparable antibody titers to vaccine and HRIG cohorts
(Gogtay et al. 2012). In phase 2/3 trials with patients (> age 5) suffering from a
category III exposure, no deaths, severe adverse events, or anti-mAb antibodies were
recorded. Rabishield elicited rabies virus neutralizing activity that was noninferior to
HRIG (Gogtay et al. 2018).

25.2.4 Treatment of Clinical Rabies?

Prevention of viral exposures is still the optimal approach in rabies prevention, or
when this fails, application of modern PEP before onset of illness. However, in some
circumstances, alternatives regarding experimental treatment of clinical rabies may
be warranted (Willoughby 2007). Unfortunately, the use of many different products
such as cytosine or adenine arabinoside, interferon-α, ketamine, amantadine,
minocycline, acyclovir, antithymocyte globulin, steroids, vidarabine, ribavirin,
favipiravir, and inosine pranobex have been unsuccessful (Jackson et al. 2003;
Appolinario and Jackson 2015). Historically, there have been <30 cases of rabies
recovery. Of the cases where patients were treated until recovery (or died within
recovery) and the outcome is known, only 18% completely recovered while 82% of
patients were left with mild to severe sequelae (Nadeem and Panda 2020). From
human case studies and findings of apparent natural acquired immunity, these data
suggest that human rabies may not be uniformly fatal but rather behave as a
continuum (Feder et al. 2012; Gilbert et al. 2012). Furthermore, the observation
that over 90% of human rabies survivors receive at least one of either antivirals,
vaccination, or RIG, suggests that host defenses may be further exploited for the
treatment of symptomatic rabies.

One classical example in aiding the host immune response for the treatment of
symptomatic rabies is in the treatment of a 15-year-old femaleWisconsin resident who
was bitten by a bat on her hand during 2004. The small wound on her finger was
cleaned; however, PEP was not administered. Approximately a month later, she
developed generalized fatigue and paresthesia of her left hand, diplopia, ataxia,
nausea, and vomiting. On the fourth day of illness, blurred vision, left leg weakness,
and ataxia were noted, and later fever, slurred speech, nystagmus, and tremors of her
left arm, and she was admitted to a pediatric facility. On the second day of care, the
presence of rabies virus-specific antibodies in the patient’s CSF and serum were
documented. However, attempts to isolate virus, detect viral antigens, or amplify
viral nucleic acids from skin biopsies and saliva samples were unsuccessful. An
experimental treatment, termed the “Milwaukee Protocol,” was initiated, which com-
bined anti-excitatory and antiviral drugs, including ketamine, ribavirin, and amanta-
dine, in conjunction with supportive intensive care (Willoughby et al. 2005). Neither
rabies vaccine nor RIG was administered because of the patient’s VNA response and
the theoretical potential for harm from an altered immune response. After more than
70 days of hospitalization, the patient recovered, with only minor neurologic sequelae
(Hu et al. 2007). She became the first person to survive clinical rabies without a history
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of prior vaccination. While promising, this experimental protocol has been attempted
in approximately 40 patients with only 6 documented survivors (Ledesma et al. 2020).

While there have been no recent advances in the treatment of symptomatic rabies
in humans, significant advancement has been made during in vivo studies. This has
included the use of either live attenuated vaccine viruses (LAVVs) or mAbs. As
reviewed extensively much progress has been made in the attenuation of live
RABVs by the insertion of either nonviral elements (Smith et al. 2019a) or the
multiplication (Faber et al. 2002, 2009) of attenuated RABV glycoproteins. Many of
these are effective in causing a strong influx of T cells, B cells, and APCs into the
CNS and brain after inducing permeabilization of the blood–brain barrier (Smith
et al. 2019a). Studies have investigated the use of LAVVs in preventing mortality
when given intracranially up to 6 days after peripheral lethal rabies virus challenge.
These studies have used either TriGAS (also known as SPBAANGAS-GAS-GAS)
(Faber et al. 2009), SRV9 (Huang et al. 2014; Huang et al. 2015), or a GM-CSF
expressing LBNSE rabies virus vector (Wang et al. 2011a). All attenuated viruses
used in these studies were effective in preventing mortality in a minimum of 20% of
mice peripherally lethally challenged with RABV. In addition to LAVVs use as
alternatives to inactivated rabies vaccines (Smith et al. 2019a), these studies also
indicated that LAVVs represent a potential avenue for the post-clinical onset treat-
ment of rabies. However, these LAVVs were only administered prior to the onset of
clinical signs, with diminishing effectiveness as the number of days after lethal
challenge increased, so further research may be needed before they are used for true
post-onset treatment.

One area that has seen notable improvement in post-onset treatment is mAb therapy
in murine in vivo models. For example, one study was able to successfully treat rabies
in mice using a combination of two human monoclonal mAbs (RVC20 and RVC58)
(Melo et al. 2020). The RVC20, able to bind antigenic site I of the RABV glycopro-
tein, neutralizes almost all phylogroup I lyssaviruses in addition to Shimoni bat virus
(SHBV) and Ikoma lyssavirus (IKOV) from phylogroups II and III, respectively. The
RVC58, able to bind antigenic site III, was also able to potently neutralize all
phylogroup I lyssaviruses tested. By combining RVC20 and RVC58 into a single 1:
1 cocktail these were able to neutralize 100% of non-rabies lyssavirus phylogroup I
viruses tested. For comparison, HRIG was able to neutralize only 38% of non-rabies
lyssavirus phylogroup I viruses tested (Benedictis et al. 2016). Firstly, the ability of the
RVC20/58 cocktail to prevent the onset of rabies if administered peripherally was
evaluated. Here, two doses were assessed via IM injection (2 and 20 mg/kg); however,
while earlier timepoints were more effective, even the higher dose was only able to
protect 1/5 mice when administered 6 days after lethal challenge. These data suggest
that peripheral immunity alone is unable to effectively prevent clinical rabies. The
study was repeated with daily intracerebral ventricular (IVC) mAb cocktail infusions
alongside a single IM dose, starting at 6/7/8 days after lethal challenge, where data had
suggested that RABV had already accessed the CNS, was impacting motor perfor-
mance, or was resulting in clinical signs. Here, mice were equipped with automated
microinfusion pumps, which administered 2 mg/kg/day IVC for 20 days of each mAb.
A second IM injection was also included after the cessation of IVCmAb infusion. This
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treatment regime was able to prevent mortality in 100% of mice when begun on day
6 (virus in CNS) and 55% of mice when treatment began on day 7 (affected motor
performance). Most importantly, when treatment began after the onset of clinical signs,
33% of mice recovered from infection. However, of the 10/15 mice that did not
survive when treatment was initiated on day 8, three of these died during IVC infusion,
and one that died after treatment had ended presented low viral loads in their brain,
suggesting that viral clearance had already started. They also explored the necessity of
the Fc portion of mAbs through the use of antibody LALA mutations, which have
been shown to abrogate Fc-gamma receptor binding (Saunders 2019). Here, LALA-
mutation mAbs promoted lower survival rates when administered at 7 and 8 days after
lethal challenge, where only 20% and 0% of animals were protected, respectively. In
summary, this regime of IM and IVC administration of mAbs represented a possible
avenue for future rabies treatments in humans (Melo et al. 2020).

Despite recent advances in the field of post-onset treatment, no established
therapies exist for patients who develop rabies. Efforts should continue on basic
viral pathogenesis research, design of anti-viral compounds, development of rele-
vant surrogate animal models and protocols that mimic supportive intensive care,
and experimental applications in human cases where ethical/legal approvals and
modern teams and facilities exist for thorough application and evaluation
(Willoughby et al. 2008, 2009; Smith et al. 2011; Franka and Rupprech 2011;
Lingappa et al. 2013; Jackson 2013; O’Sullivan et al. 2013)

25.3 Rabies Control in Wildlife – An Innovative
and Demanding Idea

Historically, rabies control in wildlife had long been disregarded since dog rabies
control was given priority. It was only during the second half of the twentieth
century that the existence of wildlife reservoirs for rabies was slowly becoming
acceptable. In Europe and North America, at around the same time when
dog-mediated rabies was about to be eliminated, the disease emerged in wildlife
spreading quickly through vast parts of the continents and since then has been
maintained in multiple species of mesocarnivores (Müller et al. 2012; Blanton
et al. 2012).

Theoretically, wildlife rabies can be controlled either by drastic decimation or
mass vaccination of the primary reservoirs, and thus reducing the number of
susceptible animals below an endemic threshold, where disease transmission is
interrupted to Reff<1 (Aubert 1992). Early attempts aiming exclusively at a drastic
decimation of reservoir populations (e.g., by hunting, trapping, poisoning, and
gassing) failed (Aubert 1999; Rosatte 2013). In fact, elimination of a reservoir
species outweighs any advantages as it is impractical, expensive, and ethically and
ecologically unacceptable (Rupprecht et al. 2001). Parenteral vaccination of trapped
wild animals works in principle (Aubert 1994; Rosatte et al. 1990) and has been part
of common campaign tactics such as trap–vaccinate–release (TVR) and point
infection control (PIC). However, TVR and PIC are labor-intensive and the most
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expensive tactics per unit area and therefore, are no options for large-scale control of
wildlife rabies (Sterner et al. 2009). Clearly, given their biodiversity, distribution,
and abundance, novel methods were necessary to consider meaningful control of
rabies in these wildlife reservoir species.

25.3.1 Innovative Approach

The discovery that foxes could be effectively immunized orally using highly atten-
uated RABV vaccines (Baer et al. 1971) along with the first proof-of-concept field
trial (Steck et al. 1982) made oral rabies vaccination (ORV) a preferential and
evolving rabies control technology for use in wildlife. This involves large-scale
distribution of machine-made baits containing orally immunogenic vaccines across
the landscape, thereby targeting wildlife to establish population immunity and
prevent spread or eliminate specific rabies variants (Johnston and Tinline 2002).

During the past four decades ORV programs had been implemented in 30
European countries, Canada, and the USA (Müller and Freuling 2018; Fehlner-
Gardiner 2018; Freuling et al. 2013) with more than 1.28 billion baits containing
different oral rabies vaccines distributed in Europe and North America (Müller and
Freuling 2020b). Recent ORV successes include the elimination of fox-mediated
rabies in Ontario, Canada, and in almost the entire territory of the European Union
(Robardet et al. 2019; MacInnes et al. 2001) as well as of the domestic dog-coyote
variant of rabies from the USA (Maki et al. 2017). Due to ORV raccoon rabies has
also been successfully eliminated in Ontario and prevented incursions of raccoon
RABV variants from neighboring US states (Stevenson et al. 2016). Furthermore, in
the USA, ORV programs stopped the expansion of a gray fox-mediated rabies
outbreak and the westward spread of raccoon rabies into naïve raccoon populations
(Sidwa et al. 2005; Sterner et al. 2009). ORV campaigns in wildlife were also
conducted in Turkey (Ün et al. 2012) and Israel (Linhart et al. 1997).

25.3.2 Challenges

Although control and elimination of RABV variants in certain reservoir species is
possible, one has to confess that wildlife-mediated rabies is not a candidate for
eradication. Despite numerous success stories, diverse complexities and challenges
are commonplace when applying ORV to control rabies in wild meso-carnivores
(Slate et al. 2009).

Given the huge areas that would need to be covered with vaccine baits to
eliminate wildlife rabies in Europe, Asia, North America, and other parts of the
world, the planning, implementation, and management of ORV programs may
require considerable long-term expenditures. This would affect the USA, Canada,
and Russia in particular, but also other bigger countries in Asia and Africa where
wildlife rabies is commonplace. Costs may even arise when areas have been freed
from wildlife rabies because vaccination belts would need to be established to
prevent reintroduction from adjacent areas where wildlife rabies is still endemic

752 T. Müller et al.



until ORV campaigns are being implemented there (Freuling et al. 2008; Robardet
et al. 2019). Novel cost-effective vaccination strategies to be applied under different
ecological conditions are therefore required.

Generally, RABV spillover events and subsequent establishment in several sym-
patric mesocarnivores as well as disease emergence in the absence of effective oral
vaccines in the new reservoir host pose another major challenge in achieving
tangible objectives in wildlife rabies control (Rupprecht et al. 2008; Slate et al.
2009; Müller et al. 2015). Notable examples are maintenance of the Arctic variant of
RABV in striped skunks (Nadin-Davis et al. 2006a) and sustained spillover infec-
tions of bat-associated RABV variants into skunks in Arizona (Leslie et al. 2006).
While the control and elimination of fox- and raccoon dog-mediated rabies seems to
be relatively simple, effective, and easy to implement, it is evident that other wildlife
reservoir hosts for rabies including raccoons and skunks appear more refractory to
vaccination by the oral route, even when high virus titers were administered. The
biological background for these species-specific differences in vaccine efficiency is
poorly understood. However, recent results of a comparative study in various
reservoir species support a model in which the susceptibility to oral live RABV
vaccine infection of lymphatic tissue is a major determinant in vaccination efficacy
(Te Kamp et al. 2020). This might explain why the effectiveness of current com-
mercial oral rabies vaccines appears to be adequate to prevent further expansion of
rabies in raccoons but may not support disease elimination in this species in the near
future (Slate et al. 2009). Apart from efficient oral rabies vaccines, the development
of species-specific baits is often underestimated but of utmost importance because a
highly potent oral rabies vaccine is useless without an attractive bait. Also, a bait
specifically developed for one reservoir species might not be necessarily attractive
for other species. For example, ORV campaigns in raccoons require a multiple of
commercial baits per unit area as does the control of fox rabies (Rosatte 2013). While
current oral rabies vaccines are safe and immunogenic in the small Indian mongoose
(Berentsen et al. 2020, 2021; Vos et al. 2013; Ortmann et al. 2018) suitable baits
would still need to be developed. In contrast, there are no effective oral rabies
vaccines and baits available for skunks yet. Adaptive reservoir species-specific
bating strategies for enhanced effectiveness in rabies control require attention to a
broad range of research needs. This includes an understanding of the ecology of
reservoir species, the target and nontarget species foraging behaviors, community
dynamics of the meso-carnivore complex, bait uptake relative to a suite of species-
specific spatiotemporal variables, and model development to support ORV decision-
making (Slate et al. 2009)

25.3.3 Rabies Control in Bats?

Although bats are considered the true reservoirs for lyssaviruses, considering the
sheer abundance of bat species across the world (Agnarsson et al. 2011) the question
is not whether the plethora of lyssavirus infection can be controlled. In addition,
control measures would be per se limited by the accessibility and often protected
status of bats in many parts of the world. Especially from a nature conservation
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perspective, targeted population control measures to reduce the spread and incidence
of lyssavirus infections in bats are inappropriate and should therefore be critically
questioned, if not banned, if they are still used (Brass 1994). Rather, in keeping with
conservation rules and measures, activities should focus on (i) the establishment of
adequate rabies surveillance, (ii) increasing public awareness, and (iii) targeted pre-
and post-exposure prophylaxis (PEP).

One exception often discussed is vampire bat rabies – a medically and economi-
cally important zoonosis in Latin America. The ecology of vampire bats as obligate
hematophagous bats provides a unique transmission route for RABV to humans and
animals alike (Johnson et al. 2014; Streicker et al. 2012). Culling of parts of the
vampire population is the policy currently implemented in North, Central, and South
America to control vampire bat–mediated rabies. While this strategy is considered to
reduce the burden of bat bites on humans and livestock, the real effects of this measure
on rabies transmission and the population dynamics remain highly controversial. Oral
vaccination may be an alternative to control the disease as vampire bats respond well
to experimental oral rabies vaccinations (Stading et al. 2017; Setien et al. 1998;
Aguilar-Setien et al. 2002). Also, linking field studies with fluorescent biomarkers to
mathematical models indicated that spreadable vaccines, e.g. vaccines that autono-
mously transfer among individuals of inaccessible wildlife populations asuc as
bats, may provide substantial advantages over culling vampire bats (Bakker et al.
2019); however, from a scientific and practical point of view this strategy is far from
becoming a reality in the near future.

25.4 Elimination of Dog-Mediated Rabies – Possible But
Unlikely?!3

Canine-mediated rabies is a driver of inequality and poverty in developing countries
around the world, posing a threat to over 6.2 billion people in 122 countries (Wallace
et al. 2017). The close, interwoven ecology of domestic dogs and humans in many
parts of the world allows for frequent opportunity for zoonotic transmission of the
virus, accounting for 99% of human rabies deaths (Knobel et al. 2005). The risk of
death from canine-transmitted rabies is drastically skewed by factors of geographic
isolation and economic hardship due to the need for prompt post-exposure prophylaxis
following a bite from a rabid animal, making canine rabies elimination a complex
sociopolitical issue to solve (Shwiff et al. 2013). A century of scientific toil is yet to
translate into widespread political momentum for national and multinational control
interventions; however renewed international focus on rabies in the early twenty-first
century offers hope for new inroads to combat the disease at scale (Cleaveland and
Hampson 2017; Rohde and Rupprecht 2020; Umeno and Doi 1921).

3Authors: Andy P. Gibson and Frederic Lohr
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25.4.1 Intractable Neglect

The protracted incubation period and relatively low transmissibility of the RABV
result in a chronic, slow-moving endemic picture, with canine rabies cases occurring
sporadically in any community or even city over a period of months or years. For
example, in the rabies endemic Central African Republic capital city of Bangui, long
periods of canine RABV absence were observed even though the region had never
experienced mass dog vaccination (Bourhy et al. 2016). This natural fluctuation in
disease incidence and heterogeneous epidemiological picture makes the disease
inconspicuous to individuals and communities at large, as if it is rarely present. It
is only when rabies incidence is monitored throughout a region that the continuous,
widespread impact of the disease on a district, state, and nation as a whole becomes
apparent (Colombi et al. 2020; Shwiff et al. 2018). Without robust data on dog rabies
incidence, it is impossible to communicate a clear narrative of the true impact and
extent of the disease to politicians, decision makers, funders, and the public alike.
News headlines appear in sporadic bursts of activity covering events of individual
rabies cases, which soon abate to the characteristic chronic periodic endemic pattern
even in the absence of control intervention. This fleeting spotlight on canine-
transmitted rabies in the media and public at large only propagates political torpor
on the subject.

Political inaction is exacerbated by the weighted impact of the virus falling on
marginalized communities lacking visibility and influence in society to lobby for
change. The suffering, death, and economic consequences of rabies for people of
low socioeconomic background go undocumented and unreported to health
authorities and therefore remain invisible to high-level policy makers (Hampson
et al. 2008). Unlike diseases of production animals, rabies affects a species of no
direct economic value; however, many studies have revealed the true substantial
economic impact of rabies resulting from loss of workforce, impact on livestock,
and provision of post-exposure treatment (Anderson and Shwiff 2013; Hampson
et al. 2015; Shwiff et al. 2013). While pilot initiatives exploring mass dog
vaccination implementation must forge ahead without delay, systems to effec-
tively monitor rabies incidence will be critical in shining a spotlight on the true
burden of disease to stimulate and sustain political support for widespread
control.

The global efforts to eliminate smallpox, polio, and rinderpest, and the more
recent action to control COVID-19, have shown that sustained political commit-
ment stimulates and enables scientific advancement to meet priorities. The scien-
tific community continues to gain a deeper theoretical understanding of rabies
transmission and control; however, until large-scale government-led initiatives are
actioned, the most relevant and critical gaps in knowledge needed to eliminate the
disease will remain opaque (Bardosh et al. 2014; Filla et al. 2021; Mpolya et al.
2017; Zinsstag 2013).

Despite these constraints, progress has been made toward greater prioritization of
rabies in international agendas through high-level consensus among the scientific
community, political advocacy, and core partnerships, culminating in the formation
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of the Zero by 30 Global Strategic Plan in 2018 (World Health Organization 2018b).
This unified international strategy serves as a single point of reference and guidance
as countries consider rabies control as a viable national undertaking.

25.4.2 The One Health Case

The close connection between dogs, their owners, and the communities in which
they live make canine-transmitted rabies control exemplary of the One Health
concept. Effective control of the RABV both requires and benefits human health,
animal health, and environmental management sectors; however, this multi-
disciplinary approach presents administrative and managerial challenges at the
point of implementation (Coetzer et al. 2016; Lechenne et al. 2017). Funding,
operational, and reporting systems are most often structured vertically within gov-
ernment departments, making joint-departmental complex to realize. Success has
been seen in the formation of taskforces or intersectoral zoonotic units, which
simplify administrative processes for such undertakings (Belotto 2004; Buregyeya
et al. 2020).

Domestic dog populations have remained dependent on human habitation, sur-
viving and reproducing due to the resources provided either intentionally or
unintentionally by people (Butler and Bingham 2000; Perry 1993). As a result,
there is a predictable association between human and dog populations, with expan-
sion in the former providing opportunity for growth in the latter. The size of the
canine rabies reservoir species is therefore expected to rise over the coming decades
and unless measures are taken to control rabies in dogs, the disease will pose an
increasing threat to people. This growing disease burden will also have the potential
to drive emergence and re-emergence in wildlife species, as has been seen in
mongoose populations in the Caribbean and foxes in Turkey, respectively (Nadin-
Davis et al. 2006b; Vos et al. 2009).

The importance of the sustained collective contribution and support from a
broad majority of society must not be underestimated in the success of mass
immunization programs. Top-down, government-led initiatives can carry the risk
of misalignment with the health and social priorities of people most needed to
contribute. National dog vaccination campaigns require the mobilization of a huge
workforce who must be united in their understanding of the purpose and benefit of
the initiative to be able to deliver sustained success. Furthermore, the perceived
importance and benefit of such a visibly enormous undertaking to address the
singular issue of rabies must be perceived as worthwhile by the general population,
whose contribution in facilitating dog vaccination is critical for achieving high
vaccination coverage (Bardosh et al. 2014). Grounding the planning and imple-
mentation of rabies control efforts within the wider social and cultural context of
the local area is imperative. Building relationships and trust with leaders and
gatekeepers at the community level provides the opportunity for two-way infor-
mation exchange, not only helping to improve contribution from important groups
of society, but in garnering grassroots feedback to iteratively adjust the campaign
strategy in response to concerns and issues.
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25.4.3 An Integrated Approach to Bite Management and Rabies
Surveillance

In most instances the point of rabies transmission to people is not occult, it involves
the violent event of a bite from an infected animal. The requirement for immediate
prophylactic intervention at the time of the exposure creates a scenario in which the
One Health concept has a direct tangible impact at this interface between animal and
human disease.

Bites inflicted by rabid dogs may not constitute a high proportion of bite pre-
sentations at medical clinics, making up just 3% of bites in a study in Haiti (Medley
et al. 2017). Therefore, health systems indiscriminately administering PEP to all dog
bite presentations result in dispensation of vaccine to individuals at no risk of rabies,
while people with high-risk exposures may go without treatment due to stock
shortages (Lushasi et al. 2020). Methods of integrated bite case management
(IBCM) combine veterinary assessment of the biting animal with the human PEP
decision-making for post-exposure to improve the prioritization of vaccine to those
at risk of rabies infection. This approach has not only been shown to be cost-
effective, but also improved compliance in individuals with high-risk exposures to
complete the full course of treatment (Etheart et al. 2017; Lushasi et al. 2020;
Undurraga et al. 2020).

In addition to the benefits to human health outcomes and economics, the veter-
inary components of IBCM contribute to the objectives of canine rabies control. In
the first instance, active removal of rabid dogs from the population during the animal
investigation prevents continued viral transmission and supports the hastened con-
trol of the disease in dogs (Laager et al. 2019; Wallace et al. 2015). Additionally, the
data generated on canine rabies incidence and distribution provides insight into the
burden of disease and forms a basis on which to plan and adapt mass dog vaccination
and community engagement strategies. Finally, the increased submission of field
samples from suspect rabies cases provides demand and incentive for sufficient
laboratory capacity to be developed for timely rabies diagnosis (Lushasi et al. 2020).

Progress has been made to increase access to post-exposure treatment, to reduce
human deaths from rabies; however challenges remain in reaching many at-risk
individuals (Madjadinan et al. 2020; Sudarshan and Ashwath Narayana 2019).
Dose-sparing intra-dermal regimens requiring fewer clinic visits not only reduce
the cost to the individual seeking treatment, but also enable existing stocks of
vaccine to treat more people (WHO Rabies Modelling Consortium 2019; Hampson
et al. 2019; World Health Organization 2018a). These advances in PEP usage, along
with improved mechanisms of IBCM will amplify the potential impact of the
inclusion of rabies vaccination in the 2021–2025 strategy of Gavi, the Vaccine
Alliance (Gavi - the Vaccine Alliance 2021).

25.4.4 Prospects for Rapid Field Diagnosis

Rabies surveillance is a core tenet to rabies control with significance to understand-
ing disease burden, monitoring the efficacy of vaccination activities, and in
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validating rabies freedom status (Office International des Epizooties 2021; World
Health Organization 2018b). Establishing functional processes for reporting, inves-
tigation, and diagnosis of suspect cases are central to the success of rabies
surveillance.

Establishing and sustaining the laboratory infrastructure needed for rabies diagnos-
tic tests has been a major barrier to effective surveillance across much of the rabies
endemic world. The need for experienced laboratory personnel, specialized equip-
ment, and costly reagents are barriers to building subnational laboratory capacity.
Innovations in tests such as direct rapid immunohistochemical test (dRIT) and real
time PCR overcome the need for rabies-specific equipment or expertise, respectively
(Office International des Epizooties 2021); however, developing regional laboratory
testing capacity remains an expensive and resource intensive undertaking.

In addition to laboratory constraints, ensuring the logistical feasibility of sample
collection and safe transport to the laboratory is fraught with challenges. From
maintaining a secure cold chain during the journey to timely transport links from
remote areas, the chances of samples being of diagnostic quality on arrival at the
laboratory is minimal. The considerable effort needed to safely take brainstem samples
is only worth undertaking if there is a high confidence that a rabies diagnosis will
result. And so, when many submitted samples fail to provide timely diagnosis, the rate
of submission will invariably be low, which in turn reduces the justification for
maintaining laboratory capacity for rabies diagnostic testing. The recent development
of cadaver-side lateral-flow diagnostic tests present the possibility of increasing
confirmation of the presence of RABV in resource limited settings and in turn may
increase the chances of sample submission to laboratories (Yale et al. 2019).

Lateral flow assays (LFAs), also known as rapid immunochromatographic diag-
nostic tests, are inexpensive, are easy to perform, and do not require expensive
equipment (Mauti et al. 2020). Virus is inactivated by the LFA buffer solution and
fixed in the test strip during the test and can therefore be shipped to laboratories at
ambient temperature for molecular confirmation and genotyping where available. A
number of recent evaluations of these tests, however, have highlighted concerns over
unsatisfactory sensitivity of all devices tested, with wide variation between manu-
facturers and batches (Eggerbauer et al. 2016; Klein et al. 2020). Two field evalu-
ations of the Anigen, Rapid Rabies Ag Test Kit manufactured by Bionote Inc,
Republic of Korea, reported sensitivities of 95.3% and 96% (Léchenne et al. 2016;
Yale et al. 2019). If consistent performance can be demonstrated, LFAs are likely to
increase sampling and submission of suspect rabid animals due to the opportunity to
gain immediate information and improving the ease of shipping (Léchenne et al.
2016; Yale et al., 2019).

25.4.5 The Complexities of a Dog Population Reservoir

The frequent, unrestricted interaction between free-roaming dogs provides sufficient
opportunity for the RABV to transmit through contact during the infectious period and
to propagate within the dog population. This epidemiology was exploited in the
elimination of canine rabies from the UK by 1902 through enforcement of strict dog
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confinement laws (Carter 1997); however such measures are impossible to implement
to the degree required to eliminate the virus in modern day endemic settings.

Rabies virus transmission dynamics are influenced by myriad factors of dog
demography, ecology, and human behavior; however the basic reproductive number
(R0) for canine rabies, that is, the average number of secondary cases from an
infectious individual in a naïve population, is consistently low across numerous
settings (Bourhy et al. 2016; Coleman and Dye 1996; Hampson et al. 2009; Hou
et al. 2012; Kitala et al. 2001; Zinsstag et al. 2009). Estimated values for R0 vary
between 1.2 and 2.4, as compared to R0 estimates of 6.9 for smallpox, 15.7 for
measles, and 2.87 for SARS-CoV-2 (however these vary considerably by location)
(Billah et al. 2020; Eichner and Dietz 2003; Guerra et al. 2017). The proportion of
the population that must be vaccinated to impact RABV transmission is therefore
low in comparison to other diseases, estimated to be 30–40% of the dog population.
Nevertheless, high rates of population turnover rapidly diminish vaccination cover-
age achieved during a single pulse vaccination effort and human-mediated transport
of dogs poses high risk of viral reintroduction from endemic regions, adding
complexity to the potential for canine rabies elimination (Hampson et al. 2007;
Laager et al. 2019; Layan et al. 2021).

Contact rates between dogs vary within dog populations at the community level,
with some dogs posing a greater potential for RABV spread through their increased
connectivity within the population (Castillo-Neyra et al. 2017; Hudson et al. 2019;
Laager et al. 2019; Leung and Davis 2017). Dog ownership and confinement practices
have been shown to influence dog contact networks and therefore may be of signif-
icance to both RABV transmission and dog vaccination campaign strategies
(Warembourg et al. 2021). It is yet to be determined whether targeting vaccination
efforts at subpopulations of dogs estimated to be more connected has a positive impact
on RABV elimination or even whether such a campaign would be feasible to imple-
ment at scale (Hou et al. 2012; Laager et al. 2019; Leung and Davis 2017).

The role of dog density in sustaining and driving RABV transmission is still
unclear. Although the areas of high density may have the highest canine rabies
incidence (Laager et al. 2019), there are several examples where these regions have
been demonstrated not to be the sole drivers of RABV transmission (Bourhy et al.
2016; Laager et al. 2019; Zinsstag et al. 2017). Furthermore, endemic RABV
transmission is supported even at low population densities, with efforts to eliminate
the virus through population reduction invariably failing (Hossain et al. 2011; Tenzin
et al. 2015; Windiyaningsih et al. 2004). As a result, interventions focused on culling
and dog population control are unlikely to be effective at controlling rabies
(Townsend et al. 2013); however increasing the lifespan of dogs through dog
population management may reduce the loss of immunity and therefore, benefit
control efforts (Laager et al. 2019).

25.4.6 Canine Rabies Control at Source

Elimination of the canine RABV has been demonstrated through annual vaccination
of 70% of the dog population (Cleaveland et al. 2003; Cleaveland and Dye 1995;
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Kitala et al. 2001), which is advocated for as the target for mass dog vaccination
campaigns (World Health Organization 2018b) Several examples have reported
substantial reductions in incidence following two effective annual campaigns; how-
ever the time taken to achieve elimination is dependent upon the dog population size,
distribution, connectivity, demography, and vaccination coverage (Brunker et al.
2020; Cleaveland et al. 2003; Ferguson et al. 2015; Zinsstag et al. 2017).

Large-scale, effective campaigns require sustained support over many years to
develop from concept and intention through to enduring high-coverage interventions
across large expanses of a country (Mpolya et al. 2017; Vigilato et al. 2013a; Wallace
et al. 2017). The early stages of development involve field studies generating data
about the dog population, refining the campaign strategy, and creating training
processes. This is followed by a progressive scale-up of methods in which logistical,
administrative, and operational challenges must be overcome. Finally these activities
are sustained with continued evaluation to impact of RABV transmission over a
large area (Wallace et al. 2017).

25.4.7 Approaches to Mass Dog Vaccination

Parenteral dog vaccination approaches include central point (CP), door-to-door vac-
cination (DDV), and capture-vaccinate-release (CVR). From CP, to DDV and CVR,
the approaches increase in intensity from aspects of cost per vaccination team unit,
campaign logistical complexity, and human resource requirement. Each approach has
advantages in accessing particular demographics within the dog population and so the
approach, or combination of approaches selected for a mass dog vaccination cam-
paign, must be matched to the makeup of the local dog population to achieve the
desired immunization coverage at the lowest cost and effort (Undurraga et al. 2020).
Tools have been developed to aid campaign planners in the exercise of programmatic
alchemy required to design the optimal campaign strategy (Mazeri et al. 2021; Wallace
et al. 2019). A vaccination campaign that fails to immunize a sufficient proportion of
the dog population to interrupt enzootic rabies transmission has limited benefit other
than to build expertise, experience, and infrastructure. Therefore, campaign imple-
mentation should remain an iterative process of reflection and refinement, adapting
and intensifying in areas where insufficient coverage is achieved or surveillance data
indicate that rabies is persisting (Mazeri et al. 2021).

Dog ownership offers an opportunity to confine dogs at periods, both to limit the
risk of RABV transmission and also to avail of opportunities for vaccinations. In such
settings communities can be engaged to bring dogs to temporary central vaccination
points for inoculation. Mobilizing the general populous into a dog transportation
workforce in this way has huge efficiency savings at the campaign level and was the
basis for the vaccination of over 15 million dogs in Mexico during 1 week every year
in the early 2000s (Velasco-Villa et al. 2017a). Similar CP approaches have been used
to achieve high vaccination coverages in African cities of Chad and Malawi; however,
these are yet to be expanded to the national level (Gibson et al. 2015; Lechenne et al.
2016; Mazeri et al. 2021; Mpolya et al. 2017; Zinsstag et al. 2017).
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CP strategies fail to achieve sufficient vaccination coverage in areas where a high
proportion of dogs are unowned or where dog owners are unable or unwilling to
bring them to CP vaccination clinics during the campaign (Muthiani et al. 2015;
Tohma et al. 2016). With awareness of the vaccination campaign being a major
reason cited for lack of turn-out to CP clinics, mass SMS messages were recently
demonstrated to be of benefit in broadcasting campaign dates and locations (Cleaton
et al. 2018). In another recent study, the strategic adjustment of the distribution of CP
clinics enabled vaccination coverage to be increased in an urban setting of Malawi,
dramatically increasing campaign efficiency (Mazeri et al. 2021). Where the cover-
age of CP vaccination cannot be increased to the required level, more costly and
resource-intensive methods of Door-to-Door vaccination (DDV), either in combina-
tion with CP or alone may be required and has been demonstrated to be effective in a
number of African settings, where most dogs are owned and can be manually
restrained for parenteral vaccination (Jibat et al. 2015).

In contrast to many areas of Africa, dog populations of Asia often comprise a
higher proportion of unowned dogs (Gibson et al. 2015; Sánchez-Soriano et al. 2019;
Sudarshan et al. 2001). As a result, CP and DDV methods, relying on the manual
restraint of dogs by their owner, are ineffective at achieving sufficient vaccination
coverage throughout the population (Belsare and Gompper 2013). CVR strategies
using highly skilled teams to catch large numbers of dogs using nets has been shown to
access 70% of dogs; however such resource-intensive approaches are unlikely to be
feasible for national implementation in the short term (Gibson et al. 2020).

The ability to efficiently immunize dogs that are not amenable to handling has
consequently become a central barrier to scaling dog vaccination efforts in these areas
and has reignited discussion on the use of oral rabies vaccination (ORV) of dogs
(Cliquet et al. 2018; Gibson et al. 2020; Wallace et al. 2020). Global health authorities
have renewed their support for this well-established tool for rabies control to be used in
conjunction with parenteral vaccination approaches in mass dog vaccination cam-
paigns (Wallace et al. 2020). The efficacy of ORV in dogs has been demonstrated in a
number of locations, both from immunological and operational perspectives
(Chanachai et al. 2021; Gibson et al. 2019; Smith et al. 2019b), and the improved
safety profile of modern third generation modified live ORVs would enable the
investigation of ORV campaign strategies in urban settings (Head et al. 2019).

25.4.8 Dog Vaccination Campaign Evaluation

The vaccination coverage achieved by a particular vaccination method, or combi-
nation of methods, will be affected by the composition of the local dog population,
community engagement, and sociocultural factors. During the initial phases of
campaign development, it is beneficial to evaluate vaccination coverage to assess
the efficacy of a particular vaccination approach in a specific locality (Sambo et al.
2017). This enables the strategy to be refined in the short term to reach a target
vaccination coverage across much of the population and thus increase the chances of
achieving the objective of rabies control. Ultimately the vaccination requirement to
successfully control rabies at the community level will vary depending on local
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epidemiological factors, with viral elimination occurring at lower coverages in some
areas than others. Therefore, monitoring canine rabies case incidence through robust
surveillance is essential for guiding vaccination strategy through the course of a
control effort, determining regions where vaccination must persist or be intensified
and areas that have achieved elimination.

Homogeneity of vaccination coverage across a region is thought to be of central
importance to the successful local elimination of the canine RABV. A “Swiss-
cheese” appearance to vaccination penetration across the dog population of a region
(heterogeneous coverage) allows for sustained RABV transmission within
unvaccinated pockets of dogs. This persistence of the virus through the vaccination
campaign undermines prospects for elimination through rapid reintroduction into
vaccinated areas as coverage wanes (Ferguson et al. 2015; Kitala et al. 2002;
Townsend et al. 2013).

Mobile technologies and internet connectivity are transforming capabilities for
communication and data sharing to benefit public heath interventions, with the term
mHealth referring to systems in this space (World Health Organization 2011). Several
tools have been developed to support the spatial coordination of dog vaccination
workforces, with the specific focus of improving vaccination coverage homogeneity
and robust post-vaccination evaluation (Gibson et al. 2018). These tools also improve
the ability to capture high-resolution campaign data, at the individual dog, including
time, date, GPS location, and demographic data offering deeper insights into campaign
output, efficiency, and operational effectiveness (Athingo et al. 2021). The consider-
able resources required for the centralization and aggregation of campaign data using
paper-based approaches are eliminated, as data are immediately available for remote
review in a standardized digital format upon upload to a central server. The timely
availability of granular operational data make it possible for campaign planners to
redirect vaccination team movements during the course of a campaign (Gibson et al.
2015) as well as between campaigns (Mazeri et al. 2021) for maximum effect. This
real-time oversight of field data was pivotal to the successful coordination of a multi-
national response to a rabies outbreak at the border of Haiti and the Dominican
Republic in 2019 (Adrien et al. 2019; Mandra et al. 2019). The benefits of mHealth
are also being applied to rabies surveillance systems to support the intersectoral
sharing of information for efficient investigation and management of suspect rabid
animals (Lushasi et al. 2020; Mtema et al. 2016).

25.4.9 Conclusion

The COVID-19 pandemic has shown the huge effort and expense that governments
will expend and the disruption they will impose on their citizens to control a disease
that has a broad impact on society. Rabies has been perceived by key decision
makers not to be worth the investment in resources required to control it. However,
with increased experience from implementing mass dog vaccination at scale
enabling improvements in operational efficiency, while improving visibility of the
significance of rabies control through improved surveillance, it may be possible to
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bring rabies control into the realms of political feasibility. Ultimately a greater
awareness of the global and individual human impact of canine rabies is needed
and as global momentum builds through initiative such as ZeroBy30, the question of
whether ours will be the generation to write history on global canine rabies control
will need to be answered.

25.5 Road Blocks on the Way to Global Elimination
of Dog-Mediated Rabies4

25.5.1 Introduction

Rabies is widely recognized as a public health threat in large parts of the globe, most
markedly in Asia (Kole et al. 2014; Miranda and Miranda 2020) and Africa
(Haselbeck et al. 2021; Sabeta and Ngoepe 2018). Human rabies, despite being
preventable with existing tools, still claims an estimated 35 000–60 000 lives
annually (Hampson et al. 2015). Even though these deaths could be prevented
using post-exposure prophylaxis (PEP), the high costs for human vaccines as well
as limited availability of these biologics are prohibitive to this solution. The elim-
ination of rabies at its source – in over 95% of human cases, rabid dogs – is of a
higher benefit both from an economical and a sustainability point of view. The
elimination of canine rabies is considered a feasible objective (Lembo et al. 2010),
although the RABV is characterized by multiple hosts and a range of variants
(Rupprecht et al. 2008). The example of Latin America (Del Rio Vilas et al.
2017), as well as national and local efforts in other endemic regions have proven
this principle (Le Roux et al. 2018; Mpolya et al. 2017; Lionel Harischandra et al.
2016). The international community, with more than 100 endemic countries, has set
a global target of reaching zero human deaths from dog-transmitted rabies (“Zero by
30”) worldwide by 2030 (Minghui et al. 2018). Through these efforts, health
decision makers are increasingly aware that this fatal disease could be eliminated
as a public health problem cost effectively in a relatively short time (World Health
Organization 2015c; Shwiff et al. 2013; WHO and OIE 2016). As of today, however,
rabies remains neglected in many places and progress remains slow on a global
scale; the disease still being endemic in far more than 100 countries globally
(Wallace et al. 2017; Fahrion et al. 2017).

This section describes some frequently cited main constraints to the prevention
and elimination of dog transmitted rabies. It has to be recognized that most of the
topics mentioned in this chapter are interconnected and fit under more than one
subheading. For example, the presence of basic financial means is essential for any
initiative, not to mention for running a program, and directly associated with the
awareness and will of (political and financial) decision makers. Therefore, other

4Author: Anna Fahrion. Of note, this section contains extracts from last edition´s section, “What
hampers global human rabies elimination?” by Tiziana Lembo, Lea Knopf, and Deborah J Briggs.
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points mentioned here cannot be regarded in separation from the funding issue. The
same is true, e.g., for the implementation of a One Health approach.

25.5.2 Awareness and Political Will

Rabies imposes huge burdens on individuals, families, societies, and economies
(Hampson et al. 2015). Awareness of the disease is necessary to promote the
ambitious but feasible goal of ending human rabies deaths, but is often lacking, on
different levels and layers throughout society. Rabies needs to be on the agenda of
politicians and decision makers globally, nationally, and locally, but this depends on
and is intertwined with public perception and societal awareness. As communities
become more aware of the threat and burden through dog rabies, political pressure to
act will accumulate and raise the prestige of such activities. Champions at all
hierarchy levels who directly advocate for the cause can make a significant differ-
ence (Balaram et al. 2016; World Health Organization 2015c). Building a proactive
society, fully engaged in the dog rabies elimination efforts, through community
involvement and education on rabies is therefore essential in mobilizing a country
toward the elimination of rabies.

25.5.3 Public and Society

25.5.3.1 Low Awareness and Education in the Public/Community
Engagement

Many unnecessary human rabies deaths occur because of insufficient awareness on
effective post-exposure preventive measures at the community level, which is
particularly marked in very remote areas. Increasing awareness about how to avoid
and treat rabies exposures can therefore save lives. This has been successfully
achieved by involving communities in the prevention and control process (Hampson
et al. 2008). However, questions remain regarding the most effective avenues to
reach communities at risk. For instance, while it is recognized that children are an
important risk group (Kilic et al. 2006), uncertainties remain about the type of
interventions that may be most effective for this audience. The emphasis so far has
been on school-based interventions (Lapiz et al. 2012), despite the fact that in remote
rabies-endemic areas non-schooled children still represent a large proportion of the
community. Furthermore, interventions at the school level rarely involve parents,
who are likely to play an important role in shaping children’s health behavior, or key
community members (e.g., community leaders), despite their potential role in
encouraging community participation in rabies management initiatives. In many
cases, efforts to raise public awareness mainly consist of promoting rabies informa-
tion, but its translation into the desired behavioral changes remains unclear. There-
fore, it is recommended to design communication strategies using the science of
behavioral change, embracing the diversity of behavioral drivers, motivations, and
larger sociocultural context of the targeted audience (Fahrion et al. 2017).
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25.5.3.2 Companion Animal Health Issues Are Considered Low Status
Activities in Rabies Endemic Countries

It has to be considered that in many rabies-endemic countries, the capacity within
veterinary services is highly limited, especially when it comes to companion ani-
mals, given the greater focus on livestock health and agricultural problems. This
problem could be overcome by providing training and support for veterinary ser-
vices to handle dogs and dog diseases – resources and knowledge to run vaccination
campaigns, however, can hardly be provided by veterinary services alone (see also
sect. 25.5.10). Another challenging issue to address is that for most veterinary and
medical professionals in Africa and Asia interventions involving domestic dogs are
viewed as low status because they target an animal species of no economic value and
an underrepresented segment of the human population, the rural poor. Yet, lessons
can be learnt from areas of the world, such as Latin America, where national
elimination programs led by an influential government sector (public health) have
resulted in dramatic declines in human and canine rabies (Schneider et al. 2007).

25.5.4 Political Leadership

25.5.4.1 Lacking Prioritization at High Level Decision-Making
Community-level awareness alone is not sufficient to improve the rabies situation.
There is also a need for commitment on the policy-making level to support the
transition toward freedom from human rabies in a cohesive way (Fahrion et al.
2017). Too often, diseases of the rural poor slip the attention of political leadership
and therefore face limitations in prioritization, leading to lacks of institutional and
programmatic anchoring in the veterinary and public health systems, accompanied
by lacking resource attribution. This issue is complicated by the necessary involve-
ment of different sectors increasing the complexity of organization (see: intersectoral
collaboration) and the lack of reliable numbers and data (see: surveillance). Increas-
ing the awareness of political leaders and decision makers about the horrible fate of
rabies victims, the high number of children affected, the well-known and proven
principal interventions and their relatively rapid onset of measurable effects, as well
as the potential benefit on other zoonotic diseases and on national, regional, and
international recognition could make the case and raise the pressure for more
engagement.

25.5.5 Surveillance, Data, and Diagnostics

One important key toward building awareness and investment of resources for a
disease is recognition and prioritization by political leadership (Mangen et al. 2010).
To this end, it is key to demonstrate the impact it has on public health and the
economy and the potential benefit of targeting the disease. Very often, the true scale
of the human disease problem on local communities and national economies
(as stated by Knobel et al. 2005) is still unknown or ignored by high-level policy-
making bodies. This might be due to insufficient science communication and simply
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due to the fact that rabies is a neglected disease of the poor, with an animal reservoir
often seen as “low status” and as a veterinary issue in the first place.

25.5.6 Underreporting

A lack of surveillance and diagnostic capacity is an enduring issue in regions of the
world where the highest number of rabies deaths occurs. As a disease most of the times
occurring in the remotest and poorest parts of the population that do not have a voice
(Hampson et al. 2008), rabies deaths often go undiagnosed and unreported. It is
estimated that human rabies deaths are commonly underreported 100-fold (Taylor
et al. 2017a; Scott et al. 2017). This absence of solid evidence induces a cycle of
neglect: because of the resulting underreporting and under-diagnosis, rabies is falsely
perceived as an insignificant health issue leading to low priority, hence further neglect
(Taylor and Nel 2015). Vice versa, a surveillance system that delivers better data,
flowing from local authorities up to the international level is a precondition to increased
awareness. In the presence of data, where quantitative assessments or prioritization
exercises have been run, rabies consistently came up among the priority zoonotic
diseases in different geographic locations (Yasobant et al. 2019; Sekamatte et al.
2018; Salyer et al. 2017). A way to formally establish reporting is declaring a disease
notifiable (Taylor et al. 2015) as advised by OIE. For reasons of practicability and cost
effectiveness, it seems advisable to integrate reporting on well-described rabies indica-
tors solidly into the functionality of the general national surveillance system. Where the
reporting happens in an isolated manner, without a clear data flow mechanism and
dependent on individual's personal motivation, it is not likely that the data chain can
work reliably. Often, a lack of such integrated surveillance systems, involving both the
central- and local-level human and animal health sectors, remains a key gap in surveil-
lance capacity in developing countries (Banyard et al. 2013; Molyneux et al. 2011).

25.5.7 Limited Diagnostic Capacity for Reporting According
to International Standards

Testing animals to confirm rabies cases allows for better decision-making on the
follow-up of human exposures and can generate data for program evaluation. In
humans, diagnostics can yield results only by the time of disease manifestation,
therefore limiting the purpose of testing to case confirmation either intra vitam or
postmortem. Due to sophisticated laboratory requirements, the reference fluores-
cent antibody test is not an option in many rabies endemic settings. To this end,
simplified techniques requiring less specialized equipment such as Direct Rapid
Immunohistochemical Test (Dürr et al. 2008) and lateral flow devices have been
developed, even though quality of these may be uncertain (Klein et al. 2020).
However, international standards for rabies surveillance and evaluation of inter-
ventions are entirely reliant on laboratory confirmation of cases postmortem, which
requires the establishment of rigorous systems for the collection and submission of
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samples, and adequate laboratory infrastructure and capacity to perform rabies
diagnostics (Meslin et al. 1999; Fooks et al. 2009; Banyard et al. 2013). On the
other hand, the reality is that very few countries in rabies-endemic areas are likely
to meet global surveillance and diagnostic standards in the foreseeable future and
this should not further delay the implementation of large-scale rabies elimination
programs. Approaches based on clinical case finding by local communities were
the primary surveillance tool in the final stages of rinderpest eradication (Mariner
et al. 2012; Mariner and Roeder 2003). Given the distinctive nature of rabies,
recognition among local communities in affected areas is high (Hampson et al.
2009) and therefore participatory surveillance has the potential to play a key role in
assessing the impacts of rabies interventions. Efforts should therefore be made to
provide affected communities with user-friendly tools for rapid case reporting
(using, for example, mobile phone technologies (Gibson et al. 2018)), and to
shift the focus from laboratory-based surveillance as the sole means to evaluate
intervention efforts.

25.5.8 Coordination and Implementation

25.5.8.1 Lack of Intersectoral Collaboration
The key justification why rabies is a prime example of a disease that needs to be
resolved through applying a One Health approach lies in the realization that the one
key strategy to avoid human deaths is interrupting transmission through the reservoir:
by dog vaccination (Cleaveland and Hampson 2017). In other words: generating
human public health benefits from a veterinary intervention. If a veterinary perspective
is not included from the beginning, public health deciders too often ignore the
economic savings from dog vaccination over just providing PEP to humans as they
are used to focus solely on supplying the human population with medical treatment.
However, providing PEP without interventions on dogs is expensive and purely
symptomatic, lacking any perspective of sustainable improvement of the situation.
Building the body of evidence by demonstrating the cost-beneficial impacts of dog
rabies control due to reduced expenditure on costly human post-exposure vaccines is
an important step toward the integration of budgets across ministries so to ensure
sustained financial support (Hampson et al. 2011; González-Roldán et al. 2021).
Beyond the veterinary and public health sectors, close involvement of social sciences,
the education sector, and municipalities is now equally recognized (Srinivasan et al.
2019), for example, as a powerful method for preventing dog bites in children,
increasing knowledge and awareness about rabies, and in sustainably managing dog
populations in affected communities (Lapiz et al. 2012).

The effectiveness of intersectoral strategies for canine rabies elimination has been
proven, e.g., in the Americas (Laing et al. 2020; Vigilato et al. 2013a) and elsewhere
(Léchenne et al. 2021; Pudjiatmoko and Kadun 2013; Changalucha et al. 2019;
Lushasi et al. 2020). While in general, the benefits of a One Health approach are
more and more recognized at the highest international level (Seifman and Kaplan
2021), One Health operationalization at national or local levels remains a challenge
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in many countries. The bottleneck frequently seems to be the question how to adjust
existing systems and habits to realize working in an intersectoral manner (Belot et al.
2021). Given the nature of rabies, the responsibility for its control should be borne by
a broad range of sectors. However, the range of “players” that ought to be involved
makes operationalization problematic because of difficulties in harmonizing admin-
istrative and management structures and budget lines across sectors, and planning
and implementing joint financing mechanisms involving different ministries
(Jerolmack 2013). The creation of intersectoral zoonotic units or task forces, and
integrating intersectoral processes in national rabies plans and guidance from the
beginning, can help crossing these burdens. Integrated bite case management
(IBCM) is an example of a locally implemented coordinated activity (Lushasi
et al. 2020). Various international and national efforts exist to strengthen
intersectoral, One Health collaboration. One example is the so-called IHR-PVS
National Bridging Workshops (Belot et al. 2021). This methodology is currently
being adapted specifically for rabies to enable countries to improve and strengthen
the intersectoral network and collaboration at significant technical areas, providing
them with a better organizational equipment to tackle the disease under a One Health
approach.

25.5.8.2 Lack of Cohesive and Strategic Implementation Guidance
While challenges of One Health operationalization are often located at subnational
levels (Munyua et al. 2016), it is the National authorities who prepare the ground
for the general direction of rabies control and elimination efforts as well as the way
the sectors will work together, by deciding on the national approach and its
implementation. The authorities are mainly responsible for developing national
strategies and implementing programs, but can easily be overwhelmed by multiple
human and animal disease priorities and the challenges associated with programs
stretched across sectors and administrative levels (Fahrion et al. 2017). A range of
tools and materials that provide guidance are available but may lack cohesion,
complicating the selection of a starting point and the most crucial measures to
implement. For example, the Stepwise Approach Toward Rabies Elimination
(SARE), which is embedded in the rabies blueprint (Global Alliance for Rabies
Control), is a guidance and evaluation tool that has been used by countries across
three continents, mostly at national or regional stakeholder consultations, to kick-
start coordinated rabies control (Coetzer et al. 2016). More recently, additional
tools and international mechanisms have been added and continue to evolve
(United Against Rabies Collaboration 2019).

25.5.9 Challenges of Cross-Border Collaboration

Rabies, as other pathogens, does not stop at borders. For transboundary diseases,
cross-border collaboration, cooperation, and transparency can only be of benefit for
disease control. However, admittance of public health problems being perceived as
“failures,” authorities might tend not to share information with their neighbors
(Fahrion et al. 2017). This represents a missed opportunity to address potential
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transboundary issues and more general, bilateral or multilateral collaboration to
jointly tackle infectious diseases, catalyzing more awareness and activity and an
expanding, more sustainable approach. On a larger scale, regional approaches have
been fundamental for the most successful rabies control and elimination efforts, e.g.,
in Western Europe (World Health Organization 2018b) and Latin America (Vigilato
et al. 2013a. b). Regional efforts are also being undertaken in other parts of the world
(Miranda and Miranda 2020; Pieracci et al. 2017; Taylor et al. 2021; Scott et al.
2015) and will continue to require strong commitment.

25.5.10 Issues Related to Dog Vaccination

Rabies is integrally linked to the proximity and the ways people and dogs live
together. Most of the constraints around rabies elimination can be understood
when taking a look at what is recognized as the single, most effective intervention
to prevent and control transmission: dog vaccination. The constraints around this one
key activity demonstrate the entire significance and difference that a true One Health
approach could make if fully implemented: as a primarily veterinary intervention,
dog vaccination is not firmly rooted in public health awareness, often underfunded
and understaffed, linked with difficult logistics, research gaps and a need for high
level of perseverance to make it sustainable.

Rabies control requires an adequate understanding of the dog ecology and
dog-keeping practices in a country in locally differing sociocultural contexts (e.g.,
urban vs rural, among different economic, religious, or ethnic groups). Achieving the
70% dog vaccination coverage that is recognized to provide herd immunity (Conan
et al. 2015) is often hampered by rapid population turn over, partly despite dog
population management attempts (Taylor et al. 2017b). As rabies threatens communi-
ties, the fear of rabies also leads to unnecessary cruel treatment of dogs such as culling
(Hiby et al. 2017). Especially free-roaming dog population act as drivers of rabies
transmission cycles (Gamble et al. 2018), a population that has a growing tendency
especially in connection to progressing urbanization (Krystosik et al. 2020). The
problem is further aggravated by the associated increased solid waste production
and mismanagement of waste disposal where dogs are attracted in high numbers and
compete for food, increasing the risk for aggressive behavior (Wright et al. 2021).
Proper management of poorly managed garbage disposal sites and landfills certainly
benefits a broad range of public and veterinary health issues and should therefore be
prioritized by the responsible authorities. When implementing dog vaccination cam-
paigns, knowledge of the local dog population is essential (Gamble et al. 2018). In
circumstances where dogs are privately owned or community owned, it might be the
case that almost all dogs can be handled and vaccinated by the parenteral route
(Morters et al. 2014) despite being free roaming. In other cases, inaccessible dogs
may jeopardize vaccination coverage. Empirical work (e.g., on area-specific basic
reproductive ratio (R0)) suggests that vaccination strategies and coverages should be
adapted to the local context to control rabies successfully. High vaccination coverage
in high-risk areas may be more crucial than medium coverage across the whole
country, but clear guidance on this is lacking. Better knowledge of area and country-
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specific factors related to dog keeping practices, dog population turnover, and contact
rates between dogs and wildlife can help in determining a more flexible, realistic
required dog vaccination coverage (Sparkes et al. 2014). Research on oral rabies
vaccination has recently delivered increasing evidence to be a well-suited complement
to parenteral rabies vaccination activities in different contexts, especially with free
roaming dogs (Gautam et al. 2020; Wallace et al. 2020).

25.5.11 Limited Availability of and Access to Rabies Biologicals

In addition to the problem that dog bite victims might not be aware of a potential
rabies risk (see: awareness and political will), a common constraint following a
potentially rabid dog bite is that of inaccessibility or unaffordability of rabies
biologicals (Hampson et al. 2011). The fact that a course of rabies PEP, combined
with potentially long travel routes to get the vaccine, just exceeds the household´s
resources, remains a bitter truth for many. Newer developments to fill this gap
including shortened PEP regimens (requiring fewer health facility visits), changed
recommendations toward vaccine-saving intradermal administration and new tech-
nologies such as thermostable vaccines and monoclonal antibodies could contribute
to alleviate the problem (see part on human prevention). However, a broad, general
change toward better supply and distribution of these biologicals warrants systematic
improvement of universal health coverage. A global push in these discussions and a
decisive, facilitating shift for many countries seems possible through the recent
uptake of human rabies vaccine on the portfolio of Gavi, the Vaccine Alliance
(WHO Rabies Modelling Consortium 2019) (Mohammadi 2016). On the
manufacturing level, an absence of accurate forecasting data on vaccine needs
impairs production and procurement and can lead to shortages of stock and impaired
long-term planning (Wallace et al. 2017). (Interrupted delivery chains in turn could
cause countries to purchase at a higher cost or to turn to manufacturers not meeting
international vaccine quality standards.) Vaccine banks or stockpiles at regional
levels as managed by OIE or WHO have become a solid mechanism for countries
to maintain the supply of quality-assured vaccines and allow manufacturers to
forecast and stabilize their production over years with lowered pricing through
bulk purchase (WHO and OIE 2015). Vaccine banks have contributed demonstrably
to the scaling up and maintenance of local, national, or subregional programs in Asia
and Africa (World Health Organization 2015a) and incentivized recipient countries
to increase data collection, as reporting on vaccine use and results is required
(Fahrion et al. 2017).

25.5.12 Funding and Sustainability

Like with all veterinary and public health issues, allocation of resources and the lack
thereof is to be considered a root cause for the barriers to advance toward elimination
of this horrifying disease that should be consigned to the history books (M. Chan,
Director General of WHO (World Health Organization 2015b). It can be hoped that
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the investment case will become more and more obvious to countries with the
realization that investing, e.g., in dog vaccination is cost effective (Shwiff et al.
2013) (Anderson and Shwiff 2013). Setting up rabies programs and improving
surveillance for rabies, integrated with other diseases and interventions, provides
multiple public health benefits and strengthens the veterinary and public health
systems in their entirety. Savings that can be made to reduce running costs, e.g.,
for PEP, such as intradermal vaccine administration, have been mentioned above.
Private–public partnerships might provide ways to fund rabies control for countries
(Taylor and Partners for Rabies Prevention 2013). Internationally, while there is no
single pooled fund for rabies elimination and investments are small and fragmented,
the United Against Rabies Forum has been set up as a platform, among other tasks,
to secure funding resources from the international community (United Against
Rabies 2021). However, it is up to countries to understand that investment in rabies
is a long-term, but potentially highly cost-beneficial commitment, bringing along
significant improvements to public health and to the life of people.

25.6 Cross-References

▶Animal Bites and Zoonoses: From A to Z – Alligators to Zebras
▶Bat-Related Zoonoses
▶Cats – Revered and Reviled – and Associated Zoonoses
▶Dogs and Transmission of Infection to Man, “Respected Member of the Family?”

References

Adrien J, Georges Y, Augustin PD, Monroe B, Gibson AD, Fenelon N et al (2019) Notes from the
Field: A Multipartner Response to Prevent a Binational Rabies Outbreak - Anse-à-Pitre, Haiti,
2019. MMWR Morb Mortal Wkly Rep 68(32):707–709. https://doi.org/10.15585/mmwr.
mm6832a6

Agnarsson I, Zambrana-Torrelio CM, Flores-Saldana NP, May-Collado LJ (2011) A time-calibrated
species-level phylogeny of bats (Chiroptera, Mammalia). PLoS Curr 3. https://doi.org/10.1371/
currents.RRN1212

Aguilar-Setien A, Campos YL, Cruz ET, Kretschmer R, Brochier B, Pastoret PP (2002) Vaccination
of vampire bats using recombinant vaccinia-rabies virus. J Wildl Dis 38(3):539–544

Allen, Toph; Murray, Kris A.; Zambrana-Torrelio, Carlos; Morse, Stephen S.; Rondinini, Carlo; Di
Marco, Moreno et al. (2017): Global hotspots and correlates of emerging zoonotic diseases. Nat
Commun 8 (1), 1124. https://doi.org/10.1038/s41467-017-00923-8.

Amarasinghe GK, Arechiga Ceballos NG, Banyard AC, Basler CF, Bavari S, Bennett AJ et al
(2018) Taxonomy of the order Mononegavirales. update 2018. Arch Virol 163:2283–2294.
https://doi.org/10.1007/s00705-018-3814-x

Anderson A, Shwiff SA (2013) The Cost of Canine Rabies on Four Continents. Transbound Emerg
Dis 62(4):446–452. https://doi.org/10.1111/tbed.12168

Antunes KD, Matos JCC, Mol LP, Oliveira MA, Arcebispo TLM, Santos VG et al (2018)
Descriptive analysis of rabies in wild animals in the state of Sergipe, Brazil. Arq Bras Med
Vet Zootec 70:169–173

Appolinario CM, Jackson AC (2015) Antiviral therapy for human rabies. Antivir Ther 20(1):1–10.
https://doi.org/10.3851/IMP2851

25 Elimination of Rabies: A Missed Opportunity 771



Arai YT, Kuzmin I, Kameoka Y, Botvinkin AD (2003) New Lyssavirus genotype from the lesser
mouse-eared bat (Myotis blythi), Kyrghyzstan. Emerg Infect Dis 9(3):333–337

Aréchiga Ceballos N, Moron SV, Berciano JM, Nicolas O, Lopez CA, Juste J et al (2013) Novel
lyssavirus in bat, Spain. Emerg Infect Dis 19(5):793–795. https://doi.org/10.3201/eid1905.
121071

Athingo R, Tenzin T, Coetzer A, Hikufe EH, Peter J, Hango L et al (2021) Application of the GARC
Data Logger—a custom-developed data collection device—to capture and monitor mass dog
vaccination campaigns in Namibia. PLoS Neglect Trop Dis 14(12):e0008948. https://doi.org/10.
1371/journal.pntd.0008948

Aubert, M. (1992): Epidemiology of fox rabies. In: K. Bögel, F. X. Meslin und M. Kaplan (Hg.):
Wildlife Rabies Control. Kent: Wells Medical Ltd., S. 9–18.

Aubert M (1994) Control of Rabies in Foxes - What Are the Appropriate Measures. Vet Rec 134(3):
55–59

Aubert MF (1999) Costs and benefits of rabies control in wildlife in France. Rev Sci Tech 18(2):
533–543

Badrane H, Tordo N (2001) Host Switching in Lyssavirus History from the Chiroptera to the
Carnivora Orders. J Virol 75(17):8096–8104

Badrane H, Bahloul C, Perrin P, Tordo N (2001) Evidence of Two Lyssavirus Phylogroups with
Distinct Pathogenicity and Immunogenicity. J Virol 75(7):3268–3276

Baer GM, Abelseth MK, Debbie JG (1971) Oral vaccination of foxes against rabies. Am J
Epidemiol 93(6):487–490

Bakker AB, Python C, Kissling CJ, Pandya P, Marissen WE, Brink MF et al (2008) First
administration to humans of a monoclonal antibody cocktail against rabies virus: safety,
tolerability, and neutralizing activity. Vaccine 26(47):5922–5927

Bakker KM, Rocke TE, Osorio JE, Abbott RC, Tello C, Carrera JE et al (2019) Fluorescent
biomarkers demonstrate prospects for spreadable vaccines to control disease transmission in
wild bats. Nat Ecol Evol 3(12):1697–1704. https://doi.org/10.1038/s41559-019-1032-x

Balaram D, Taylor LH, Doyle KAS, Davidson E, Nel LH (2016) World Rabies Day - a decade of
raising awareness. Trop Dis Travel Med Vaccines 2(1):S. 19. https://doi.org/10.1186/s40794-
016-0035-8

Banyard AC, Horton D, Freuling C, Müller T, Fooks AR (2013) Control and prevention of canine
rabies. the need for building laboratory-based surveillance capacity. Antiviral Res 98:357–364.
https://doi.org/10.1016/j.antiviral.2013.04.004

Banyard AC, Selden D, Wu G, Thorne L, Jennings D, Marston D et al (2018) Isolation, antigenicity
and immunogenicity of Lleida bat lyssavirus. J Gen Virol 12(99):1590–1599. https://doi.org/10.
1099/jgv.0.001068

Banyard, Ashley C.; Davis, A.; Gilbert, Amy T.; Markotter, Wanda (2020a): Bat rabies. In: A. R.
Fooks und A. C. Jackson (Hg.): Rabies - Scientific Basis of the Disease and its Management.
4 Aufl.: Elsevier Academic Press, S. 231–276.

Banyard, Ashley C.; Davis, April; Gilbert, Amy T.; Markotter, Wanda (2020b): Bat rabies. In:
Anthony R. Fooks und Alan C. Jackson (Hg.): Rabies: Scientific Basis of the Disease and Its
Management 4. Boston: Academic Press, S. 231–276.. Online verfügbar unter https://www.
sciencedirect.com/science/article/pii/B9780128187050000078.

Bardosh K, Sambo M, Sikana L, Hampson K, Welburn SC (2014) Eliminating rabies in Tanzania?
Local understandings and responses to mass dog vaccination in Kilombero and Ulanga districts.
PLoS Neglect Trop Dis 8(6):e2935. https://doi.org/10.1371/journal.pntd.0002935

Bellan SE, Cizauskas CA, Miyen J, Ebersohn K, Kusters M, Prager KC et al (2012) Black-backed
jackal exposure to rabies virus, canine distemper virus, and Bacillus anthracis in Etosha National
Park, Namibia. J Wildl Dis 48(2):371–381. https://doi.org/10.7589/0090-3558-48.2.371

Belot G, Caya F, Errecaborde KM, Traore T, Lafia B, Skrypnyk A et al (2021) IHR-PVS National
Bridging Workshops, a tool to operationalize the collaboration between human and animal
health while advancing sector-specific goals in countries. PloS one 16(6):e0245312. https://doi.
org/10.1371/journal.pone.0245312

Belotto AJ (2004) The Pan American Health Organization (PAHO) role in the control of rabies in
Latin America. Dev Biol (Basel) 119:213–216

772 T. Müller et al.



Belsare AV, Gompper ME (2013) Assessing demographic and epidemiologic parameters of rural
dog populations in India during mass vaccination campaigns. Prev Vet Med 111(1-2):139–146.
https://doi.org/10.1016/j.prevetmed.2013.04.003

Berentsen AR, Ellis CK, Johnson SR, Leinbach IL, Sugihara RT, Gilbert AT (2020) Immunoge-
nicity of Ontario Rabies Vaccine for Small Indian Mongooses (Herpestes auropunctatus).
J Wildl Dis 56(1):224–228. Epub 2019 Sep 30.

Berentsen A, Leinbach I, Rivera-Rodriguez M, Gilbert A (2021) Oral rabies vaccination of small
Indian Mongooses (Urva auropunctata) with ONRAB via Ultralite Baits. Viruses 13(5):734.
https://doi.org/10.3390/v13050734

Bernard KW, Fishbein DB, Miller KD, Parker RA, Waterman S, Sumner JW et al (1985)
Pre-exposure rabies immunization with human diploid cell vaccine: decreased antibody
responses in persons immunized in developing countries. Am J Trop Med Hyg 34(3):633–647.
https://doi.org/10.4269/ajtmh.1985.34.633

Bernardi F, Nadin-Davis SA, Wandeler AI, Armstrong J, Gomes AA, Lima FS et al (2005)
Antigenic and genetic characterization of rabies viruses isolated from domestic and wild animals
of Brazil identifies the hoary fox as a rabies reservoir. J Gen Virol 86(11):3153–3162

Bharti OK, Tekta D, Shandil A, Sharma K, Kapila P (2019) Failure of postexposure prophylaxis in a
girl child attacked by rabid dog severing her facial nerve causing possible direct entry of rabies
virus into the facial nerve. Hum Vaccin Immunother 15(11):2612–2614. https://doi.org/10.1080/
21645515.2019.1608131

Billah MA, MiahMM, Khan MN (2020) Reproductive number of coronavirus: A systematic review
and meta-analysis based on global level evidence. PloS one 15(11):e0242128. https://doi.org/
10.1371/journal.pone.0242128

Bingham J, Foggin CM, Wandeler AI, Hill FW (1999) The epidemiology of rabies in Zimbabwe.
2. Rabies in jackals (Canis adustus and Canis mesomelas). Onderstepoort J Vet Res 66(1):11–23

Blancou, J. (2004): Rabies in Europe and the Mediterranean Basin. From antiquity to the 19th
century. In: A. A. King, A. R. Fooks, M. Aubert und A. I. Wandeler (Hg.): Historical perspective
of rabies in Europe and the Mediterranean Basin. Paris: OIE, S. 15–23.

Blanton JD, Dyer J, McBrayer J, Rupprecht CE (2012) Rabies surveillance in the United States
during 2011. J Am Vet Med Assoc 241(6):712–722

Both L, Banyard AC, van Dolleweerd C, Horton DL, Ma JKC, Fooks AR (2012) Passive immunity
in the prevention of rabies. Lancet Infect Dis 12(5):397–407

Both L, Banyard AC, van Dolleweerd C, Wright E, Ma JK, Fooks AR (2013a) Monoclonal
antibodies for prophylactic and therapeutic use against viral infections. Vaccine 31(12):1553–
1559. https://doi.org/10.1016/j.vaccine.2013.01.025

Both L, van Dolleweerd C, Wright E, Banyard AC, Bulmer-Thomas B, Selden D et al (2013b)
Production, characterization, and antigen specificity of recombinant 62-71-3, a candidate
monoclonal antibody for rabies prophylaxis in humans. FASEB J 27(5):2055–2065

Botvinkin AD, Poleschuk EM, Kuzmin I, Borisova TI, Gazaryan SV, Yager P, Rupprecht CE (2003)
Novel lyssaviruses isolated from bats in Russia. Emerg Infect Dis 12(9):1623–1625. https://doi.
org/10.3201/eid0912.030374

Bourhy H, Nakoune E, Hall M, Nouvellet P, Lepelletier A, Talbi C et al (2016) Revealing the
Micro-scale Signature of Endemic Zoonotic Disease Transmission in an African Urban Setting.
PLoS Pathog 12(4):e1005525. https://doi.org/10.1371/journal.ppat.1005525

Brass DA (1994) Rabies-related viruses from bats in Europe and Asia. In: Rabies in Bats : Natural
History and Public Health Implications. Livia Press, Ridgefield

Briggs DJ (2011) Rabies. The immunological basis for immunization. In: Series Module 17. World
Health Organization, Geneva Switzerland, p 24

Briggs DJ (2012) The role of vaccination in rabies prevention. Curr Opin Virol 2(3):309–314.
https://doi.org/10.1016/j.coviro.2012.03.007

Brookes SM, Healy DM, Fooks AR (2006) Ability of rabies vaccine strains to elicit cross-
neutralising antibodies. Dev Biol (Basel) 125:185–193

Brunker K, Jaswant G, Thumbi SM, Lushasi K, Lugelo A, Czupryna AM et al (2020) Rapid
in-country sequencing of whole virus genomes to inform rabies elimination programmes.
Wellcome Open Res. 5:3. https://doi.org/10.12688/wellcomeopenres.15518.2

25 Elimination of Rabies: A Missed Opportunity 773



Buregyeya E, Atusingwize E, Nsamba P, Musoke D, Naigaga I, Kabasa JD et al (2020) Operatio-
nalizing the One Health Approach in Uganda: Challenges and Opportunities. J Epidemiol Glob
Health 10(4):250–257. https://doi.org/10.2991/jegh.k.200825.001

Butler JR, Bingham J (2000) Demography and dog-human relationships of the dog population in
Zimbabwean communal lands. Vet Rec 147(16):442–446. https://doi.org/10.1136/vr.147.16.442

Calisher CH, Child JE, Field H, Holmes KV, Schountz T (2006) Bats. important reservoir hosts of
emerging viruses. Clin Microbiol Rev 19(3):531–545

Carter HE (1997) Britain Should Immediately Alter its Quarantine Rules for the Control of Rabies.
Rev Med Virol 7(1):13–15. https://doi.org/10.1002/(sici)1099-1654(199704)7:1<13::aid-
rmv186>3.0.co;2-t

Castillo-Neyra R, Zegarra E, Monroy Y, Bernedo R, Cornejo-Rosello I, Paz-Soldan V, Levy M
(2017) Spatial Association of Canine Rabies Outbreak and Ecological Urban Corridors, Are-
quipa, Peru. Trop Med Infect Dis 2(3):38

Chanachai K, Wongphruksasoong V, Vos A, Leelahapongsathon K, Tangwangvivat R,
Sagarasaeranee O et al (2021) Feasibility and Effectiveness Studies with Oral Vaccination of
Free-Roaming Dogs against Rabies in Thailand. Viruses 13:S. 571. https://doi.org/10.3390/
v13040571

Changalucha J, Steenson R, Grieve E, Cleaveland S, Lembo T, Lushasi K et al (2019) The need to
improve access to rabies post-exposure vaccines. Lessons from Tanzania. Vaccine 37(Suppl. 1):
A45–A35. https://doi.org/10.1016/j.vaccine.2018.08.086

Cirovic D, Rakovic M, Milenkovic M, Paunovic M (2011) Small Indian Mongoose Herpestes
auropunctatus (Herpestidae, Carnivora). an invasive species in Montenegro. Biol Invasions 13
(2):393–399. https://doi.org/10.1007/s10530-010-9831-7

Cleaton JM, Wallace RM, Crowdis K, Gibson A, Monroe B, Ludder F et al (2018) Impact of
community-delivered SMS alerts on dog-owner participation during a mass rabies vaccination
campaign, Haiti 2017. Vaccine 36(17):2321–2325. https://doi.org/10.1016/j.vaccine.2018.03.017

Cleaveland S, Dye C (1995) Maintenance of a microparasite infecting several host species. rabies in
the Serengeti. Parasitology 111(Suppl):S33–S47

Cleaveland S, Hampson K (2017) Rabies elimination research: juxtaposing optimism, pragmatism
and realism. Proc R Soc B Biol Sci 284(1869):20171880. https://doi.org/10.1098/rspb.2017.1880

Cleaveland S, Kaare M, Tiringa P, Mlengeya T, Barrat J (2003) A dog rabies vaccination campaign
in rural Africa. impact on the incidence of dog rabies and human dog-bite injuries. Vaccine
21(17-18):1965–1973. https://doi.org/10.1016/s0264-410x(02)00778-8

Cliquet F, Guiot AL, Aubert M, Robardet E, Rupprecht CE, Meslin FX (2018) Oral vaccination
of dogs: a well-studied and undervalued tool for achieving human and dog rabies elimination.
Vet Res 49(1):S. 61. https://doi.org/10.1186/s13567-018-0554-6

Coertse J, Grobler C, Sabeta C, Seamark ECJ, Kearney T, Paweska J, Markotter W (eds) (2020)
Lyssaviruses in Insectivorous Bats, South Africa, 2003–2018. Emerg Infect Dis 26(12):3056–
3060. https://doi.org/10.3201/eid2612.203592

Coetzer A, Kidane AH, Bekele M, Hundera AD, Pieracci EG, Shiferaw ML et al (2016) The SARE
tool for rabies control: Current experience in Ethiopia. Antiviral Res 135:74–80. https://doi.org/
10.1016/j.antiviral.2016.09.011

Coleman PG, Dye C (1996) Immunization coverage required to prevent outbreaks of dog rabies.
Vaccine 14(3):185–186

Colombi D, Poletto C, Nakouné E, Bourhy H, Colizza V (2020) Long-range movements coupled
with heterogeneous incubation period sustain dog rabies at the national scale in Africa. PLoS
Neglect Trop Dis 14(5):e0008317. https://doi.org/10.1371/journal.pntd.0008317

Conan A, Akerele O, Simpson G, Reininghaus B, van Rooyen J, Knobel D (2015) Population
Dynamics of Owned, Free-Roaming Dogs: Implications for Rabies Control. PLoS Neglect Trop
Dis 9(11):e0004177. https://doi.org/10.1371/journal.pntd.0004177

Daoust PY, Wandeler AI, Casey GA (1996) Cluster of rabies cases of probable bat origin among red
foxes in Prince Edward Island, Canada. J Wildl Dis 32(2):403–406

de Benedictis P, Minola A, Rota Nodari E, Aiello R, Zecchin B, Salomoni A et al (2016)
Development of broad-spectrum human monoclonal antibodies for rabies post-exposure pro-
phylaxis. EMBO Mol Med 8(4):407–421. https://doi.org/10.15252/emmm.201505986

774 T. Müller et al.



de Melo GD, Sonthonnax F, Lepousez G, Jouvion G, Minola A, Zatta F et al (2020) A combination
of two human monoclonal antibodies cures symptomatic rabies. EMBO Mol Med:e12628.
https://doi.org/10.15252/emmm.202012628

Denis M, Knezevic I, Wilde H, Hemachudha T, Briggs D, Knopf L (2019) An overview of the
immunogenicity and effectiveness of current human rabies vaccines administered by intrader-
mal route. Vaccine 37(Suppl. 1):A99–A106. https://doi.org/10.1016/j.vaccine.2018.11.072

Dodet B, Goswami A, Gunasekera A, de Guzman F, Jamali S, Montalban C et al (2008) Rabies
awareness in eight Asian countries. Vaccine 26(50):6344–6348

Du Pont V, Wirblich C, Yoon JJ, Cox RM, Schnell MJ, Plemper RK (2020) Identification and
characterization of a Small-Molecule Rabies Virus Entry Inhibitor. J Virol 94(13):e00321–
e00320. https://doi.org/10.1128/JVI.00321-20

Dunlop RH, Williams, DJ (1996) Veterinary medicine. An illustrated history: Mosby.
Dürr S, Naissengar S, Mindekem R, Diguimbye C, Niezgoda M, Kuzmin I et al (2008) Rabies

Diagnosis for Developing Countries. PLoS Neglect Trop Dis 2(3):e206. https://doi.org/10.1371/
journal.pntd.0000206

Eggerbauer E, de Benedictis P, Hoffmann B, Mettenleiter TC, Schlottau K, Ngoepe EC et al (2016)
Evaluation of Six Commercially Available Rapid Immunochromatographic Tests for the Diag-
nosis of Rabies in Brain Material. PLoS Neglect Trop Dis 10(6):e0004776. https://doi.org/10.
1371/journal.pntd.0004776

Eichner M, Dietz K (2003) Transmission potential of smallpox: estimates based on detailed data
from an outbreak. Am J Epidemiol 158(2):110–117. https://doi.org/10.1093/aje/kwg103

Ertl HCJ (2019) New Rabies Vaccines for Use in Humans. Vaccines 7(2):54. https://doi.org/10.
3390/vaccines7020054

Etheart MD, Kligerman M, Augustin PD, Blanton JD, Monroe B, Fleurinord L et al (2017) Effect of
counselling on health-care-seeking behaviours and rabies vaccination adherence after dog bites
in Haiti, 2014–15: a retrospective follow-up survey. Lancet Glob Health 5(10):e1017–e1025.
https://doi.org/10.1016/S2214-109X(17)30321-2

Evans JS, Selden D, Wu G, Wright E, Horton DL, Fooks AR, Banyard AC (2018) Antigenic site
changes in the rabies virus glycoprotein dictates functionality and neutralizing capability against
divergent lyssaviruses. J Gen Virol 99(2):169–180. https://doi.org/10.1099/jgv.0.000998

Faber M, Pulmanausahakul R, Hodawadekar SS, Spitsin S, McGettigan JP, Schnell MJ, Dietzschold
B (2002) Overexpression of the rabies virus glycoprotein results in enhancement of apoptosis
and antiviral immune response. J Virol 76(7):3374–3381

Faber M, Li JW, Kean RB, Hooper DC, Alugupalli KR, Dietzschold B (2009) Effective pre-
exposure and postexposure prophylaxis of rabies with a highly attenuated recombinant rabies
virus. Proc Natl Acad Sci U S A 106(27):11300–11305. https://doi.org/10.1073/pnas.
0905640106

Fahrion AS, Taylor LH, Torres G, Müller T, Durr S, Knopf L et al (2017) The Road to Dog Rabies
Control and Elimination-What Keeps Us from Moving Faster? Front Public Health 5:103.
https://doi.org/10.3389/fpubh.2017.00103

Favoretto SR, de Mattos CC, Morais NB, Araujo FA, de Mattos CA (2001) Rabies in Marmosets
(Callithrix jacchus), Ceara, Brazil. Emerg Infect Dis 7(6):1062–1065

Feder HM Jr, Petersen BW, Robertson KL, Rupprecht CE (2012) Rabies: still a uniformly fatal
disease? Historical occurrence, epidemiological trends, and paradigm shifts. Curr Infect Dis Rep
14(4):408–422. https://doi.org/10.1007/s11908-012-0268-2

Fehlner-Gardiner C (2018) Rabies control in North America - past, present and future. Rev Sci Tech
37(2):421–437. https://doi.org/10.20506/rst.37.2.2812

Fekadu M, Shaddock JH, Sanderlin DW, Smith JS (1988) Efficacy of rabies vaccines against
Duvenhage virus isolated from European house bats (Eptesicus serotinus), classic rabies and
rabies-related viruses. Vaccine 6(6):533–539

Ferguson EA, Hampson K, Cleaveland S, Consunji R, Deray R, Friar J et al (2015) Heterogeneity in
the spread and control of infectious disease. consequences for the elimination of canine rabies.
Sci Rep 5:S. 18232. https://doi.org/10.1038/srep18232

Filla C, Rajeev M, Randriana Z, Hanitriniana C, Rafaliarison RR, Edosoa GT et al (2021) Lessons
Learned and Paths Forward for Rabies Dog Vaccination in Madagascar: A Case Study of Pilot

25 Elimination of Rabies: A Missed Opportunity 775



Vaccination Campaigns in Moramanga District. Trop Med Infect Dis 6:48. https://doi.org/10.
3390/tropicalmed6020048

Fisher CR, Streicker DG, Schnell MJ (2018) The spread and evolution of rabies virus. conquering
new frontiers. Nat Rev Microbiol 16(4):241–255. https://doi.org/10.1038/nrmicro.2018.11

Fisher CR, Lowe DE, Smith TG, Yang Y, Hutson CL, Wirblich C et al (2020) Lyssavirus Vaccine
with a Chimeric Glycoprotein Protects across Phylogroups. Cell reports 32(3):S. 107920.
https://doi.org/10.1016/j.celrep.2020.107920

Foggin CM (1988) Rabies and rabies-related viruses in Zimbabwe: historical, virological and
ecological aspects. PhD Thesis in Medicine, University of Zimbabwe

Fooks AR, Johnson N, Brookes SM, Parsons G, McElhinney LM (2003) Risk factors associated
with travel to rabies endemic countries. J Appl Microbiol 94 Suppl:31S–36S. https://doi.org/10.
1046/j.1365-2672.94.s1.4.x.

Fooks AR, Johnson N, Freuling CM, Wakeley PR, Banyard AC, McElhinney LM et al (2009)
Emerging technologies for the detection of rabies virus. challenges and hopes in the 21st
century. PLoS Neglect Trop Dis 3(9):e530

Fooks AR, Banyard AC, Horton DL, Johnson N, McElhinney LM, Jackson AC (2014) Current
status of rabies and prospects for elimination. Lancet 384(9951):1389–1399. https://doi.org/10.
1016/S0140-6736(13)62707-5

Fooks AR, Cliquet F, Finke S, Freuling C, Hemachudha T, Mani RS et al (2017) Rabies. Nat Rev
Dis Primers 3(17091):1–19. https://doi.org/10.1038/nrdp.2017.91

Fooks AR, Banyard AC, Ertl HCJ (2019) New human rabies vaccines in the pipeline. Vaccine 37
(Suppl):A140–A145. https://doi.org/10.1016/j.vaccine.2018.08.039

Fooks AR, Shipley R, Markotter W, Tordo N, Freuling CM, Müller T et al (2021) Renewed Public
Health Threat from Emerging Lyssaviruses. Viruses 13:1769

Foord AJ, Heine HG, Pritchard LI, Lunt RA, Newberry KM, Rootes CL, Csiro DBB (2006)
Molecular diagnosis of lyssaviruses and sequence comparison of Australian bat lyssavirus
samples. Aust Vet J 84(7):225–230

Franka R, Rupprech CE (2011) Treatment of rabies in the 21st century. curing the incurable? Future
Microbiol 6(10):1135–1140. https://doi.org/10.2217/fmb.11.92

Freuling CM, Selhorst T, Batza HJ, Müller T (2008) The financial challenge of keeping a large
region rabies-free—the EU example. Dev Biol (Basel) 131:273–282

Freuling CM, Beer M, Conraths FJ, Finke S, Hoffmann B, Keller B et al (2011) Novel Lyssavirus in
Natterer’s Bat, Germany. Emerg Infect Dis 17(8):1519–1522. https://doi.org/10.3201/eid1708.
110201

Freuling CM, Hampson K, Selhorst T, Schroder R, Meslin FX, Mettenleiter TC, Müller T (2013)
The elimination of fox rabies from Europe. determinants of success and lessons for the future.
Philos Trans R Soc Lond B Biol Sci 368(1623):20120142. https://doi.org/10.1098/rstb.2012.
0142

Gamble L, Gibson AD, Shervell K, Lohr F, Otter I, Mellanby RJ (2018) The problem of stray dogs.
Rev Sci Tech 37(2):543–550. https://doi.org/10.20506/rst.37.2.2822

Gautam, Vaishali; Bhardwaj, Pankaj; Saxena, Deepak; Kumar, Nitesh; S, Dileepan (2020): Multi-
sectoral approach to achieve canine rabies controlled zone using Intervention Mapping: Pre-
liminary results. PloS one 15 (12), e0242937. https://doi.org/10.1371/journal.pone.0242937.

Gavi - the Vaccine Alliance (2021) Vaccine investment strategy. Hg. v. https://www.gavi.org/our-
alliance/strategy/vaccine-investment-strategy

Gibson AD, Ohal P, Shervell K, Handel IG, Bronsvoort BM, Mellanby RJ, Gamble L (2015)
Vaccinate-assess-move method of mass canine rabies vaccination utilising mobile technology
data collection in Ranchi, India. BMC Infect Dis 15(1):1–10. https://doi.org/10.1186/s12879-
015-1320-2

Gibson AD, Mazeri S, Lohr F, Mayer D, Burdon Bailey JL, Wallace RM et al (2018) One million
dog vaccinations recorded on mHealth innovation used to direct teams in numerous rabies
control campaigns. PloS one 13(7):e0200942. https://doi.org/10.1371/journal.pone.0200942

Gibson AD, Yale G, Vos A, Corfmat J, Airikkala-Otter I, King A et al (2019) Oral bait handout as a
method to access roaming dogs for rabies vaccination in Goa, India: A proof of principle study.
Vaccine X(1):100015. https://doi.org/10.1016/j.jvacx.2019.100015

776 T. Müller et al.



Gibson AD, Wallace RM, Rahman A, Bharti OK, Isloor S, Lohr F et al (2020) Reviewing Solutions
of Scale for Canine Rabies Elimination in India. Trop Med Infect Dis 5:47. https://doi.org/10.
3390/tropicalmed5010047

Gilbert AT, Petersen BW, Recuenco S, Niezgoda M, Gomez J, Alberto Laguna-Torres V, Rupprecht
C (2012) Evidence of Rabies Virus Exposure among Humans in the Peruvian Amazon. Am J
Trop Med Hyg 87(2):206–215. https://doi.org/10.4269/ajtmh.2012.11-0689

Global Alliance for Rabies Control (Hg.): Rabies Blueprint. Online verfügbar unter https://
rabiesblueprint.org/, zuletzt geprüft am 30.07.2021

Gogtay N, Thatte U, Kshirsagar N, Leav B, Molrine D, Cheslock P et al (2012) Safety and
pharmacokinetics of a human monoclonal antibody to rabies virus: a randomized, dose-
escalation phase 1 study in adults. Vaccine 30(50):7315–7320. https://doi.org/10.1016/j.
vaccine.2012.09.027

Gogtay NJ, Munshi R, Ashwath Narayana DH, Mahendra BJ, Kshirsagar V, Gunale B et al (2018)
Comparison of a Novel Human Rabies Monoclonal Antibody to Human Rabies Immunoglob-
ulin for Postexposure Prophylaxis: A Phase 2/3, Randomized, Single-Blind, Noninferiority,
Controlled Study. Clin Infect Dis 66(3):387–395. https://doi.org/10.1093/cid/cix791

Gongal G, Sampath G (2019) Introduction of intradermal rabies vaccination - A paradigm shift in
improving post-exposure prophylaxis in Asia. Vaccine 37(Suppl 1):A94–A98. https://doi.org/
10.1016/j.vaccine.2018.08.034

González-Roldán JF, Undurraga EA, Meltzer MI, Atkins C, Vargas-Pino F, Gutiérrez-Cedillo V,
Hernández-Pérez JR (2021) Cost-effectiveness of the national dog rabies prevention and control
program in Mexico, 1990-2015. PLoS Neglect Trop Dis 15(3):e0009130. https://doi.org/10.
1371/journal.pntd.0009130

Grange ZL, Goldstein T, Johnson CK, Anthony S, Gilardi K, Daszak P et al (2021) Ranking the risk
of animal-to-human spillover for newly discovered viruses. Proc Natl Acad Sci U S A 118(15):
e2002324118. https://doi.org/10.1073/pnas.2002324118

Gruzdev KN (2008) The rabies situation in Central Asia. Dev Biol (Basel) 131:37–42
Guerra FM, Bolotin S, Lim G, Heffernan J, Deeks SL, Li Y, Crowcroft NS (2017) The basic

reproduction number (R 0 ) of measles: a systematic review. Lancet Infect Dis 17(12):e420–
e428. https://doi.org/10.1016/S1473-3099(17)30307-9

Gunawardena PS, Marston DA, Ellis RJ, Wise EL, Karawita AC, Breed AC et al (2016) Lyssavirus
in Indian Flying Foxes, Sri Lanka. Emerg Infect Dis 22(8):1456–1459. https://doi.org/10.3201/
eid2208.151986

Hampson K, Dushoff J, Bingham J, Brückner G, Ali YH, Dobson A (2007) Synchronous cycles of
domestic dog rabies in sub-Saharan Africa and the impact of control efforts. Proc Natl Acad Sci
U S A 104(18):7717–7722. https://doi.org/10.1073/pnas.0609122104

Hampson K, Dobson A, Kaare M, Dushoff J, Magoto M, Sindoya E, Cleaveland S (2008) Rabies
exposures, post-exposure prophylaxis and deaths in a region of endemic canine rabies. PLoS
Neglect Trop Dis 2(11):e339. https://doi.org/10.1371/journal.pntd.0000339

Hampson K, Dushoff J, Cleaveland S, Haydon DT, Kaare M, Packer C, Dobson A (2009)
Transmission dynamics and prospects for the elimination of canine rabies. PLoS Biol 7(3):
e53. https://doi.org/10.1371/journal.pbio.1000053

Hampson K, Cleaveland S, Briggs D (2011) Evaluation of cost-effective strategies for rabies post-
exposure vaccination in low-income countries. PLoS Neglect Trop Dis 5(3):e982. https://doi.
org/10.1371/journal.pntd.0000982

Hampson K, Coudeville L, Lembo T, Sambo M, Kieffer A, Attlan M et al (2015) Estimating the
global burden of endemic canine rabies. PLoS Neglect Trop Dis 9(4):e0003709. https://doi.org/
10.1371/journal.pntd.0003709

Hampson K, Abela-Ridder B, Bharti O, Knopf L, Léchenne M, Mindekem R et al (2019) Modelling
to inform prophylaxis regimens to prevent human rabies. Vaccine 37(Suppl 1):A166–A173.
https://doi.org/10.1016/j.vaccine.2018.11.010

Hanke D, Freuling CM, Fischer S, Hueffer K, Hundertmark K, Nadin-Davis S et al (2016) Spatio-
temporal Analysis of the Genetic Diversity of Arctic Rabies Viruses and Their Reservoir Hosts
in Greenland. PLoS Neglect Trop Dis 10(7):e0004779. https://doi.org/10.1371/journal.pntd.
0004779

25 Elimination of Rabies: A Missed Opportunity 777



Hanlon CA, Kuzmin IV, Blanton JD, Weldon WC, Manangan JS, Rupprecht CE (2005) Efficacy of
rabies biologics against new lyssaviruses from Eurasia. Virus Res 111(1):44–54

Harmsen MM, de Haard HJ (2007) Properties, production, and applications of camelid single-
domain antibody fragments. Appl Microbiol Biotechnol 77(1):13–22. https://doi.org/10.1007/
s00253-007-1142-2

Haselbeck AH, Rietmann S, Tadesse BT, Kling K, Kaschubat-Dieudonné ME, Marks F et al (2021)
Challenges to the Fight against Rabies-The Landscape of Policy and Prevention Strategies in
Africa. Int J Environ Res Public Health 18:1736. https://doi.org/10.3390/ijerph18041736

Hassel R, Vos A, Clausen P, Moore S, van der Westhuizen J, Khaiseb S et al (2018) Experimental
screening studies on rabies virus transmission and oral rabies vaccination of the Greater Kudu
(Tragelaphus strepsiceros). Sci Rep 8(1):16599. https://doi.org/10.1038/s41598-018-34985-5

Hayman DT, McCrea R, Restif O, Suu-Ire R, Fooks AR, Wood JL et al (2012) Demography of
straw-colored fruit bats in Ghana. J Mammal 93(5):1393–1404

Head JR, Vos A, Blanton J, Müller T, Chipman R, Pieracci EG et al (2019) Environmental
distribution of certain modified live-virus vaccines with a high safety profile presents a
low-risk, high-reward to control zoonotic diseases. Sci Rep 9(1):6783. https://doi.org/10.
1038/s41598-019-42714-9

Hiby E, Atema KN, Brimley R, Hammond-Seaman A, Jones M, Rowan A et al (2017) Scoping
review of indicators and methods of measurement used to evaluate the impact of dog population
management interventions. BMC Vet Res 13(1):143. https://doi.org/10.1186/s12917-017-1051-2

Horie M, Akashi H, Kawata M, Tomonaga K (2020) Identification of a reptile lyssavirus in Anolis
allogus provided novel insights into lyssavirus evolution. Virus Genes 57(1):40–49. https://doi.
org/10.1007/s11262-020-01803-y

Horton DL, Banyard A, Marston DA, Wise E, Selden D, Nunez A et al (2014) Antigenic and
genetic characterisation of a divergent African virus, Ikoma lyssavirus. J Gen Virol 95:1025–
1032. https://doi.org/10.1099/vir.0.061952-0

Hossain M, Bulbul T, Ahmed K, Ahmed Z, Salimuzzaman M, Haque MS et al (2011) Five-year
(January 2004-December 2008) surveillance on animal bite and rabies vaccine utilization in the
Infectious Disease Hospital, Dhaka, Bangladesh. Vaccine 29(5):1036–1040. https://doi.org/10.
1016/j.vaccine.2010.11.052

Hou Q, Jin Z, Ruan S (2012) Dynamics of rabies epidemics and the impact of control efforts in
Guangdong Province, China. J Theor Biol 300:39–47. https://doi.org/10.1016/j.jtbi.2012.01.006

Hu WT, Willoughby RE Jr, Dhonau H, Mack KJ (2007) Long-term follow-up after treatment of
rabies by induction of coma. New Engl J Med 357(9):945–946. https://doi.org/10.1056/
NEJMc062479

Hu SC, Hsu CL, Lee MS, Tu YC, Chang JC, Wu CH et al (2018) Lyssavirus in Japanese Pipistrelle,
Taiwan. Emerg Infect Dis 24(4):782–785. https://doi.org/10.3201/eid2404.171696

Huang F, Guan Z, Ahmad W, Qiao B, Song Y, Duan M, Zhang M (2014) Protective efficacy of live
attenuated rabies virus against Lethal Challenged Virus Strain (CVS-11) infection in the Central
Nervous System (CNS) of mice. Rev Med Vet 165(7-8):219–224

Huang F, AhmadW, Duan M, Liu Z, Guan Z, ZhangM et al (2015) Efficiency of live attenuated and
inactivated rabies viruses in prophylactic and post exposure vaccination against the street virus
strain. Acta Virol. 59(2):117–124. https://doi.org/10.4149/av_2015_02_117

Hudson EG, Brookes VJ, Dürr S, Ward MP (2019) Targeted pre-emptive rabies vaccination
strategies in a susceptible domestic dog population with heterogeneous roaming patterns. Prev
Vet Med 172:104774. https://doi.org/10.1016/j.prevetmed.2019.104774

Hultberg A, Temperton NJ, Rosseels V, Koenders M, Gonzalez-Pajuelo M, Schepens B et al (2011)
Llama-derived single domain antibodies to build multivalent, superpotent and broadened
neutralizing anti-viral molecules. PloS one 6(4):e17665. https://doi.org/10.1371/journal.pone.
0017665

Ichhpujani RL, Mala C, Veena M, Singh J, Bhardwaj M, Bhattacharya D et al (2008) Epidemiology
of animal bites and rabies cases in India. A multicentric study. J Commun Dis 40(1):27–36

Iglesias R, Cox-Witton K, Field H, Skerratt LF, Barrett J (2021) Australian Bat Lyssavirus: Analysis
of National Bat Surveillance Data from 2010 to 2016. Viruses 13:189. https://doi.org/10.3390/
v13020189

778 T. Müller et al.



Jackson AC (2008) Rabies. Neurol Clin 26(3):717–726
Jackson AC (2013) Current and future approaches to the therapy of human rabies. Antiviral Res 99

(1):61–67. https://doi.org/10.1016/j.antiviral.2013.01.003
Jackson AC, Warrell MJ, Rupprecht CE, Ertl HCJ, Dietzschold B, O’Reilly M et al (2003)

Management of rabies in humans. Clin Infect Dis 36(1):60–63
Jentes ES, Blanton JD, Johnson KJ, Petersen BW, Lamias MJ, Robertson K et al (2013) The Global

Availability of Rabies Immune Globulin and Rabies Vaccine in Clinics Providing Direct Care to
Travelers. J Travel Med 20(3):148–158. https://doi.org/10.1111/jtm.12024

Jerolmack C (2013) Who’s worried about turkeys? How ‘organisational silos’ impede zoonotic
disease surveillance. Sociol Health Illn 35(2):200–212. https://doi.org/10.1111/j.1467-9566.
2012.01501.x

Jibat T, Hogeveen H, Mourits MCM (2015) Review on dog rabies vaccination coverage in Africa: a
question of dog accessibility or cost recovery? PLoS Neglect Trop Dis 9(2):e0003447. https://
doi.org/10.1371/journal.pntd.0003447

Johnson N, Black C, Smith J, Un H, McElhinney LM, Aylan O, Fooks AR (2003) Rabies
emergence among foxes in Turkey. J Wildl Dis 39(2):262–270. https://doi.org/10.7589/0090-
3558-39.2.262

Johnson N, Un H, Vos A, Aylan O, Fooks AR (2006) Wildlife rabies in Western Turkey. the spread
of rabies through the western provinces of Turkey. Epidemiol Infect 134(2):369–375. https://doi.
org/10.1017/S0950268805005017

Johnson N, Dicker A, Mork T, Marston DA, Fooks AR, Tryland M et al (2007) Phylogenetic
comparison of rabies viruses from disease outbreaks on the Svalbard Islands. Vector Borne
Zoonotic Dis 7(3):457–460

Johnson N, Freuling C, Vos A, Un H, Valtchovski R, Turcitu M et al (2008) Epidemiology of rabies
in Southeast Europe. Dev Biol (Basel) 131:189–198

Johnson N, Un H, Fooks AR, Freuling C, Müller T, Aylan O, Vos A (2010) Rabies epidemiology
and control in Turkey. past and present. Epidemiol Infect 138(3):305–312. https://doi.org/10.
1017/S0950268809990963

Johnson N, Arechiga-Ceballos N, Aguilar-Setien A (2014) Vampire bat rabies. ecology, epidemi-
ology and control. Viruses 6(5):1911–1928. https://doi.org/10.3390/v6051911

Johnston, D. H.; Tinline, R. R. (2002): Rabies control in wildlife. In: A. C. Jackson und W. H.
Wunner (Hg.): Rabies. 1 Band. San Diego: Academic Press Inc., S. 446–471.

Kansagra K, Parmar D, Mendiratta SK, Patel J, Joshi S, Sharma N et al (2020) A Phase
3, Randomised, Open-Label, Non-inferiority Trial Evaluating Anti-Rabies Monoclonal Anti-
body Cocktail (TwinrabTM) Against Human Rabies Immunoglobulin (HRIG). Clin Infect Dis:
ciaa779. https://doi.org/10.1093/cid/ciaa779

Karunanayake D, Matsumoto T, Wimalaratne O, Nanayakkara S, Perera D, Nishizono A, Ahmed K
(2014) Twelve years of rabies surveillance in Sri Lanka, 1999-2010. PLoS Neglect Trop Dis
8(10):e3205. https://doi.org/10.1371/journal.pntd.0003205

Kessels JA, Recuenco S, Navarro-Vela AM, Deray R, Vigilato M, Ertl H et al (2017) Pre-exposure
rabies prophylaxis. a systematic review. Bull World Health Organ 95(3):210–219C. https://doi.
org/10.2471/BLT.16.173039

Kessels J, Tarantola A, Salahuddin N, Blumberg L, Knopf L (2019) Rabies post-exposure prophy-
laxis: a systematic review on abridged vaccination schedules and the effect of changing
administration routes during a single course. Vaccine 37(Suppl 1):A107–A117. https://doi.org/
10.1016/j.vaccine.2019.01.041

Kgaladi J, Faber M, Dietzschold B, Nel LH, Markotter W (2017) Pathogenicity and Immunoge-
nicity of Recombinant Rabies Viruses Expressing the Lagos Bat Virus Matrix and Glycoprotein:
Perspectives for a Pan-Lyssavirus Vaccine. Trop Med Infect Dis 2(3):37. https://doi.org/10.
3390/tropicalmed2030037

Khawplod P, Jaijaroensup W, Sawangvaree A, Prakongsri S, Wilde H (2012) One clinic visit for
pre-exposure rabies vaccination (a preliminary one year study). Vaccine 30(19):2918–2920.
https://doi.org/10.1016/j.vaccine.2011.12.028

Kilic B, Unal B, Semin S, Konakci SK (2006) An important public health problem. rabies suspected
bites and post-exposure prophylaxis in a health district in Turkey. Int J Infect Dis 10(3):248–254

25 Elimination of Rabies: A Missed Opportunity 779



King AA, Meredith CD, Thomson GR (1993) Canid and viverrid rabies viruses in South Africa.
Onderstepoort J Vet Res 60(4):295–299

Kitala P, McDermott J, Kyule M, Gathuma JM, Perry B, Wandeler A (2001) Dog ecology and
demography information to support the planning of rabies control in Machakos District, Kenya.
Acta Trop 78:217–230

Kitala PM, McDermott JJ, Coleman PG, Dye C (2002) Comparison of vaccination strategies for the
control of dog rabies in Machakos District, Kenya. Epidemiol Infect 129(1):215–222

Klein A, Fahrion A, Finke S, Eyngor M, Novak S, Yakobson B et al (2020) Further Evidence of
Inadequate Quality in Lateral Flow Devices Commercially Offered for the Diagnosis of Rabies.
Trop Med Infect Dis 5(1). https://doi.org/10.3390/tropicalmed5010013

Knobel DL, Cleaveland S, Coleman PG, Fevre EM, Meltzer MI, Miranda ME et al (2005)
Re-evaluating the burden of rabies in Africa and Asia. Bull World Health Organ 83(5):360–368

Kole AK, Roy R, Kole DC (2014) Human rabies in India: a problem needing more attention. Bull
World Health Organ 92(4):230. https://doi.org/10.2471/BLT.14.136044

Krystosik A, Njoroge G, Odhiambo L, Forsyth JE, Mutuku F, LaBeaud AD (2020) Solid wastes
provide breeding sites, burrows, and food for biological disease vectors, and urban zoonotic
reservoirs: a call to action for solutions-based research. Front Public Health 7:405. https://doi.
org/10.3389/fpubh.2019.00405

Kuhn JH, Adkins S, Alioto D, Alkhovsky SV, Amarasinghe GK, Anthony SJ et al (2020) 2020
taxonomic update for phylum Negarnaviricota (Riboviria: Orthornavirae), including the large
orders Bunyavirales and Mononegavirales. Arch Virol 165(12):3023–3072. https://doi.org/10.
1007/s00705-020-04731-2

Kularatne SA, Ralapanawa DM, Weerakoon K, Bokalamulla UK, Abagaspitiya N (2016) Pattern of
animal bites and post exposure prophylaxis in rabies: A five year study in a tertiary care unit in
Sri Lanka. BMC Infect Dis 16:62. https://doi.org/10.1186/s12879-016-1394-5

Kuzmin IV, Botvinkin AD, McElhinney LM, Smith JS, Orciari LA, Hughes GJ et al (2004)
Molecular epidemiology of terrestrial rabies in the former Soviet Union. J Wildl Dis 40(4):
617–631

Kuzmin IV, Hughes GJ, Botvinkin AD, Orciari LA, Rupprecht CE (2005) Phylogenetic relation-
ships of Irkut and West Caucasian bat viruses within the Lyssavirus genus and suggested
quantitative criteria based on the N gene sequence for lyssavirus genotype definition. Virus
Res 111(1):28–43

Kuzmin IV, Novella IS, Dietzgen RG, Padhi A, Rupprecht CE (2009) The rhabdoviruses: Biodi-
versity, phylogenetics, and evolution. Infect Genet Evol:9

Kuzmin IV, Shi M, Orciari LA, Yager PA, Velasco-Villa A, Kuzmina NA et al (2012) Molecular
inferences suggest multiple host shifts of rabies viruses from bats to mesocarnivores in
Arizona during 2001-2009. PLoS Pathog 8(6):e1002786. https://doi.org/10.1371/journal.
ppat.1002786

Laager M, Léchenne M, Naissengar K, Mindekem R, Oussiguere A, Zinsstag J, Chitnis N (2019) A
metapopulation model of dog rabies transmission in N’Djamena, Chad. J Theor Biol 462:408–
417. https://doi.org/10.1016/j.jtbi.2018.11.027

Laing G, Vigilato MAN, Cleaveland S, Thumbi SM, Blumberg L, Salahuddin N et al (2020) One
Health for neglected tropical diseases. Trans R Soc Trop Med Hyg 115(2):182–184. https://doi.
org/10.1093/trstmh/traa117

Lan YC, Wen TH, Chang CC, Liu HF, Lee PF, Huang CYet al (2017) IndigenousWildlife Rabies in
Taiwan. Ferret Badgers, a Long Term Terrestrial Reservoir. BioMed Res Int:5491640. https://
doi.org/10.1155/2017/5491640

Lapiz SM, Miranda ME, Garcia RG, Daguro LI, Paman MD, Madrinan FP et al (2012) Implemen-
tation of an intersectoral program to eliminate human and canine rabies. the Bohol Rabies
Prevention and Elimination Project. PLoS Neglect Trop Dis 6(12):e1891

Layan M, Dellicour S, Baele G, Cauchemez S, Bourhy H (2021) Mathematical modelling and
phylodynamics for the study of dog rabies dynamics and control: A scoping review. PLoS
Neglect Trop Dis 15(5):e0009449. https://doi.org/10.1371/journal.pntd.0009449

780 T. Müller et al.



Le Roux K, Stewart D, Perrett KD, Nel LH, Kessels JA, Abela-Ridder B (2018) Rabies control in
KwaZulu-Natal, South Africa. Bull World Health Organ 96(5):360–365. https://doi.org/10.
2471/blt.17.194886

Lechenne M, Oussiguere A, Naissengar K, Mindekem R, Mosimann L, Rives G et al (2016)
Operational performance and analysis of two rabies vaccination campaigns in N’Djamena,
Chad. Vaccine 34(4):571–577. https://doi.org/10.1016/j.vaccine.2015.11.033

Léchenne M, Naïssengar K, Lepelletier A, Alfaroukh IO, Bourhy H, Zinsstag J, Dacheux L (2016)
Validation of a Rapid Rabies Diagnostic Tool for Field Surveillance in Developing Countries.
PLoS Neglect Trop Dis 10(10):e0005010. https://doi.org/10.1371/journal.pntd.0005010

Lechenne M, Mindekem R, Madjadinan S, Oussiguéré A, Moto DD, Naissengar K, Zinsstag J
(2017) The Importance of a Participatory and Integrated One Health Approach for Rabies
Control. The Case of N’Djaména, Chad. Trop Med Infect Dis 2(3):43

Léchenne M, Traore A, Hattendorf J, Kallo V, Oussiguere A, Tetchi M et al (2021) Increasing rabies
data availability: The example of a One Health research project in Chad, Côte d’Ivoire and Mali.
Acta Trop 215:105808. https://doi.org/10.1016/j.actatropica.2020.105808

Ledesma LA, Lemos ERS, Horta MA (2020) Comparing clinical protocols for the treatment of
human rabies: the Milwaukee protocol and the Brazilian protocol (Recife). Rev Soc Bras Med
Trop 53:e20200352. https://doi.org/10.1590/0037-8682-0352-2020

Lembo T, Hampson K, Kaare MT, Ernest E, Knobel D, Kazwala RR et al (2010) The feasibility of
canine rabies elimination in Africa. dispelling doubts with data. PLoS Neglect Trop Dis 4(2):
e626. https://doi.org/10.1371/journal.pntd.0000626

Leonova GN, Belikov SI, Kondratov IG, Krylova NV, Pavlenko EV, Romanova EVet al (2009) A
fatal case of bat lyssavirus infection in Primorye Territory of the Russian Far East. Rabies Bull
Eur 33(4):5–8

Leslie MJ, Messenger S, Rohde RE, Smith J, Cheshier R, Hanlon C, Rupprecht CE (2006)
Bat-associated rabies virus in skunks. Emerg Infect Dis 12(8):1274–1277

Leung T, Davis SA (2017) Rabies Vaccination Targets for Stray Dog Populations. Front Vet Sci 4:
52. https://doi.org/10.3389/fvets.2017.00052

Li AJ, Sreenivasan N, Siddiqi UR, Tahmina S, Penjor K, Sovann L et al (2019) Descriptive
assessment of rabies post-exposure prophylaxis procurement, distribution, monitoring, and
reporting in four Asian countries: Bangladesh, Bhutan, Cambodia, and Sri Lanka, 2017-2018.
Vaccine 37(Suppl 1):A14–A19. https://doi.org/10.1016/j.vaccine.2018.10.011

Lingappa UF, Wu X, Macieik A, Yu SF, Atuegbu A, Corpuz M et al (2013) Host-rabies virus
protein-protein interactions as druggable antiviral targets. Proc Natl Acad Sci U S A 110(10):
E861–E868. https://doi.org/10.1073/pnas.1210198110

Linhart SB, King R, Zamir S, Naveh U, Davidson M, Perl S (1997) Oral rabies vaccination of red
foxes and golden jackals in Israel. preliminary bait evaluation. Rev Sci Tech 16(3):874–880

Lionel Harischandra PA, Gunesekera A, Janakan N, Gongal G, Abela-Ridder B (2016) Sri Lanka
takes action towards a target of zero rabies death by 2020. WHO South East Asia J Public Health
5(2):113–116. https://doi.org/10.4103/2224-3151.206247

Liu Y, Chen Q, Zhang F, Zhang S, Li N, Lian H et al (2013a) Evaluation of rabies biologics against Irkut
virus isolated in China. J Clin Microbiol 51(11):3499–3504. https://doi.org/10.1128/JCM.01565-13

Liu Y, Zhang SF, Zhao JH, Zhang F, Hu RL (2013b) Isolation of Irkut Virus from a Murina
leucogaster Bat in China. PLoS Neglect Trop Dis 7(3):e2097. https://doi.org/10.1371/journal.
pntd.0002097

Luis AD, Hayman DT, O’Shea TJ, Cryan PM, Gilbert AT, Pulliam JR et al (2013) A comparison of
bats and rodents as reservoirs of zoonotic viruses. are bats special? Proc R Soc B Biol Sci 280
(1756):20122753. https://doi.org/10.1098/rspb.2012.2753

Lushasi K, Steenson R, Bernard J, Changalucha JJ, Govella NJ, Haydon DTet al (2020) One Health
in Practice: Using Integrated Bite Case Management to Increase Detection of Rabid Animals in
Tanzania. Front Public Health 8:13. https://doi.org/10.3389/fpubh.2020.00013

Ly S, Buchy P, Heng NY, Ong S, Chhor N, Bourhy H, Vong S (2009) Rabies situation in Cambodia.
PLoS Neglect Trop Dis 3(9):511

25 Elimination of Rabies: A Missed Opportunity 781



Ma X, Monroe BP, Cleaton JM, Orciari LA, Gigante CM, Kirby JD et al (2020) Public Veterinary
Medicine: Public Health: Rabies surveillance in the United States during 2018. J Am Vet Med
Assoc 256(2):195–208. https://doi.org/10.2460/javma.256.2.195

Ma X, Monroe BP, Wallace RM, Orciari LA, Gigante CM, Kirby JD et al (2021) Rabies surveil-
lance in the United States during 2019. J Am Vet Med Assoc 258(11):1205–1220. https://doi.org/
10.2460/javma.258.11.1205

MacInnes CD, Smith SM, Tinline RR, Ayers NR, Bachmann P, Ball DG, Calder LA, Crosgrey SJ,
Fielding C, Hauschildt P, Honig JM, Johnston DH, Lawson KF, Nunan CP, Pedde MA, Pond B,
Stewart RB, Voigt DR (2001) Elimination of rabies from red foxes in eastern Ontario. J Wildl
Dis 37(1):119–132. https://doi.org/10.7589/0090-3558-37.1.119.

Madjadinan A, Hattendorf J, Mindekem R, Mbaipago N, Moyengar R, Gerber F et al (2020)
Identification of risk factors for rabies exposure and access to post-exposure prophylaxis in
Chad. Acta Trop 209:105484. https://doi.org/10.1016/j.actatropica.2020.105484

Maki J, Guiot AL, Aubert M, Brochier B, Cliquet F, Hanlon CA et al (2017) Oral vaccination of
wildlife using a vaccinia-rabies-glycoprotein recombinant virus vaccine (RABORALV-RG(®)).
a global review. Vet Res 48(1):57. https://doi.org/10.1186/s13567-017-0459-9

Malerczyk C, Selhorst T, Tordo N, Moore SA, Müller T (2009) Antibodies induced by vaccination
with purified chick embryo cell culture vaccine (PCECV) cross-neutralize non-classical bat
lyssavirus strains. Vaccine 27(39):5320–5325

Malerczyk C, Freuling C, Gniel D, Giesen A, Selhorst T, Müller T (2014) Cross-neutralization of
antibodies induced by vaccination with Purified Chick Embryo Cell Vaccine (PCECV) against
different Lyssavirus species. Hum Vaccin Immunother 10(10):2799–2804. https://doi.org/10.
4161/21645515.2014.972741

Mandra A, Morán D, Santana PV, La de Marrero MC, Díaz E, Gil M et al (2019) Notes from the
Field: Rabies Outbreak Investigation - Pedernales, Dominican Republic, 2019. MMWR Morb
Mortal Wkly Rep 68(32):704–706. https://doi.org/10.15585/mmwr.mm6832a5

Mangen M-JJ, Batz MB, Käsbohrer A, Hald T, Morris JG, Taylor M, Havelaar AH (2010)
Integrated approaches for the public health prioritization of foodborne and zoonotic pathogens.
Risk Anal 30(5):782–797. https://doi.org/10.1111/j.1539-6924.2009.01291.x

Mansfield KL, McElhinney L, Hübschle O, Mettler F, Sabeta C, Nel LH, Fooks AR (2006a) A
molecular epidemiological study of rabies epizooties in kudu (Tragelaphus strepsiceros) in
Namibia. BMC Vet Res 2:2

Mansfield KL, Racloz V, McElhinney LM, Marston DA, Johnson N, Ronsholt L et al (2006b)
Molecular epidemiological study of Arctic rabies virus isolates from Greenland and comparison
with isolates from throughout the Arctic and Baltic regions. Virus Res 116(1-2):1–10. https://doi.
org/10.1016/j.virusres.2005.08.007

Mariner JC, Roeder PL (2003) Use of participatory epidemiology in studies of the persistence of
lineage 2 rinderpest virus in East Africa. Vet Rec 152(21):641–647

Mariner JC, House JA, Mebus CA, Sollod AE, Chibeu D, Jones BA et al (2012) Rinderpest
eradication. appropriate technology and social innovations. Science (New York, N.Y.) 337
(6100):1309–1312

Markotter W, Coertse J, de Vries L, Geldenhuys M, Mortlock M (2020) Bat-borne viruses in Africa:
a critical review. J Zool 311:77–98. https://doi.org/10.1111/jzo.12769

Marston DA, Horton DL, Ngeleja C, Hampson K, McElhinney LM, Banyard AC et al (2012) Ikoma
Lyssavirus, Highly Divergent Novel Lyssavirus in an African Civet. Emerg Infect Dis 18(4):
664–667. https://doi.org/10.3201/eid1804.111553

Marston DA, Horton DL, Nunez J, Ellis RJ, Orton RJ, Johnson N et al (2017) Genetic analysis of a
rabies virus host shift event reveals within-host viral dynamics in a new host. Virus Evol 3(2):
vex038. https://doi.org/10.1093/ve/vex038

Marston DA, Banyard AC, McElhinney LM, Freuling CM, Finke S, de Lamballerie X et al (2018)
The lyssavirus host-specificity conundrum — rabies virus — the exception not the rule. Curr
Opin Virol 28:68–73. https://doi.org/10.1016/j.coviro.2017.11.007

Mauti S, Léchenne M, Naïssengar S, Traoré A, Kallo V, Kouakou C et al (2020) Field Postmortem
Rabies Rapid Immunochromatographic Diagnostic Test for Resource-Limited Settings with
Further Molecular Applications. J Vis Exp 160:e60008. https://doi.org/10.3791/60008

782 T. Müller et al.



Mazeri S, Bailey B, Jordana L, Mayer D, Chikungwa P, Chulu J, Grossman PO et al (2021) Using
data-driven approaches to improve delivery of animal health care interventions for public health.
Proc Natl Acad Sci U S A 118(5):e2003722118. https://doi.org/10.1073/pnas.2003722118

Mazigo HD, Okumu FO, Kweka EJ, Mnyone LL (2010) Retrospective analysis of suspected rabies
cases reported at bugando referral hospital, mwanza, Tanzania. J Glob Infect Dis 2(3):216–220

McElhinney LM, Marston DA, Wise EL, Freuling CM, Bourhy H, Zanoni R et al (2018) Molecular
Epidemiology and Evolution of European Bat Lyssavirus 2. Int J Mol Sci 19(1):S. 156. https://
doi.org/10.3390/ijms19010156

Medley A, Millien M, Blanton J, Ma X, Augustin P, Crowdis K, Wallace R (2017) Retrospective
Cohort Study to Assess the Risk of Rabies in Biting Dogs, 2013–2015, Republic of Haiti. Trop
Med Infect Dis 2(2):14

Meeting of the Strategic Advisory Group of Experts on immunization (2017) conclusions and
recommendations. Wkly Epidemiol Rec 92(48):729–747

Meslin, F. X.; Kaplan, M. M.; Koprowski, H. (Hg.) (1999): Laboratory Techniques in Rabies.
4. Geneva: World Health Organization.

Mills DJ, Lau CL, Mills C, Furuya-Kanamori L (2021) Efficacy of one-dose intramuscular rabies
vaccine as pre-exposure prophylaxis in travellers. J Travel Med 28(5):taab059. https://doi.org/
10.1093/jtm/taab059

Minghui R, Stone M, Semedo MH, Nel L (2018) New global strategic plan to eliminate
dog-mediated rabies by 2030. Lancet Glob Health 6(8):e828–e829. https://doi.org/10.1016/
S2214-109X(18)30302-4

Miranda, Mary Elizabeth G.; Miranda, Noel Lee J. (2020): Rabies Prevention in Asia: Institution-
alizing Implementation Capacities. In: Hildegund C. J. Ertl (Hg.): Rabies and rabies
vaccines. Cham: Springer, S. 103–116.

Mohammadi D (2016) Moves to consign rabies to history. Lancet Infect Dis 16(10):1115–1116.
https://doi.org/10.1016/S1473-3099(16)30342-5

Mollentze N, Biek R, Streicker DG (2014) The role of viral evolution in rabies host shifts and
emergence. Curr Opin Virol 8:68–72. https://doi.org/10.1016/j.coviro.2014.07.004

Mollentze N, Streicker DG, Murcia PR, Hampson K, Biek R (2020) Virulence mismatches in index
hosts shape the outcomes of cross-species transmission. Proc Natl Acad Sci U S A 117(46):
28859–28866. https://doi.org/10.1073/pnas.2006778117

Molyneux D, Hallaj Z, Keusch GT, McManus DP, Ngowi H, Cleaveland S et al (2011) Zoonoses
and marginalised infectious diseases of poverty. where do we stand? Parasites Vectors 4:106

Mork T, Prestrud P (2004) Arctic Rabies - A Review. Acta Vet Scand 45(1):1–9
Morters MK, McKinley TJ, Horton DL, Cleaveland S, Schoeman JP, Restif O et al (2014)

Achieving population-level immunity to rabies in free-roaming dogs in Africa and Asia. PLoS
Neglect Trop Dis 8(11):e3160. https://doi.org/10.1371/journal.pntd.0003160

Mpolya EA, Lembo T, Lushasi K, Mancy R, Mbunda EM, Makungu S et al (2017) Toward
Elimination of Dog-Mediated Human Rabies. Experiences from Implementing a Large-scale
Demonstration Project in Southern Tanzania. Front Vet Sci 4:S. 21. https://doi.org/10.3389/
fvets.2017.00021

Mtema Z, Changalucha J, Cleaveland S, Elias M, Ferguson HM, Halliday JE et al (2016) Mobile
Phones As Surveillance Tools. Implementing and Evaluating a Large-Scale Intersectoral Sur-
veillance System for Rabies in Tanzania. PLoS Med 13(4):e1002002. https://doi.org/10.1371/
journal.pmed.1002002

Müller T, Freuling CM (2018) Rabies control in Europe. an overview of past, current and future
strategies. Rev Sci Tech 37(2):409–419. https://doi.org/10.20506/rst.37.2.2811

Müller, T.; Freuling, C. M. (2020a): Rabies in terrestrial animals. In: A. R. Fooks und A. C. Jackson
(Hg.): Rabies - Scientific Basis of the Disease and its Management. 4. Aufl.: Elsevier Academic
Press, S. 195–230.

Müller, T.; Freuling, C. M. (2020b): Rabies Vaccines for Wildlife. In: Hildegund C. J. Ertl (Hg.):
Rabies and rabies vaccines. Cham: Springer, S. 45–70.

Müller T, Dietzschold B, Ertl H, Fooks AR, Freuling C, Fehlner-Gardiner C et al (2009) Develop-
ment of a mouse monoclonal antibody cocktail for post-exposure rabies prophylaxis in humans.
PLoS Neglect Trop Dis 3(11):e542

25 Elimination of Rabies: A Missed Opportunity 783



Müller, T.; Demetriou, P.; Moynagh, J.; Cliquet, F.; Fooks, A. R.; Conraths, F. J. et al. (2012):
Rabies elimination in Europe – A success story. In: A. R. Fooks und T. Müller (Hg.): Rabies
Control - Towards Sustainable Prevention at the Source, Compendium of the OIE Global
Conference on Rabies Control, Incheon-Seoul, 7-9 September 2011, Republic of Korea. Paris:
OIE, S. 31–44.

Müller T, Freuling CM, Wysocki P, Roumiantzeff M, Freney J, Mettenleiter TC, Vos A (2015)
Terrestrial rabies control in the European Union. historical achievements and challenges ahead.
Vet J 203(1):10–17. https://doi.org/10.1016/j.tvjl.2014.10.026

Munyua P, Bitek A, Osoro E, Pieracci EG, Muema J, Mwatondo A et al (2016) Prioritization of
Zoonotic Diseases in Kenya, 2015. PloS one 11(8):e0161576. https://doi.org/10.1371/journal.
pone.0161576

Muthiani Y, Traoré A, Mauti S, Zinsstag J, Hattendorf J (2015) Low coverage of central point
vaccination against dog rabies in Bamako, Mali. Prev Vet Med 120(2):203–209. https://doi.org/
10.1016/j.prevetmed.2015.04.007

Nadeem M, Panda PK (2020) Survival in human rabies but left against medical advice and death
followed - Community education is the need of the hour. J Family Med Prim Care 9(3):1736–
1740. https://doi.org/10.4103/jfmpc.jfmpc_1079_19

Nadin-Davis SA, Muldoon F, Wandeler AI (2006a) Persistence of genetic variants of the arctic fox
strain of Rabies virus in southern Ontario. Can J Vet Res 70(1):11–19

Nadin-Davis SA, Torres G, Ribas ML, Guzman M, De La Paz RC, Morales M, Wandeler AI (2006b)
A molecular epidemiological study of rabies in Cuba. Epidemiol Infect 134(6):1313–1324

Nel LH, Sabeta CT, von Teichman B, Jaftha JB, Rupprecht CE, Bingham J (2005) Mongoose rabies
in southern Africa. a re-evaluation based on molecular epidemiology. Virus Res 109(2):165–173

Neville, J. (2004): Rabies in the ancient world. In: A. A. King, A. R. Fooks, M. Aubert und A. I.
Wandeler (Hg.): Historical perspective of rabies in Europe and the Mediterranean Basin. Paris:
OIE, S. 1–13.

Ngugi JN, Maza AK, Omolo OJ, Obonyo M (2018) Epidemiology and surveillance of human
animal-bite injuries and rabies post-exposure prophylaxis, in selected counties in Kenya,
2011-2016. BMC Public Health 18(1):996. https://doi.org/10.1186/s12889-018-5888-5

Nokireki T, Tammiranta N, Kokkonen U-M, Kantala T, Gadd T (2018) Tentative novel lyssavirus in
a bat in Finland. Transbound Emerg Dis 65:593–596. https://doi.org/10.1111/tbed.12833

O’Brien KL, Nolan T, Sage Wg on Rabies (2019) The WHO position on rabies immunization -
2018 updates. Vaccine 37(Suppl 1):A85–A87. https://doi.org/10.1016/j.vaccine.2018.10.014

O’Sullivan A, Willoughby RE, Mishchuk D, Alcarraz B, Cabezas-Sanchez C, Condori RE et al
(2013) Metabolomics of Cerebrospinal Fluid from Humans Treated for Rabies. J Proteome Res
12(1):481–490. https://doi.org/10.1021/pr3009176

Office International des Epizooties (2021) Chapter 3.1.17, Rabies (Infection with Rabies virus and
other Lyssaviruses). In: OIE (Hg.): Manual of Diagnostic Tests and Vaccines for Terrestrial
Animals. Unter Mitarbeit von OIE. 2 Bände. Paris. Online verfügbar unter https://www.oie.int/
fileadmin/Home/eng/Health_standards/tahm/3.01.17_RABIES.pdf, zuletzt geprüft am
20.07.2021

Ortmann S, Vos A, Kretzschmar A, Walther N, Kaiser C, Freuling C, Lojkic I, Müller T (2018)
Safety studies with the oral rabies virus vaccine strain SPBN GASGAS in the small Indian
mongoose (Herpestes auropunctatus). BMC Veterinary Research 14(1):90 https://doi.org/10.
1186/s12917-018-1417-0

Pancharoen C, Thisyakorn U, Lawtongkum W, Wilde H (2001a) Rabies exposures in thai children.
Wilderness Environ Med 12(4):239–243

Pancharoen C, Thisyakorn U, Tantawichien T, Jaijaroensup W, Khawplod P, Wilde H (2001b)
Failure of pre- and postexposure rabies vaccinations in a child infected with HIV. Scand J Infect
Dis 33(5):390–391

Perry BD (1993) Dog ecology in eastern and southern Africa: implications for rabies control.
Onderstepoort J Vet Res 60(4):429–436

Pieracci EG, Scott TP, Coetzer A, Athman M, Mutembei A, Kidane AH et al (2017) The Formation
of the Eastern Africa Rabies Network: A Sub-Regional Approach to Rabies Elimination. Trop
Med Infect Dis 2(3):29. https://doi.org/10.3390/tropicalmed2030029

784 T. Müller et al.



Pudjiatmoko P, Kadun IN (2013) Integrated Bite Case Management (IBCM) in Bali: One Health in
Action. Prince Mahidol Award Conference, Bangkok

Quiambao BP, Dimaano EM, Ambas C, Davis R, Banzhoff A, Malerczyk C (2005) Reducing the
cost of post-exposure rabies prophylaxis: efficacy of 0.1 ml PCEC rabies vaccine administered
intradermally using the Thai Red Cross post-exposure regimen in patients severely exposed to
laboratory-confirmed rabid animals. Vaccine 23(14):1709–1714

Quiambao BP, Dy-Tioco HZ, Dizon RM, Crisostomo ME, Teuwen DE (2009) Rabies post-
exposure prophylaxis with purified equine rabies immunoglobulin. One-year follow-up of
patients with laboratory-confirmed category III rabies exposure in the Philippines. Vaccine 27
(51):7162–7166. https://doi.org/10.1016/j.vaccine.2009.09.036

Robardet E, Bosnjak D, Englund L, Demetriou P, Martín PR, Cliquet F (2019) Zero Endemic Cases
of Wildlife Rabies (Classical Rabies Virus, RABV) in the European Union by 2020: An
Achievable Goal. Trop Med Infect Dis 4:124. https://doi.org/10.3390/tropicalmed4040124

Robertson K, Recuenco S, Niezgoda M, Garcia EJ, Rupprecht CE (2010) Seroconversion following
incomplete human rabies postexposure prophylaxis. Vaccine 28(39):6523–6526. https://doi.org/
10.1016/j.vaccine.2010.06.102

Rohde RE, Rupprecht CE (2020) Update on lyssaviruses and rabies: will past progress play as prologue
in the near term towards future elimination? Fac Rev 9:S. 9. https://doi.org/10.12703/b/9-9

Rosatte, R. C. (2013): Rabies Control in Wild Carnivores. In: A. C. Jackson und W. Wunner (Hg.):
Rabies, Bd. 3. New York: Academic Press, S. 617–670.

Rosatte RC, Howard DR, Campbell JB, MacInnes CD (1990) Intramuscular vaccination of skunks
and raccoons against rabies. J Wildl Dis 26(2):225–230

Rupprecht, C. E.; Plotkin, S. A. (2013): Rabies vaccines. In: S. Plotkin, W. Orenstein und P. Offit
(Hg.): Vaccines. 6 Elsevier, S. 646–668.

Rupprecht CE, Salahuddin N (2019) Current status of human rabies prevention. remaining barriers
to global biologics accessibility and disease elimination. Expert Rev Vaccines 18(6):629–640.
https://doi.org/10.1080/14760584.2019.1627205

Rupprecht, C. E.; Stöhr, K.; Meredith, C. (2001): Rabies. In: E. S. Williams und K. Barker (Hg.):
Infectious diseases of wild mammals. Ames: Iowa State University Press, S. 3–36.

Rupprecht CE, Willoughby R, Slate D (2006) Current and future trends in the prevention, treatment
and control of rabies. Expert Rev Anti Infect Ther 4(6):1021–1038

Rupprecht CE, Barrett J, Briggs D, Cliquet F, Fooks AR, Lumlertdacha B et al (2008) Can rabies be
eradicated? Dev Biol (Basel) 131:95–121

Rupprecht CE, Briggs D, Brown CM, Franka R, Katz SL, Kerr HD et al (2009) Evidence for a
4-dose vaccine schedule for human rabies post-exposure prophylaxis in previously
non-vaccinated individuals. Vaccine 27(51):7141–7148. https://doi.org/10.1016/j.vaccine.
2009.09.029

Rupprecht CE, Briggs D, Brown CM, Franka R, Katz SL, Kerr HD et al (2010) Use of a reduced
(4-dose) vaccine schedule for postexposure prophylaxis to prevent human rabies: recommen-
dations of the advisory committee on immunization practices. MMWR Recomm Rep 59(RR-2):
1–9

Rupprecht C, Kuzmin I, Meslin F (2017) Lyssaviruses and rabies. current conundrums, concerns,
contradictions and controversies. F1000Research 6:184. https://doi.org/10.12688/
f1000research.10416.1

Rupprecht, Charles E.; Freuling, Conrad M.; Mani, Reeta S.; Palacios, Carlos; Sabeta, Claude T.;
Ward, Michael (2020a): A history of rabies—The foundation for global canine rabies
elimination. In: A. R. Fooks und A. C. Jackson (Hg.): Rabies - Scientific Basis of the Disease
and its Management. 4. Aufl.: Elsevier Academic Press, S. 1–42.

Rupprecht, Charles E.; Yager, Mary L.; Newhouse, Richard H. (2020b): Passive Immunity in
Rabies Prophylaxis. In: Hildegund C. J. Ertl (Hg.): Rabies and rabies vaccines. Cham: Springer,
S. 117–139.

Sabeta C, Ngoepe EC (2018) Controlling dog rabies in Africa: successes, failures and prospects for
the future. Rev Sci Tech 37(2):439–449. https://doi.org/10.20506/rst.37.2.2813

Sabeta C, Phahladira B (2013) Mokola virus (MOKV) in southern Africa. A review of genetic,
epidemiologic and surveillance studies. iConcept Press

25 Elimination of Rabies: A Missed Opportunity 785



Sabeta CT, Bingham J, Nel LH (2003) Molecular epidemiology of canid rabies in Zimbabwe and
South Africa. Virus Res 91(2):203–211

Salyer SJ, Silver R, Simone K, Behravesh B, Casey (2017) Prioritizing Zoonoses for Global Health
Capacity Building-Themes from One Health Zoonotic Disease Workshops in 7 Countries,
2014-2016. Emerg Infect Dis 23(13):S57–S64. https://doi.org/10.3201/eid2313.170418

Sambo M, Johnson PC, Hotopp K, Changalucha J, Cleaveland S, Kazwala R et al (2017)
Comparing Methods of Assessing Dog Rabies Vaccination Coverage in Rural and Urban
Communities in Tanzania. Front Vet Sci 4:33. https://doi.org/10.3389/fvets.2017.00033

Sánchez-Soriano C, Gibson AD, Gamble L, Bailey B, Jordana L, Green S, Green M et al (2019)
Development of a high number, high coverage dog rabies vaccination programme in Sri Lanka.
BMC Infect Dis 19(1):977. https://doi.org/10.1186/s12879-019-4585-z

Saunders KO (2019) Conceptual approaches to modulating antibody effector functions and circu-
lation half-life. Front Immunol 10:1296. https://doi.org/10.3389/fimmu.2019.01296

Schatz J, Fooks AR, McElhinney L, Horton D, Echevarria J, Vazquez-Moron S et al (2013) Bat
Rabies Surveillance in Europe. Zoonoses Public Health 60(1):22–34. https://doi.org/10.1111/
zph.12002

Schneider MC, Belotto A, Adé MP, Hendrickx S, Leanes LF, Rodrigues MJ et al (2007) Current
status of human rabies transmitted by dogs in Latin America. Cadernos de saude publica 23(9):
2049–2063

Scott TP, Hassel R, Nel L (2012) Rabies in kudu (Tragelaphus strepsiceros). Berl Munch Tierarztl
Wochenschr 125(5-6):236–241

Scott TP, Coetzer A, de Balogh K, Wright N, Nel LH (2015) The Pan-African Rabies Control
Network (PARACON). A unified approach to eliminating canine rabies in Africa. Antiviral Res
124:93–100. https://doi.org/10.1016/j.antiviral.2015.10.002

Scott TP, Coetzer A, Fahrion AS, Nel LH (2017) Addressing the Disconnect between the Estimated,
Reported, and True Rabies Data. The Development of a Regional African Rabies Bulletin. Front
Vet Sci 4:S. 18. https://doi.org/10.3389/fvets.2017.00018

Seetahal JF, Velasco-Villa A, Allicock OM, Adesiyun AA, Bissessar J, Amour K et al (2013)
Evolutionary history and phylogeography of rabies viruses associated with outbreaks in Trin-
idad. PLoS Neglect Trop Dis 7(8):e2365. https://doi.org/10.1371/journal.pntd.0002365

Seetahal J, Vokaty A, Vigilato M, Carrington C, Pradel J, Louison B et al (2018) Rabies in the
Caribbean. A Situational Analysis and Historic Review. Trop Med Infect Dis 3(3):89

Seifman R, Kaplan B (2021) Seismic shift by G7 in recognizing One Health as Critical to
Everyone’s Health. Online verfügbar unter https://impakter.com/g7-recognizing-one-health/,
zuletzt geprüft am 30.07.2021

Sekamatte M, Krishnasamy V, Bulage L, Kihembo C, Nantima N, Monje F et al (2018) Multi-
sectoral prioritization of zoonotic diseases in Uganda, 2017: A One Health perspective. PloS one
13(5):e0196799. https://doi.org/10.1371/journal.pone.0196799

Servat A, Wasniewski M, Cliquet F (2019) Cross-protection of inactivated rabies vaccines for
veterinary use against bat lyssaviruses occurring in Europe. Viruses 11(10):936. https://doi.org/
10.3390/v11100936

Setien AA, Brochier B, Tordo N, de Paz O, Desmettre P, Peharpre D, Pastoret PP (1998)
Experimental rabies infection and oral vaccination in vampire bats (Desmodus rotundus).
Vaccine 16(11-12):1122–1126

Shantavasinkul, P.; Wilde, H. (2011): Postexposure Prophylaxis for Rabies in Resource-Limited/
Poor Countries. In: A. C. Jackson (Hg.): Adv Virus Res, Bd. 79. Amsterdam: Elsevier,
S. 291–307.

Shantavasinkul P, Tantawichien T, Jaijaroensup W, Lertjarutorn S, Banjongkasaena A, Wilde H,
Sitprija V (2010a) A 4-Site, Single-Visit Intradermal Postexposure Prophylaxis Regimen for
Previously Vaccinated Patients. Experiences with > 5000 Patients. Clin Infect Dis 51(9):1070–
1072. https://doi.org/10.1086/656585

Shantavasinkul P, Tantawichien T, Wacharapluesadee S, Jeamanukoolkit A, Udomchaisakul P,
Chattranukulchai P et al (2010b) Failure of rabies postexposure prophylaxis in patients

786 T. Müller et al.



presenting with unusual manifestations. Clin Infect Dis 50(1):77–79. https://doi.org/10.1086/
649873

Shantavasinkul P, Tantawichien T, Wilde H, Sawangvaree A, Kumchat A, Ruksaket N et al (2010c)
Postexposure Rabies Prophylaxis Completed in 1 Week. Preliminary Study. Clin Infect Dis 50
(1):56–60. https://doi.org/10.1086/649211

Shulpin MI, Nazarov NA, Chupin SA, Korennoy FI, Metlin AY, Mischenko AV (2018) Rabies
surveillance in the Russian Federation. Rev Sci Tech 37(2):483–495. https://doi.org/10.20506/
rst.37.2.2817

Shwiff S, Hampson K, Anderson A (2013) Potential economic benefits of eliminating canine rabies.
Antiviral Res 98(2):352–356. https://doi.org/10.1016/j.antiviral.2013.03.004

Shwiff SA, Brown VR, Dao TT, Elser J, Trung HX, Tien NN et al (2018) Estimating the economic
impact of canine rabies to Viet Nam 2005-2014. PLoS Neglect Trop Dis 12(10):e0006866.
https://doi.org/10.1371/journal.pntd.0006866

Sidwa TJ, Wilson PJ, Moore GM, Oertli EH, Hicks BN, Rohde RE, Johnston DH (2005) Evaluation
of oral rabies vaccination programs for control of rabies epizootics in coyotes and gray foxes:
1995–2003. J American Veterinary Medical Association 227(5):785–792 https://doi.org/10.
2460/javma.2005.227.785

Silva ML, Rodrigues C, da Lima FS, de Gomes AAB, de Azevedo SS, Alves CJ, Bernardi F, Ito FH
(2009) Isolation of rabies virus from the parotid salivary glands of foxes (Pseudalopex vetulus)
from Paraíba State, Northeastern Brazil. Braz J Microbiol 40:446–449

Slate D, Algeo TP, Nelson KM, Chipman RB, Donovan D, Blanton JD et al (2009) Oral rabies
vaccination in north america. opportunities, complexities, and challenges. PLoS Neglect Trop
Dis 3(12):e549. https://doi.org/10.1371/journal.pntd.0000549

Sloan SE, Hanlon C, Weldon W, Niezgoda M, Blanton J, Self J et al (2007) Identification and
characterization of a human monoclonal antibody that potently neutralizes a broad panel of
rabies virus isolates. Vaccine 25(15):2800–2810

Smith TG, Wu X, Franka R, Rupprecht CE (2011) Design of future rabies biologics and antiviral
drugs. Adv Virus Res 79:345–363

Smith SP, Wu G, Fooks AR, Ma J, Banyard AC (2019a) Trying to treat the untreatable: experi-
mental approaches to clear rabies virus infection from the CNS. J Gen Virol 100(8):1171–1186.
https://doi.org/10.1099/jgv.0.001269

Smith TG, Millien M, Vos A, Fracciterne FA, Crowdis K, Chirodea C et al (2019b) Evaluation of
immune responses in dogs to oral rabies vaccine under field conditions. Vaccine 37(33):4743–
4749. https://doi.org/10.1016/j.vaccine.2017.09.096

Smith TG, Jackson FR, Morgan CN, Carson WC, Martin BE, Gallardo-Romero N et al (2020)
Antiviral Ranpirnase TMR-001 inhibits rabies virus release and cell-to-cell infection in vitro.
Viruses 12(2):177. https://doi.org/10.3390/v12020177

Soentjens P, Andries P, Aerssens A, Tsoumanis A, Ravinetto R, Heuninckx W et al (2019)
Preexposure intradermal rabies vaccination: a noninferiority trial in healthy adults on shortening
the vaccination schedule from 28 to 7 days. Clin Infect Dis 68(4):607–614. https://doi.org/10.
1093/cid/ciy513

Song M, Tang Q, Wang DM, Mo ZJ, Guo SH, Li H et al (2009) Epidemiological investigations of
human rabies in China. BMC Infect Dis 9(210):1471–2334

Song M, Tang Q, Rayner S, Tao XY, Li H, Guo ZY et al (2014) Human rabies surveillance and
control in China, 2005-2012. BMC Infect Dis 14:212. https://doi.org/10.1186/1471-2334-
14-212

Sparkes J, Körtner G, Ballard G, Fleming PJS, Brown WY (2014) Effects of sex and reproductive
state on interactions between free-roaming domestic dogs. PloS one 9(12):e116053. https://doi.
org/10.1371/journal.pone.0116053

Sparrow E, Torvaldsen S, Newall AT, Wood JG, Sheikh M, Kieny MP, Abela-Ridder B (2019)
Recent advances in the development of monoclonal antibodies for rabies post exposure pro-
phylaxis. A review of the current status of the clinical development pipeline. Vaccine 37(Suppl
1):A132–A139. https://doi.org/10.1016/j.vaccine.2018.11.004

25 Elimination of Rabies: A Missed Opportunity 787



Sriaroon C, Sriaroon P, Daviratanasilpa S, Khawplod P, Wilde H (2006) Retrospective: animal
attacks and rabies exposures in Thai children. Travel Med Infect Dis 4(5):270–274

Srinivasan K, Kurz T, Kuttuva P, Pearson C (2019) Reorienting rabies research and practice:
Lessons from India. Palgrave communications 5:152. https://doi.org/10.1057/s41599-019-
0358-y

Stading B, Ellison JA, Carson WC, Satheshkumar PS, Rocke TE, Osorio JE (2017) Protection of
bats (Eptesicus fuscus) against rabies following topical or oronasal exposure to a recombinant
raccoon poxvirus vaccine. PLoS Neglect Trop Dis 11(10):e0005958. https://doi.org/10.1371/
journal.pntd.0005958

Steck F, Wandeler AI, Bichsel P, Capt S, Schneider LG (1982) Oral Immunisation of Foxes against
Rabies. Zentralbl Veterinarmed B 29:372–396

Sterner RT, Meltzer MI, Shwiff SA, Slate D (2009) Tactics and economics of wildlife oral rabies
vaccination, Canada and the United States. Emerg Infect Dis 15(8):1176–1184. https://doi.org/
10.3201/eid1508.081061

Stevenson B, Goltz J, Massé A (2016) Preparing for and responding to recent incursions of raccoon
rabies variant into Canada. Canada communicable disease report ¼ Releve des maladies
transmissibles au Canada 42(6):125–129. https://doi.org/10.14745/ccdr.v42i06a03

Stokes W, McFarland R, Kulpa-Eddy J, Gatewood D, Levis R, Halder M et al (2012) Report on the
international workshop on alternative methods for human and veterinary rabies vaccine testing.
state of the science and planning the way forward. Biologicals 40(5):369–381

Streicker DG, Recuenco S, Valderrama W, Gomez Benavides J, Vargas I, Pacheco V et al (2012)
Ecological and anthropogenic drivers of rabies exposure in vampire bats. implications for
transmission and control. Proc R Soc B Biol Sci 279(1742):3384–3392. https://doi.org/10.
1098/rspb.2012.0538

Sudarshan MK, Mahendra BJ, Narayan DH (2001) A community survey of dog bites, anti-rabies
treatment, rabies and dog population management in Bangalore city. J Commun Dis 33(4):245–
251

Sudarshan MK, Madhusudana SN, Mahendra BJ, Rao NS, Narayan DH, Rahman SA et al (2007)
Assessing the burden of human rabies in India. results of a national multi-center epidemiological
survey. Int J Infect Dis 11(1):29–35

Sudarshan MK, Narayana A, Hanumanthaiah D (2019) Appraisal of surveillance of human rabies
and animal bites in seven states of India. Indian J Public Health 63(Supplement):S3–S8. https://
doi.org/10.4103/ijph.IJPH_377_19

Sultanov AA, Abdrakhmanov SK, Abdybekova AM, Karatayev BS, Torgerson PR (2016) Rabies in
Kazakhstan. PLoS Neglect Trop Dis 10(8):e0004889. https://doi.org/10.1371/journal.pntd.
0004889

Taylor LH, Nel LH (2015) Global epidemiology of canine rabies: past, present, and future
prospects. Vet Med-Res Rep 6:361–371. https://doi.org/10.2147/VMRR.S51147

Taylor L, Partners for Rabies Prevention (2013) Eliminating canine rabies. The role of public-
private partnerships. Antiviral Res 98(2):314–318. https://doi.org/10.1016/j.antiviral.2013.
03.002

Taylor LH, Knopf L, the Partners for Rabies, Prevention (2015) Surveillance of human rabies by
national authorities - a global survey. Zoonoses Public Health 62(7):543–552. https://doi.org/10.
1111/zph.12183

Taylor LH, Hampson K, Fahrion A, Abela-Ridder B, Nel LH (2017a) Difficulties in estimating the
human burden of canine rabies. Acta Trop 165:133–140. https://doi.org/10.1016/j.actatropica.
2015.12.007

Taylor LH, Wallace RM, Balaram D, Lindenmayer JM, Eckery DC, Mutonono-Watkiss B et al
(2017b) The role of dog population management in rabies elimination-a review of current
approaches and future opportunities. Front Vet Sci 4:109. https://doi.org/10.3389/fvets.2017.
00109

Taylor E, Vilas DR, Victor, Scott T, Coetzer A, Prada JM, Alireza G et al (2021) Rabies in the
Middle East, Eastern Europe, Central Asia and North Africa: Building evidence and delivering a

788 T. Müller et al.



regional approach to rabies elimination. J Infect Public Health 14(6):787–794. https://doi.org/
10.1016/j.jiph.2021.02.009

Te Kamp V, Freuling CM, Vos A, Schuster P, Kaiser C, Ortmann S et al (2020) Responsiveness of
various reservoir species to oral rabies vaccination correlates with differences in vaccine uptake
of mucosa associated lymphoid tissues. Sci Rep 10(1):S. 2919. https://doi.org/10.1038/s41598-
020-59719-4

Tenzin, Wangdi K, Ward MP (2012) Human and animal rabies prevention and control cost in
Bhutan, 2001-2008: the cost-benefit of dog rabies elimination. Vaccine 31(1):260–270. https://
doi.org/10.1016/j.vaccine.2012.05.023

Tenzin T, Ahmed R, Debnath NC, Ahmed G, Yamage M (2015) Free-roaming dog population
estimation and status of the dog population management and rabies control program in Dhaka
City, Bangladesh. PLoS Neglect Trop Dis 9(5):e0003784. https://doi.org/10.1371/journal.pntd.
0003784

Terryn S, Francart A, Lamoral S, Hultberg A, Rommelaere H, Wittelsberger A et al (2014)
Protective effect of different anti-rabies virus VHH constructs against rabies disease in mice.
PloS one 9(10):e109367. https://doi.org/10.1371/journal.pone.0109367

Terryn S, Francart A, Rommelaere H, Stortelers C, van Gucht S (2016) Post-exposure treatment
with anti-rabies vhh and vaccine significantly improves protection of mice from Lethal rabies
infection. PLoS Neglect Trop Dis 10(8):e0004902. https://doi.org/10.1371/journal.pntd.
0004902

Tinsa F, Borgi A, Jahouat I, Boussetta K (2015) Rabies encephalitis in a child: a failure of rabies
post exposure prophylaxis? BMJ Case Rep:bcr2014206191. https://doi.org/10.1136/bcr-
2014-206191

Tohma K, Saito M, Demetria CS, Manalo DL, Quiambao BP, Kamigaki T, Oshitani H (2016)
Molecular and mathematical modeling analyses of inter-island transmission of rabies into a
previously rabies-free island in the Philippines. Infect Genet Evol. 38:22–28. https://doi.org/10.
1016/j.meegid.2015.12.001

Townsend SE, Sumantra IP, Pudjiatmoko, Bagus GN, Brum E, Cleaveland S et al (2013) Designing
programs for eliminating canine rabies from islands. Bali, Indonesia as a case study. PLoS
Neglect Trop Dis 7(8):e2372. https://doi.org/10.1371/journal.pntd.0002372

Umeno S, Doi Y (1921) A study on the Antirabic inoculation of dogs, and the results of its practical
application. Kitasato Arch. Exp. Med 4(2):89–108

Ün H, Eskiizmirliler S, Ünal N, Freuling C, Johnson N, Fooks AR et al (2012) Oral vaccination of
foxes against rabies in Turkey between 2008 and 2010. Berl Munch Tierarztl Wochenschr
125(5-6):203–208

Undurraga EA, Meltzer MI, Tran CH, Atkins CY, Etheart MD, Millien MF et al (2017) Cost-
effectiveness evaluation of a novel integrated bite case management program for the control of
human rabies, Haiti 2014-2015. Am J Trop Med Hyg 96(6):1307–1317. https://doi.org/10.4269/
ajtmh.16-0785

Undurraga EA, Millien MF, Allel K, Etheart MD, Cleaton J, Ross Y, Wallace RM (2020) Costs and
effectiveness of alternative dog vaccination strategies to improve dog population coverage in
rural and urban settings during a rabies outbreak. Vaccine 38(39):6162–6173. https://doi.org/10.
1016/j.vaccine.2020.06.006

United Against Rabies (2021) United against rabies forum: zero by 30: One Health in action.
Partnering for success. Eliminating rabies is an achievable goal, if we work together. Hg. v. B.
Abela-Ridder. WHO and FAO and OIE. Online verfügbar unter https://www.who.int/
publications/i/item/WHO-UCN-NTD-VVE-2021.1, zuletzt geprüft am 30.07.2021

United Against Rabies Collaboration (2019) Zero by 30: First Annual Progress Report. The Global
Strategic Plan to end Human Deaths from Dog-mediated Rabies by 2030. Hg. v. United Against
Rabies Collaboration, Geneva

Velasco-Villa A, Reeder SA, Orciari LA, Yager PA, Franka R, Blanton JD et al (2008) Enzootic
rabies elimination from dogs and reemergence in wild terrestrial carnivores, United States.
Emerg Infect Dis 14(12):1849–1854. https://doi.org/10.3201/eid1412.080876

25 Elimination of Rabies: A Missed Opportunity 789



Velasco-Villa A, Escobar LE, Sanchez A, Shi M, Streicker DG, Gallardo-Romero NF et al (2017a)
Successful strategies implemented towards the elimination of canine rabies in the Western
Hemisphere. Antiviral Res 143:1–12. https://doi.org/10.1016/j.antiviral.2017.03.023

Velasco-Villa A, Mauldin MR, Shi M, Escobar LE, Gallardo-Romero NF, Damon I et al (2017b)
The history of rabies in the Western Hemisphere. Antiviral Res 146:221–232. https://doi.org/10.
1016/j.antiviral.2017.03.013

Vigilato MA, Clavijo A, Knobl T, Silva HM, Cosivi O, Schneider MC et al (2013a) Progress
towards eliminating canine rabies. policies and perspectives from Latin America and the
Caribbean. Philos Trans R Soc Lond B Biol Sci 368(1623):20120143. https://doi.org/10.
1098/rstb.2012.0143

Vigilato MAN, Cosivi O, Knöbl T, Clavijo A, Silva HMT (2013b) Rabies update for Latin America
and the Caribbean. Emerg Infect Dis 19(4):678–679. https://doi.org/10.3201/eid1904.121482

Vilas DR, Victor J, de Carvalho F, Mary J, Vigilato MAN, Rocha F, Vokaty A, Pompei JA et al
(2017) Tribulations of the Last Mile: Sides from a Regional Program. Front Vet Sci 4:4. https://
doi.org/10.3389/fvets.2017.00004

Vos A, Freuling C, Eskiizmirliler S, Un H, Aylan O, Johnson N et al (2009) Rabies in foxes, Aegean
region, Turkey. Emerg Infect Dis 15(10):1620–1622

Vos A, Nunan C, Bolles D, Müller T, Fooks AR, Tordo N, Baer GM (2011) The occurrence of rabies
in pre-Columbian Central America. an historical search. Epidemiol Infect 139(10):1445–1452.
https://doi.org/10.1017/S0950268811001440

Vos A, Ortmann S, Kretzschmar AS, Köhnemann B, Michler F (2012) The raccoon (Procyon lotor)
as potential rabies reservoir species in Germany. a risk assessment. Berl Munch Tierarztl
Wochenschr 125(5-6):228–235

Vos A, Kretzschmar A, Ortmann S, Lojkic I, Habla C, Müller T, Kaiser C, Hundt B, Schuster P
(2013) Herpestes auropunctatus. J Wildl Dis 49(4) 1033–1036. https://doi.org/10.7589/2013-
02-035

Walker PJ, Siddell SG, Lefkowitz EJ, Mushegian AR, Adriaenssens EM, Dempsey DM et al (2020)
Changes to virus taxonomy and the Statutes ratified by the International Committee on Taxon-
omy of Viruses (2020). Arch Virol 165(11):2737–2748. https://doi.org/10.1007/s00705-020-
04752-x

Wallace RM, Reses H, Franka R, Dilius P, Fenelon N, Orciari L et al (2015) Establishment of a High
Canine Rabies Burden in Haiti through the Implementation of a Novel Surveillance Program
corrected. PLoS Neglect Trop Dis 9(11):e0004245. https://doi.org/10.1371/journal.pntd.
0004245

Wallace RM, Undurraga EA, Blanton JD, Cleaton J, Franka R (2017) Elimination of dog-mediated
human rabies deaths by 2030. Needs assessment and alternatives for progress based on dog
vaccination. Front Vet Sci 4:9. https://doi.org/10.3389/fvets.2017.00009

Wallace RM, Undurraga EA, Gibson A, Boone J, Pieracci EG, Gamble L, Blanton JD (2019)
Estimating the effectiveness of vaccine programs in dog populations. Epidemiol Infect 147:
e247. https://doi.org/10.1017/S0950268819001158

Wallace RM, Cliquet F, Fehlner-Gardiner C, Fooks AR, Sabeta CT, Setién AA et al (2020) Role of
oral rabies vaccines in the elimination of dog-mediated human rabies deaths. Emerg Infect Dis
26(12). https://doi.org/10.3201/eid2612.201266

Wandeler A (2000) Oral immunization against rabies. afterhoughts and foresight. Schweiz Arch
Tierheilkd 142(8):455–462

Wandeler, A. (2004): Epidemiology and ecology of fox rabies in Europe. In: A. A. King, A. R.
Fooks, M. Aubert und A. I. Wandeler (Hg.): Historical perspective of rabies in Europe and the
Mediterranean Basin. Paris: OIE, S. 201–214.

Wang H, Zhang G, Wen Y, Yang S, Xia X, Fu ZF (2011a) Intracerebral administration of
recombinant rabies virus expressing GM-CSF prevents the development of rabies after infection
with street virus. PloS one 6(9):e25414. https://doi.org/10.1371/journal.pone.0025414

Wang Y, Rowley KJ, Booth BJ, Sloan SE, Ambrosino DM, Babcock GJ (2011b) G glycoprotein
amino acid residues required for human monoclonal antibody RAB1 neutralization are

790 T. Müller et al.



conserved in rabies virus street isolates. Antiviral Res 91(2):187–194. https://doi.org/10.1016/j.
antiviral.2011.06.002

Warembourg C, Fournié G, Abakar MF, Alvarez D, Berger-González M, Odoch T et al (2021)
Predictors of free-roaming domestic dogs’ contact network centrality and their relevance for
rabies control. Sci Rep 11(1):12898. https://doi.org/10.1038/s41598-021-92308-7

Warrell MJ (2012) Current rabies vaccines and prophylaxis schedules: preventing rabies before and
after exposure. Travel Med Infect Dis 10(1):1–15

Warrell MJ (2019a) Rabies post-exposure vaccination in 2 visits within a week: a 4-site intradermal
regimen. Vaccine 37(9):1131–1136. https://doi.org/10.1016/j.vaccine.2019.01.019

Warrell MJ (2019b) Simplification of Rabies Postexposure Prophylaxis: a New 2-Visit Intradermal
Vaccine Regimen. Am J Trop Med Hyg 101(6):1199–1201. https://doi.org/10.4269/ajtmh.
19-0252

Weyer J, Kuzmin IV, Rupprecht CE, Nel LH (2008) Cross-protective and cross-reactive immune
responses to recombinant vaccinia viruses expressing full-length lyssavirus glycoprotein genes.
Epidemiol Infect 136(5):670–678. https://doi.org/10.1017/S0950268807008965

Weyer J, Szmyd-Potapczuk AV, Blumberg LH, Leman PA, Markotter W, Swanepoel R et al (2011)
Epidemiology of human rabies in South Africa, 1983-2007. Virus Res 155(1):283–290

WHO and OIE (Hg.) (2015) Human and Dog Rabies Vaccines and immunoglobulins. Report of a
Meeting. Geneva, 12-13 October 2015. World Health Organization; World Organization for
Animal Health, Geneva

WHO and OIE (Hg.) (2016) Global elimination of dog-mediated human rabies: the time is now!
Report of the Rabies Global Conference 10-11 December 2015, Geneva. Switzerland. World
Health Organization; World Organization for Animal Health, Paris

WHO Rabies Modelling Consortium (2019) The potential effect of improved provision of rabies
post-exposure prophylaxis in Gavi-eligible countries. a modelling study. Lancet Infect Dis
19(1):P102–P111. https://doi.org/10.1016/S1473-3099(18)30512-7

Wilde H (2007) Failures of post-exposure rabies prophylaxis. Vaccine 25(44):7605–7609. https://
doi.org/10.1016/j.vaccine.2007.08.054

Wilde H, Choomkasien P, Hemachudha T, Supich C, Chutivongse S (1989) Failure of rabies
postexposure treatment in Thailand. Vaccine 7(1):49–52. https://doi.org/10.1016/0264-410x
(89)90010-8

Wilde H, Sirikawin S, Sabcharoen A, Kingnate D, Tantawichien T, Harischandra PA et al (1996)
Failure of postexposure treatment of rabies in children. Clin Infect Dis 22(2):228–232

Willoughby RE Jr, Tieves KS, Hoffman GM, Ghanayem NS, Amlie-Lefond CM, Schwabe MJ et al
(2005) Survival after treatment of rabies with induction of coma. New Engl J Med 352(24):
2508–2514

Willoughby RE Jr (2007) A cure for rabies? Sci Am 296(4):88–95
Willoughby RE, Roy-Burman A, Martin KW, Christensen JC, Westenkirschner DF, Fleck JD et al

(2008) Generalised cranial artery spasm in human rabies. Dev Biol (Basel) 131:367–375
Willoughby RE, Opladen T, Maier T, Rhead W, Schmiedel S, Hoyer J et al (2009) Tetra-

hydrobiopterin deficiency in human rabies. J Inherit Metab Dis 32(1):65–72. https://doi.org/
10.1007/s10545-008-0949-z

Windiyaningsih C, Wilde H, Meslin FX, Suroso T, Widarso HS (2004) The Rabies Epidemic on
Flores Island, Indonesia (1998-2003). J Med Assoc Thai 84(11):1389–1393

World Health Organization (2011) mHealth. Second Global Survey on eHealth. World Health
Organization, Geneva. Online verfügbar unter http://gbv.eblib.com/patron/FullRecord.aspx?
p¼851142

World Health Organization (2013) Expert consultation on rabies, second report.WHO Tech Rep Ser
982:1–150

World Health, Organization (2018) WHO expert consultation on rabies: third report, WHO tech-
nical report series;1012. World Health Organization, Geneva

World Health Organization (2018a) Rabies vaccines: WHO position paper, April 2018 - Recom-
mendations. Vaccine 36(37):5500–5503. https://doi.org/10.1016/j.vaccine.2018.06.061

25 Elimination of Rabies: A Missed Opportunity 791



World Health Organization (2018b) WHO expert consultation on rabies, third report. WHO Tech
Rep Ser 1012:195

World Health Organization (Hg.) (2015a) From Concept to Completion: The Rabies Control Pilot
Project Supported by the Bill & Melinda Gates Foundation. World Health Organization. Online
verfügbar unter https://www.who.int/activities/leading-and-coordinating-anti-rabies-efforts-
with-One-Health-partners/control-and-elimination-strategies, zuletzt geprüft am 20.07.2021

World Health Organization (Hg.) (2015b) New global framework to eliminate rabies. News release.
Online verfügbar unter https://www.who.int/news/item/10-12-2015-new-global-framework-to-
eliminate-rabies, zuletzt geprüft am 30.07.2021

World Health Organization (Hg.) (2015c) Rationale for Investing in the Global Elimination of
Dog-Mediated Human Rabies. World Health Organization, Geneva. Online verfügbar unter
https://www.who.int/publications/i/item/9789241509558

Wright N, Subedi D, Pantha S, Acharya KP, Nel LH (2021) The role of waste management in
control of rabies: a neglected issue. Viruses 13:225. https://doi.org/10.3390/v13020225

Wu XF, Smith TG, Rupprecht CE (2011) From brain passage to cell adaptation: the road of human
rabies vaccine development. Expert Rev Vaccines 10(11):1597–1608. https://doi.org/10.1586/
erv.11.140

Yale G, Gibson AD, Mani RS, Harsha PK, Costa NC, Corfmat J et al (2019) Evaluation of an
Immunochromatographic Assay as a Canine Rabies Surveillance Tool in Goa, India. Viruses 11:
649. https://doi.org/10.3390/v11070649

Yasobant S, Saxena D, Bruchhausen W, Memon FZ, Falkenberg T (2019) Multi-sectoral prioriti-
zation of zoonotic diseases: One health perspective from Ahmedabad, India. PloS one 14(7):
e0220152. https://doi.org/10.1371/journal.pone.0220152

Zhang S, Tang Q, Wu X, Liu Y, Zhang F, Rupprecht CE, Hu R (2009) Rabies in ferret badgers,
southeastern China. Emerg Infect Dis 15(6):946–949. https://doi.org/10.3201/eid1506.081485

Zieger U, Marston DA, Sharma R, Chikweto A, Tiwari K, Sayyid M et al (2014) The
phylogeography of rabies in Grenada, West Indies, and implications for control. PLoS Neglect
Trop Dis 8(10):e3251. https://doi.org/10.1371/journal.pntd.0003251

Zinsstag J (2013) Towards a science of rabies elimination. Infect Dis Poverty 2:S. 22. https://doi.
org/10.1186/2049-9957-2-22

Zinsstag J, Durr S, Penny MA, Mindekem R, Roth F, Gonzalez SM et al (2009) Transmission
dynamics and economics of rabies control in dogs and humans in an African city. Proc Natl
Acad Sci U S A 106(35):14996–15001. https://doi.org/10.1073/pnas.0904740106

Zinsstag J, Lechenne M, Laager M, Mindekem R, Naissengar S, Oussiguere A et al (2017)
Vaccination of dogs in an African city interrupts rabies transmission and reduces human
exposure. Sci Trans Med 9:eaaf6984. https://doi.org/10.1126/scitranslmed.aaf6984

792 T. Müller et al.



Zoonotic Transmission of Chlamydia spp.:
Known for 140 Years, but Still
Underestimated

26

Nicole Borel and Konrad Sachse

Contents
26.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 794
26.2 Epidemiology of Zoonotic Infections in Animals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 797

26.2.1 Chlamydia psittaci . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 797
26.2.2 Chlamydia abortus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 799
26.2.3 Chlamydia caviae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 800
26.2.4 Chlamydia felis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 801

26.3 Epidemiology of Chlamydial Zoonoses in Humans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 802
26.3.1 Chlamydia psittaci . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 802
26.3.2 Chlamydia abortus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 805
26.3.3 Chlamydia caviae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 806
26.3.4 Chlamydia felis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 806
26.3.5 Other Chlamydial Species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 807

26.4 Genome Analysis of Zoonotic Agents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 808
26.4.1 Common Genomic Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 808
26.4.2 Chlamydia psittaci . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 809
26.4.3 Chlamydia abortus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 809
26.4.4 Chlamydia caviae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 810
26.4.5 Chlamydia felis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 810

26.5 Unresolved Issues and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 810
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 812

Abstract

Historically, the first documented cases of infections by chlamydiae involved
humans with contact to psittacine birds. While birds have remained the main
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source of zoonotic transmission until now, the spectrum of chlamydial zoonoses
has broadened in recent decades.

In the present chapter, we summarize current knowledge on etiology, pathol-
ogy, epidemiology, and genomic markers of zoonotic chlamydial infections. In
particular, Chlamydia (C.) psittaci, the agent of avian chlamydiosis, is continuing
to affect human individuals in contact with birds. Clinical signs can range from
flu-like to those of severe systemic illness. C. abortus, a pathogen causing
enzootic abortion in small ruminants, was repeatedly shown to be responsible
for cases of human abortion. C. caviae, an agent of ocular disease in guinea pigs,
is known to have caused conjunctivitis in guinea pig owners. Also C. felis, which
can cause acute and chronic conjunctivitis in cats, has a zoonotic potential and
was associated with ocular disease in contact persons.

We outline the main characteristics of the agents’ animal reservoirs, describe
transmission routes, and summarize recent reports on outbreaks and individual
cases of human infections byChlamydia spp. The relatively low number of officially
notified cases is probably due to underdiagnosis, sinceC. psittaci and other chlamyd-
iae are usually not part of routine diagnosis in humanmedicine.As research in the past
decades has led to the extension of the genus Chlamydia to 14 species and 4 taxa at
Candidatus rank, the scope of zoonotic agents can be expected to rise in the future.

Keywords

Chlamydia psittaci · Chlamydia abortus · Chlamydia caviae · Chlamydia felis ·
Zoonosis · Transmission route · Human disease · Atypical pneumonia ·
Abortion · Conjunctivitis · Genome analysis

26.1 Introduction

Bacteria of the family Chlamydiaceae are defined as “coccoid, non-motile, obligate
intracellular organisms of 0.2–1.5 μm diameter that reside in vacuole-like inclusions
of eukaryotic cells, where they parasitize and multiply in a unique developmental
cycle” (Sachse et al. 2015a). In the course of that cycle, chlamydiae appear in two
different morphological forms, the small infectious elementary body (EB) and the
larger intracellular reticulate body (RB). EBs enter the host cell using different routes
involving various receptor molecules. Once within the cell, they initiate the forma-
tion of a vacuole-like inclusion, where they multiply in the RB form through binary
fission. Finally, while RBs are transforming back into EBs, it comes to rupture of the
inclusion with the release of newly infectious chlamydiae.

The fact that Chlamydia spp. rely on eukaryotic cells to survive and proliferate
was always a great obstacle to culture and in vitro studies. While the first successful
isolations of chlamydial strains were achieved in embryonated chicken eggs, now-
adays cell culture is widely used in research and diagnostic laboratories.

Until very recently, all known species of the family Chlamydiaceae were taxonomi-
cally classified in a single genusChlamydia, which currently comprises 18 species, among
them four at Candidatus rank. Basic characteristics of these bacteria are given in Table 1.
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Table 1 Basic characteristics of currently known Chlamydia spp.a

Species Main hosts Clinical manifestations
Zoonotic
potential

Chlamydia
abortus

Ruminants, swine Abortionb, vaginitis, endometritis, seminal
vesiculitis, (latent) mastitis

Yes

Chlamydia
avium

Pigeon Enteritis and respiratory disease (link to
pathology still uncertain)

Unclear

Chlamydia
buteonis

Hawks Conjunctivitis, respiratory disease (link to
pathology still uncertain)

Unclear

Chlamydia
caviae

Guinea pig Conjunctivitisb, keratitis, pneumoniac Yes

Chlamydia
felis

Cat Conjunctivitisb, rhinitis Yes

Chlamydia
gallinacea

Birds No apparent pathology yet described No

Chlamydia
muridarum

Mouse, hamster Pneumonitis, ileitis No

Chlamydia
pecorum

Ruminants
Swine
Koala

Encephalitis, polyarthritis, pneumonia,
enteritis, vaginitis, endometritis
Polyarthritis, serositis, enteritis, pneumonia
Keratoconjunctivitis, vaginitis, ovarian
cyst, infertility

No
No
No

Chlamydia
pneumoniae

Koala, other
marsupials, Horse

Rhinitis, pneumonia, conjunctivitis No

Reptiles,
amphibians

Conjunctivitis, enteritis, granulomatous
inflammation of internal organs

No

Chlamydia
poikilotherma

Snakes No apparent pathology yet described No

Chlamydia
psittaci

Birds
Horse

Conjunctivitis, pneumonia, atypical
pneumoniab, enteritis, hepatitis
Abortion, pneumoniac

Yes
Yes

Chlamydia
serpentis

Snakes No apparent pathology yet described No

Chlamydia
suis

Swine Conjunctivitis, pneumonia, enteritis,
polyarthritis

Under
debate

Chlamydia
trachomatis

Human Genital tract infections, ocular disease
(trachoma)

No

Ca.d

Chlamydia
corallus

Snakes No apparent pathology yet described No

Ca. Chlamydia
ibidis

Birds No apparent pathology yet described No

Ca. Chlamydia
sanzinia

Snakes No apparent pathology yet described No

Ca. Chlamydia
testudinis

Tortoise Conjunctivitis, nasal discharge (link to
pathology still uncertain)

No

aAdapted from reference (Sachse and Borel 2020)
bIn both animal and human infection
cIn cases of zoonotic transmission
dCandidatus
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The most important members include the human pathogens Chlamydia (C.)
trachomatis, C. pneumoniae, and the zoonotic agent C. psittaci, as well as
C. abortus, C. caviae, and C. felis, which also have a zoonotic potential. Current
knowledge on sources and reservoirs of zoonotic transmission of Chlamydia spp. is
given in Fig. 1.

In 2021, new members of the family Chlamydiaceae were presented, when
Vorimore et al. (Vorimore et al. 2021) defined the new genus Chlamydiifrater.
These authors were able to show that their new chlamydial isolates from flamingos
belonged to the species Chlamydiifrater phoenicopteri and Chlamydiifrater
volucris, respectively. While the etiologic importance of these new taxa is still
unknown, it seems certain that wild birds may harbor a large variety of yet unknown
chlamydial organisms.

One of the main disease manifestations of zoonotic infections in humans is the
so-called community-acquired pneumonia (CAP), defined as pneumonia acquired
outside the hospital. CAP can be of zoonotic or non-zoonotic (Chlamydia
pneumoniae, Mycoplasma pneumoniae, Legionella pneumophila) origin. Among
atypical agents of CAP, the zoonotic pathogens Chlamydia psittaci (avian
chlamydiosis, psittacosis, ornithosis), Francisella tularensis (tularemia), and
Coxiella burnetii (Q fever) often remain undetected, because they are not included
in routine procedures of human microbiology laboratories. C. psittaci is a rare cause
of CAP (approximately 1%, Hogerwerf et al. 2017) but often remains undiagnosed
because of the lack of rapid and accurate diagnostic methods in human microbiology
laboratories. Underdiagnosis of this zoonosis is a serious problem as this may delay
or prevent appropriate therapy. Moreover, the professional guidelines recommend
beta-lactam antibiotic therapy for clinically diagnosed CAP, which is not effective
against C. psittaci. Veterinarians and physicians are the key professionals to recog-
nize and report zoonotic events; however, a lack of communication between these
two healthcare fields often delays or even prevents the timely workup of such cases.

C. caviae

C.psitta
ci

C. pneumoniae

C. suis

C. pneumoniae

C. psitta
ci

C. abortus

C. psitta
ci

C
. 

fe
lis

C. psitta
citt

Fig. 1 Schematic presentation of zoonotic reservoirs and transmission routes of Chlamydia spp.
Filled arrows, proven zoonotic transmission; empty arrows, zoonotic potential under debate
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Current knowledge on chlamydial infections in animals and their zoonotic impli-
cations was compiled in a recent review (Sachse and Borel 2020). In the present
chapter, we focus on those chlamydial species that have a proven zoonotic potential
and discuss a few more whose status in terms of zoonosis is still uncertain.

26.2 Epidemiology of Zoonotic Infections in Animals

26.2.1 Chlamydia psittaci

C. psittaci, the causative agent of avian chlamydiosis and human psittacosis, is
probably the most important veterinary chlamydial pathogen from economic and
sanitary viewpoints.

This bacterium is disseminated worldwide, with birds representing its natural
host. It was encountered in 9 domestic fowl species and at least 460 free-living or pet
bird species of 30 different orders (Kaleta and Taday 2003).

Transmission of C. psittaci occurs through inhalation or ingestion of infected dust
particles, as well as nasal and ocular discharges and droppings from infected birds.
Many factors on both pathogen and host side can influence the course of infection,
which is known to cover all stages from acute to chronic to subclinical. The acute
form is more often observed in young birds, whereas adult birds tend to develop
milder forms. Affected birds show signs of respiratory disease, conjunctivitis,
coryza, mucopurulent discharge from nose and eyes, cough, dyspnea, or greenish
to greyish feces, none of which can be regarded as specific. Generally speaking,
subclinical or latent infection occurs more frequently than acute cases and outbreaks
(Sachse et al. 2015b; Vanrompay 2013). Characteristic features of the various forms
of avian chlamydiosis are summarized in Table 2.

Historically, chlamydial infections first gained public attention in the second half
of the nineteenth century, when many cases of atypical pneumonia among the human
population occurred in Europe and North America (Hegler 1930; Lepore 2009;
Meyer and Eddie 1935; Ritter 1879). The larger outbreaks were associated with
the arrival of parrot shipments from South America (see section below). Due to

Table 2 Characteristics of the disease course of avian chlamydiosis in birdsa

Course
Incubation
time (d)

Duration
of disease Symptoms

Acute (lethal
systemic form)

3–7 8–14 d Anorexia, apathy, dyspnea, diarrhea

Subacute to
protracted

7–14 >3 weeks Milder clinical signs of anorexia, apathy,
dyspnea, diarrhea

Chronic 30–90 >2 months Apathy, cachexia, diarrhea, dyspnea

Subclinical
persisting

None None No clinical signs

Activated
persisting

>3 months >2 months Clinical signs of chronic course (after activation
by endogenous and exogenous factors)

aModified from (Taise 2013)
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crowding and poor housing conditions during the passage, the infectious agent (still
unknown at that time) could spread unimpededly among the birds, so that many of
them died while survivors transmitted the infection to humans. Meanwhile, fulmi-
nant and devastating outbreaks of avian chlamydiosis have become rare events.
Nowadays, such infections lead to reduced feed intake and respiratory signs of
affected birds. Due to the availability of antimicrobials, mortality can be kept low.

C. psittaci was reported to be nearly endemic in turkey flocks, where coinfection
with Ornithobacterium rhinotracheale could exacerbate the course and sequelae
(Van Loock et al. 2005). This finding may be exemplary for chlamydial coinfections
with other microbial agents, but epidemiological or experimental evidence is still
lacking.

Infections in flocks of domestic ducks have been reported from Europe (Haas
et al. 2007; Laroucau et al. 2009) and Asia (Yin et al. 2015). The agent is also
frequently encountered in pigeons. In a number of epidemiological studies in urban
or feral pigeon populations, C. psittaci prevalence values from 12 to nearly 100%
were reported (Magnino et al. 2009). However, these findings need to be rechecked
in the light of the recent discovery of C. avium, another chlamydial species typically
found in Columba livia (Sachse et al. 2014). Initial studies also suggest that
coinfections involving C. psittaci and C. avium are quite common (Burt et al.
2018; Krautwald-Junghanns et al. 2013).

Until a few years ago, C. psittaci was believed to be endemic in domestic chicken
flocks. However, following the discovery of C. gallinacea (Sachse et al. 2014), more
recent studies suggest that this is the predominant chlamydial species in chickens,
whereasC. psittaci is rare (Hulin et al. 2015). The risk assessment study by Dickx et al.
(Dickx et al. 2010), which found 85% of chicken flocks C. psittaci-positive at
slaughtering, is in contrast to studies from 2017 and later. Li et al. (Li et al. 2017) in
the USA, Donati et al. (Donati et al. 2018) in Italy, and Heijne et al. (Heijne et al. 2018)
in the Netherlands presented findings underpinning the predominant presence of
C. gallinacea in chicken flocks. Finally, a large epidemiological survey in commercial
and backyard poultry flocks in Mexico revealed C. gallinacea as the only chlamydial
agent present, while no C. psittaci was detected (Ornelas-Eusebio et al. 2020).

The effects of C. psittaci outbreaks in the poultry industry are measurable as the
health of affected birds is deteriorated, thus reducing production output. Unfortu-
nately, systematic studies are missing. Therefore, the consequences on bird health
and economic parameters of prolonged subclinical carriage are still poorly under-
stood. Based on studies in cattle (Reinhold et al. 2011), it is anticipated that carriage
of C. psittaci over a long period could result in chronicity and, consequently,
retarded development and reduced weight gain of infected birds.

The main reason why these issues have not been systematically studied is
probably the easy access to antibiotic therapy. To prevent zoonotic transmission,
tetracycline was added to feedstuff of imported parrots as early as in the 1950s. Later
on, this practice was also introduced in poultry farms as a measure of prophylaxis or
metaphylaxis (Page and Grimes 1978; Wachendorfer and Luthgen 1974). More
recently, legislation in Europe and elsewhere has been encouraging abandonment
or at least substantial reduction of the use of antimicrobials in the poultry industry.

798 N. Borel and K. Sachse



In horses, C. psittaci infection has been linked to conjunctivitis, respiratory
disease, polyarthritis, and abortion (Borel et al. 2018). C. psittaci-induced equine
abortion cases have been observed throughout Europe for decades, but associated
zoonotic events were not reported (Henning et al. 2000; Szeredi et al. 2005). More
recently, a cluster of human respiratory illness in a veterinary school in Australia was
linked to equine reproductive failure (Chan et al. 2017). Limited epidemiological
studies of C. psittaci-related equine abortion cases are available reporting preva-
lences ranging from only 0.6% in Switzerland (Baumann et al. 2020) to up to 14% in
Hungary (Szeredi et al. 2005) and 20% in Australia (Taylor et al. 2018), the latter at a
sentinel site in Australia where the initial outbreak was reported. A retrospective
study in Australia (1994–2019) detected C. psittaci in 6.5% of equine abortion cases
indicating that C. psittaci is not an emerging cause of equine abortion but was rather
underdiagnosed in the past (Akter et al. 2021). In mares, the disease manifests as
late-term abortion and neonatal losses; the pathogen can be detected in fetal mem-
branes or fetal organs (lung, liver). Coinfections with C. psittaci and equine Her-
pesvirus type 1 (EHV-1) have been reported (Anstey et al. 2021; Baumann et al.
2020). In most countries, detection of chlamydial pathogens is not part of routine
veterinary diagnostic procedures for equine abortion cases; therefore, C. psittaci-
induced cases might be missed.

26.2.2 Chlamydia abortus

C. abortus is the cause of enzootic abortion in ewes (EAE), also known as ovine
enzootic abortion (OEA) or ovine chlamydiosis, which is present worldwide except
in Australia and New Zealand. C. abortus is causing economic losses and is relevant
for public health as well. It is the most common cause of infectious abortion in sheep
and goats in Europe and can also occur in cattle, pigs, horses, wild ruminants, and
yaks, but to a lesser extent. C. abortus infection causes late-term abortion (last
2–3 weeks of pregnancy), stillbirth, and newborn lambs or kids that are weak and
often die within 48 hours (Longbottom and Coulter 2003).

When the pathogen is first introduced in a naïve sheep or goat flock, small
numbers of abortions occur in the first year, followed by an abortion storm of 30%
or more animals (more than 60% in goats) in the second and third years. In
endemically infected flocks, only 1–5% of abortions are observed, mostly affecting
primiparous females or newly introduced animals.

Horizontal transmission is the main route, with the pathogen spreading from one
animal to another (Longbottom and Coulter 2003). The oronasal route of exposure is
considered the primary way of transmission, and this can occur through direct
contact between animals, their abortion premises (placental membranes, dead
fetuses, coat of live/dead lambs/kids born to infected mothers), or the contaminated
environment (pasture, bedding). Very little evidence supports a role for sexual
transmission. After abortion, ewes can shed the pathogen during the following
periovulation period and subsequent lambing, but evidence from molecular analysis
of vaginal swabs taken at these points suggests that such shedding poses a minimal
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risk of transmission to naïve animals (Livingstone et al. 2009). Following C. abortus
infection via the oronasal route, a complex host-pathogen interaction is established
with a latent phase in nonpregnant sheep, followed by an active disease phase in the
placenta during pregnancy (Longbottom et al. 2013). Latency can be achieved by
experimental infection with relatively low doses of the organisms inoculated intra-
nasally (Longbottom et al. 2013). It has been suggested that the primary infection is
first established in the tonsils, from where it is disseminated via blood and lymph to
other organs. During pregnancy, C. abortus travels to the placenta, initiating pla-
cental inflammation and insufficiency resulting in abortion or stillbirth. In the
placenta, chlamydial growth and pathology are not observed until around day
85–90 of gestation (Buxton et al. 1990; Maley et al. 2009). From then on, rapid
chlamydial replication and pathological changes occur in the placenta, including
necrosis, inflammation, and arteritis (Buxton et al. 2002; Sammin et al. 2009). An
experimental infection model reproduced latency of C. abortus infection in non-
pregnant sheep but failed to identify a correlation between disease outcome and
humoral immune responses (Longbottom et al. 2013). Cellular immunity seems to
be important for the control of C. abortus infection, but several cytokines have been
shown to be elevated during the active and the latent phase in protected but also in
aborting sheep. This means that protection cannot be correlated to specific cellular
responses (Wattegedera et al. 2020).

Infectious elementary bodies massively shed during abortion are the source of
environmental contamination and can remain viable in the environment up to
months, depending on climate conditions (Longbottom and Coulter 2003).

Prevention of chlamydial abortion is possible using inactivated or attenuated
vaccines. However, the live C. abortus vaccine strain 1B is not attenuated and has
the potential to cause disease in sheep and is hazardous to pregnant women
(Longbottom et al. 2018). Protective immunity is most likely caused by the admin-
istration of high doses of C. abortus elementary bodies contained in the vaccine,
which induces similar placental pathology as the experimental infection with a wild-
type strain (Caspe et al. 2021).

26.2.3 Chlamydia caviae

The guinea pig is the main host of C. caviae, although this chlamydial species has
also been reported in rabbits, a dog, a cat, and in horses (Gaede et al. 2010; Lutz-
Wohlgroth et al. 2006; Pantchev et al. 2010). In research settings, C. caviae is
commonly used as an ocular and genital experimental guinea pig model to study
human chlamydial infections (Zhang et al. 2020). Initially, C. caviae was isolated
from the conjunctiva of an infected young laboratory guinea pig and originally
named the guinea pig inclusion conjunctivitis (GPIC) virus (Murray 1964).
C. caviae-induced GPIC implies clinical signs ranging from mild to severe kerato-
conjunctivitis with serous to purulent ocular discharge, conjunctival chemosis,
follicular hypertrophy, and pannus formation. This keratoconjunctivitis is usually
self-limiting and clears within 3–4 weeks. Apart from ocular disease, C. caviae can
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also induce rhinitis, pneumonia, as well as genital tract infection and abortion, but
the infection can also remain asymptomatic (Borel et al. 2018). Transmission can
occur through close contact between animals or sexually, spreading fast within one
husbandry (Mount et al. 1973). Outbreaks in guinea pig farms with high C. caviae
prevalence (48%) associated with clinical signs, such as conjunctivitis, ocular
discharge, pneumonia, and abortion, have been reported in the literature (Lutz-
Wohlgroth et al. 2006). It can be assumed that the prevalence is much lower in
clinically healthy guinea pig husbandries. Moreover, juvenile guinea pigs might
have a higher risk to get C. caviae infected than adults or older animals (Lutz-
Wohlgroth et al. 2006).

26.2.4 Chlamydia felis

C. felis has a predilection for conjunctival epithelial cells in cats and is an important
cause of feline acute and chronic conjunctivitis. The conjunctivitis usually starts
unilaterally but frequently extends to the other eye and is characterized by conjunc-
tival chemosis, blepharospasm, ocular discharge, and hyperemia of the nictitating
membrane (Sykes 2005). The discharge is initially serous but can then become more
mucoid to mucopurulent. Some cats may show additional clinical signs, such as
fever, lethargy, inappetence, sneezing, as well as nasal discharge (Sykes 2005).
Submandibular lymph node enlargement, lameness, and reduced weight gain can
also be present, mostly in kittens (Sykes 2005). Moreover, C. felis has also occa-
sionally been detected in the reproductive tract of experimentally and naturally
infected cats (Sykes 2005).

Usually, the clinical signs appear after an incubation period of 2–7 days
(Gruffydd-Jones et al. 2009) and last for a few weeks to months (Sykes 2005).
Spontaneous recovery is possible, but most untreated cats develop chronic conjunc-
tivitis with ocular signs persisting for 22–45 days. The duration of ocular shedding
can last up to 60 days, but intermittent shedding up to 8 months has also been
observed in experimental cats, suggesting an asymptomatic carrier state (Sykes
2005). Experimental infections were successful using the ocular or intranasal appli-
cation route (Baker 1944; Shewen et al. 1978; Sykes et al. 1999b; TerWee et al.
1998) and not only resulted in conjunctivitis and mild respiratory symptoms as
expected but also led to vaginal and rectal excretion of the bacteria in 50% and 40%
of the infected animals, respectively (Wills et al. 1987). C. felis has also been isolated
from internal organs of cats, such as the lung, peritoneum, liver, and spleen, but it
remains unclear so far whether those findings are clinically relevant (Sykes 2005).
The bacterium is shed in ocular secretions and requires close contact between cats
for transmission. Natural transmission of C. felis occurs most likely by aerosols
when either symptomatically or asymptomatically infected cats are in close contact
to healthy cats (Sykes 2005).

C. feliswas first isolated from a cat with respiratory disease in 1942 and originally
called the feline pneumonitis agent (Baker 1942, 1944). However, only experimental
intranasal infection caused pneumonia (Baker 1944; Hoover et al. 1978). Moreover,
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the term feline pneumonitis agent is misleading as proof is missing that C. felis has
ever been involved in natural cases of lower respiratory tract disease (Bart et al.
2000; Schmal-Filius et al. 2020).

Studies from different countries show that C. felis is more frequently detected in
cats suffering from conjunctivitis than in healthy animals (Low et al. 2007;
McDonald et al. 1998; Rampazzo et al. 2003) and that stray cats are more commonly
affected compared to pet cats (Halánová et al. 2011; Yan et al. 2000). In pet cats, the
chlamydial prevalence in different countries assessed by PCR, isolation, or immu-
nofluorescence assays ranges from 0% to 10% in healthy animals and 5.6% to 30.9%
in cats with conjunctivitis. In stray cat populations, the prevalence usually reaches
positivity rates from 24.4% to 35.7% up to 65.8% in subgroups with conjunctivitis.
C. felis is more common in younger cats with a prevalence significantly higher in
cats aged 5 weeks to 9 months (Sykes et al. 1999a; Wills et al. 1987). Sex
predisposition is not observed, although one study reported that male cats had a
significantly higher prevalence of chlamydial infections than females (Wills
et al. 1987).

The gold standard for diagnosing a C. felis-induced conjunctivitis is made by
using flocked swab samples or cytobrushes from the conjunctiva and performing
PCR on these samples (Bressan et al. 2021). In positive cases, treatment with
doxycycline is indicated (Sykes 2005). Live and inactivated vaccines for C. felis
are available, and combination vaccines for common viral diseases exist.

26.3 Epidemiology of Chlamydial Zoonoses in Humans

26.3.1 Chlamydia psittaci

The zoonotic properties of C. psittaci are well-documented in the literature (see
reviews in (Beeckman and Vanrompay 2009; Knittler and Sachse 2014; Sachse et al.
2015b).

The first case of human psittacosis reported in a scientific journal dates back to
1879, when Ritter (Ritter 1879) described an outbreak of “typhoid pneumonia”
involving seven members of a family, with three deaths. The author associated this
endemic infection with sick parrots living in that household. In 1892, the first major
epidemic occurred in Paris. Two merchants sold more than 100 parrots that had
become infected during their shipment from South America. As a result, 49 individ-
uals fell ill, of which 16 died (Dujardin-Beaumetz 1893).

The term “psittacosis” was first used by Morange in a paper describing the
clinical course of this zoonosis and its association with imported psittacine birds
(Morange 1895). The first world war and the years of crisis following it put a
temporary end to the import of exotic birds. Psittacosis became a temporarily
forgotten disease, while its causative agent still remained unknown.

This changed at the end of the 1920s, when local fairs with large-scale parrot sales
in the Argentinian towns of Córdoba and Tucumán triggered numerous human
infections and a number of casualties (Barros 1929). Later, a number of larger
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outbreaks of human psittacosis occurred in Europe and North America, and all of
them could be traced back to parrot shipments from South America (Lepore 2009;
Meyer and Eddie 1935; Winkle 2000). As more and more veterinarians and labora-
tory workers fell ill with psittacosis while trying to isolate the causative agent, this
gave rise to the assumption that the infection could be acquired through inhalation.
The hypothesis of airborne transmission also provided an explanation of the annu-
ally occurring respiratory disease on the Faroe Islands in the first half of the twentieth
century. It affected those inhabitants who took part in the capture or processing of
young fulmars (Fulmarus glacialis), which were part of their diet at that time
(Haagen and Mauer 1938).

In the late twentieth and early twenty-first centuries, mass outbreaks seem to have
disappeared altogether. A typical episode of psittacosis now affects individuals or
small groups with previous contact to birds, while fulminant manifestations in
humans usually occur only when antimicrobials are not administered in time.

The course of the human disease ranges from asymptomatic to flu-like to severe
systemic illness, with the latter manifesting as pneumonia, myocarditis, encephalitis,
or sepsis. Most frequently, mild symptoms are seen in affected individuals, whereas
immunocompromised persons are more likely to develop clinical signs. But, occa-
sionally, also apparently healthy individuals can be severely affected (Arenas-Valls
et al. 2017; Gaede et al. 2008).

Typical sources of human C. psittaci infections nowadays include psittacine birds
(Ferreira et al. 2017), as well as ducks (Hinton et al. 1993; Vorimore et al. 2015),
turkeys (Van Droogenbroeck et al. 2009), and mixed domestic poultry (Gaede et al.
2008). A major outbreak leading to hospitalization of eight individuals, who had
worked at a mixed poultry farm in France, could be attributed to C. psittaci ompA
genotype E/B, which was present in the duck flocks of the farm. Interestingly, those
workers were also exposed to C. gallinacea when handling chickens carrying this
agent. While not detected in any of the patients, the question remains whether
previous C. gallinacea infection could have contributed to the outbreak (Laroucau
et al. 2015). Generally speaking, zoonotic cases ascribed to contact with chickens
have become rare lately (Lagae et al. 2014), as it is known that C. psittaci is not the
predominant chlamydial agent in chicken flocks. C. psittaci genotype E/B, which is
typically encountered in ducks and chickens, was reported to have occasionally
caused mild human infections (Vanrompay et al. 2007).

Wild birds are another known reservoir of the pathogen, as was documented in a
number of cases (Haagen and Mauer 1938; Herrmann et al. 2006; Rehn et al. 2013;
Wang et al. 2020). Although direct contact to humans is rare, zoonotic transmission
can occur in specific circumstances, e.g., at avian refuge centers. Thus, C. psittaci
genotype B found in three birds of such a center was later detected in three workers,
who developed more or less pronounced clinical signs (Kalmar et al. 2014). In this
context, bird handlers at avian refuge centers are also at risk.

More recently, C. psittaci infections from non-avian sources were associated with
psittacosis as well. Thus, C. psittaci-induced equine abortion cases and ensuing
zoonotic infections in Australia have raised public awareness (Jelocnik et al. 2017;
Polkinghorne and Greub 2017). A 2014 outbreak of human psittacosis in New South
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Wales, Australia, was linked to contact with C. psittaci-infected placental material
from a horse (Polkinghorne and Greub 2017), representing the first report of
mammal-to-mammal C. psittaci transmission and a novel zoonotic risk for this
well-known avian pathogen (Polkinghorne et al. 2019). Human patients showed
clinical signs of pneumonia after direct exposure to the equine fetal membranes of a
mare who delivered a foal that subsequently died (Chan et al. 2017). Staff from an
equine stud farm, veterinary staff and veterinary students, were affected as they got
infected either during the delivery of the foal or the handling of abnormal placental
membranes. Genetic typing revealed C. psittaci strains belonging to the 6 BC clade,
originating from native Australian parrots (ompA genotype A; Jelocnik et al. 2017;
Branley et al. 2016) or a pigeon-type C. psittaci strain (ompA genotype B0; Jelocnik
et al. 2017). It is hypothesized that these virulent C. psittaci strains can be transmit-
ted through indirect contact, presumably via fecal environmental contamination
from C. psittaci-infected birds shedding the pathogen in their feces. Free-roaming
parrots might be the most likely reservoir in Australia, whereas free-roaming pigeons
could play a role in Europe. C. psittaci should be considered in the differential
diagnosis of acute febrile illness in humans occurring after exposure to horses, in
particular equine abortion (Polkinghorne and Greub 2017).

The main transmission routes of C. psittaci to humans involve inhalation of
infectious aerosol or dust and direct contact with contaminated feces or feathers.
Human-to-human transmission was long thought to be irrelevant, but recent reports
of such cases suggest that it should be taken into consideration as well. For instance,
a psittacosis outbreak in Scotland originated from a pneumonia patient and subse-
quently affected four family members and one healthcare worker. Four of these
developed severe clinical signs, with two even requiring intensive care unit admis-
sion (McGuigan et al. 2012). A Swedish group reported transmission from a severely
ill psittacosis patient to ten contact persons, i.e., two family members, one hospital
roommate, and seven hospital caregivers (Wallensten et al. 2014). This study is
remarkable because, unlike in most others, the diagnostic testing used was specific
for C. psittaci. Nosocomial transmission had already been suggested in 1997, when a
cluster of seven pneumonia cases was attributed to a pet shop worker hospitalized
with psittacosis (Hughes et al. 1997). Single cases of possible person-to-person
transmission were also reported from Japan (Ito et al. 2002) and Germany (Fischer
et al. 2014).

Professions at elevated risk include veterinarians, poultry workers, birdkeepers,
and pet shop employees (Arenas-Valls et al. 2017; Deschuyffeleer et al. 2012).

The current epidemiological situation is difficult to assess, because comprehen-
sive studies are rare. In a recent meta-analysis, it was estimated that 1% of the cases
of CAP were caused by C. psittaci (Hogerwerf et al. 2017). Examination of
pharyngeal swabs from 780 CAP patients in Germany revealed a C. psittaci detec-
tion rate of 2.2% (Dumke et al. 2015). In most, if not all, countries of Europe and
North America, a steady decline of notified cases of human psittacosis has been
observed over the last two decades. However, as mentioned above, C. psittaci is
usually not part of the routine laboratory diagnosis, so that many cases may remain
unreported and official numbers may be an underestimation of the true incidence.
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26.3.2 Chlamydia abortus

Human abortion due to C. abortus has been reported in several European countries,
such as France, Switzerland, and the Netherlands and also in the USA
(Longbottom and Coulter 2003; Rodolakis and Mohamad 2010). These human
abortion cases, some with severe complications, have been associated with expo-
sure to C. abortus-infected placentas of ewes and does but not of bovine origin
(Buxton 1986; Essig and Longbottom 2015; Hyde and Benirschke 1997; Meijer
et al. 2004; Pospischil et al. 2002; Roberts et al. 1967; Walder et al. 2003, 2005).
The isolation of the bacteria from the placenta and fetus of a young woman who
had assisted with lambing on her husband’s farm, on which ewes had aborted,
corroborated the zoonotic risk of C. abortus (Buxton 1986). The worldwide
prevalence of these abortions is not known and might be underestimated, as the
causes of infectious abortion are often not investigated in humans. The infection
via ingestion or inhalation is usually acquired from infected abortion products or at
parturition. In nonpregnant women and in men, C. abortus can cause subclinical
infection to acute influenza-like illness, but this seems to be rare (Rodolakis and
Mohamad 2010). In contrast, the consequences for pregnant women after close
contact with infected sheep and goats are severe. C. abortus colonizes the human
placenta causing abortion, stillbirth, and maternal illness (Essig and Longbottom
2015). In pregnant women, fever, headache, malaise, nausea, and vomiting are
usually the first symptoms associated with lower abdominal pain followed by
abortion. If left untreated, severe complications, such as acute renal failure,
disseminated intravascular coagulation, or respiratory distress necessitating
mechanical ventilation, might ensue. Transmission is mostly associated with
exposure to infected sheep and goats, but indirect transmission from contaminated
clothing, food, and other sources as well as through inhalation is also possible
(Longbottom and Coulter 2003). Pregnant women should avoid exposure to small
ruminants, particularly during the lambing and kidding periods. Ewes should be
immediately separated; all dead fetuses, placental membranes, contaminated mate-
rial, and bedding should be carefully disposed. Lambing pens must be cleaned and
disinfected to limit the spread of infection and the possibility of zoonotic trans-
mission. In general, chlamydial infections must be considered as an occupational
hazard for pregnant women who come into contact with domestic ruminants (Essig
and Longbottom 2015).

A zoonotic risk is not only relevant for pregnant women but also for laboratory
workers when handling infectious material as they could subsequently develop
atypical pneumonia (Ortega et al. 2015). Diagnosis of such an infection is best
accomplished using PCR-based detection of C. abortus in bronchoalveolar lavage.
This implies that C. abortus should be included as differential diagnosis for atypical
pathogens in CAP in humans. In particular, farmers, veterinarians, laboratory per-
sonnel, and public health officials are at risk. The zoonotic potential of novel avian
C. abortus strains (Longbottom et al. 2021; Szymanska-Czerwinska et al. 2017),
which seem to be distributed worldwide in diverse bird families, is unknown and
needs further investigations.
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26.3.3 Chlamydia caviae

C. caviae can cause conjunctivitis in guinea pig owners (Lutz-Wohlgroth et al.
2006). The owner of the latter study reported mild serous ocular discharge, while
C. caviae was detected in the conjunctival swab by PCR, suggesting a zoonotic
infection. Between 2013 and 2018, severe CAP cases in human patients due to
C. caviae after contact to guinea pigs emerged in the Netherlands (Ramakers et al.
2017; van Grootveld et al. 2018). Clinical signs in human patients included fever,
malaise, coughing, headache, and myalgia, resulting in diagnosis of pneumonia and
severe respiratory insufficiency with intensive care unit admission and mechanical
ventilation. Sequencing of the ompA gene confirmed transmission between the
guinea pigs and their owners. While contact to ill guinea pigs (respiratory signs,
conjunctivitis, rhinitis) were confirmed in all three cases of the first outbreak
(Ramakers et al. 2017), an additional case of severe CAP in an older patient
remained unexplained, as no previous contact to guinea pigs was reported (van
Grootveld et al. 2018). Diagnosis is best made on bronchoalveolar lavage samples
using species-specific PCR protocols, including ompA genotyping based on variable
domain 4, or whole-genome sequencing. Treatment of human patients with doxy-
cycline is usually successful. C. caviae bears a zoonotic potential that should not be
underestimated, especially since guinea pigs are beloved pets, in particular for
children. Veterinarians should be aware of the potential zoonotic risk of infection
when handling ill guinea pigs. Moreover, researchers handling experimentally
C. caviae-infected guinea pigs might be at risk too. A single paper (Gaede et al.
2010) reported C. caviae in horses on a farm suffering from conjunctivitis and
mucopurulent rhinitis but without contact to guinea pigs, thus illustrating that this
chlamydial species is able to cross host barriers.

26.3.4 Chlamydia felis

In 1969, C. felis was isolated from conjunctival scrapings of a 25-year-old man with
follicular keratoconjunctivitis (Schachter et al. 1969). Apparently, he got infected
through close contact to his cat that had previously suffered from rhinitis and
conjunctivitis. This case report was the first documentation of probable zoonotic
transmission of C. felis from a cat. Chronic conjunctivitis due to C. felis acquired
from a cat was also reported in a HIV-positive patient (Hartley et al. 2001), and
isolation of the agent could confirm the link between the owner and the kitten. Apart
from this latter confirmed case, no serious systemic disease or pneumonia have been
reported (Browning 2004). More reports of zoonotic infections originate from the
pre-PCR era, but evidence remains circumstantial (Browning 2004). In summary, a
zoonotic potential due to C. felis in cats could be real, but the risk appears to be low.
Still, cat owners and professionals working with cats might be at risk due to their
exposure to potentially infected animals (Di Francesco et al. 2006; Wons et al. 2017),
and precaution is warranted when handling diseased cats (Sykes 2005). Moreover,
uncontrolled, non-vaccinated stray cat populations might also pose a zoonotic risk.
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A summary of the epidemiological and clinical features of Chlamydia spp. with
confirmed zoonotic potential is provided in Table 3.

26.3.5 Other Chlamydial Species

C. pneumoniae is considered a primary human respiratory pathogen (Hahn 1999) but
has also been found in a variety of animal species including horses, marsupials,
amphibians, and reptiles (Borel et al. 2018). Molecular data suggests that human
C. pneumoniae originated from animals and cross-transmission to humans occurred
earlier (Myers et al. 2009). However, no transmission events of C. pneumoniae from
animals to humans have been observed to date.

C. suis is a ubiquitous pathogen in domestic pigs and has been associated with
conjunctivitis, diarrhea, failure to gain weight, and other clinical signs (Schautteet
and Vanrompay 2011). Though the zoonotic transmission of C. suis from pigs to
humans has not yet been demonstrated, its DNA has been found in conjunctival
swab samples of Nepalese trachoma patients (Dean et al. 2013). C. suis has also been
detected in mucosal swab samples (rectal, conjunctival, pharyngeal) collected from
farmers and slaughterhouse workers in Belgium and the Netherlands (De Puysseleyr
et al. 2014a, b, 2017), including the detection of species-specific antibodies
(Kieckens et al. 2018). These individuals did not have any clinical signs, but the
concern is more related to the tetracycline resistance present in C. suis and its
potential of transfer to the closely related human pathogen C. trachomatis (Suchland

Table 3 Epidemiological and clinical features of Chlamydia spp. with confirmed zoonotic
potential

Species

Animal infection Human infection

Natural
host
(occasional
hosts)

Disease(s) and clinical
signs in the main host Transmission

Disease(s) and
clinical signs

C. psittaci Birds
(cattle,
horse,
swine)

Respiratory disease,
conjunctivitis, coryza,
mucopurulent discharge
from nose and eyes,
cough, dyspnea, greenish
to grayish feces

Inhalation From flu-like
symptoms to severe
systemic illness;
atypical pneumonia

C. abortus Sheep, goat
(cattle,
deer, horse,
swine)

Enzootic abortion Inhalation,
ingestion

Abortion in
pregnant woman,
atypical pneumonia

C. caviae Guinea pig
(horse)

Conjunctivitis,
pneumonia, abortion

Direct
contact

Conjunctivitis,
severe atypical
pneumonia

C. felis Cat Conjunctivitis Direct
contact

(Kerato-)
conjunctivitis
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et al. 2009). C. suis is the only chlamydial species harboring a stable tetracycline
resistance (Sandoz and Rockey 2010). So far, all C. suis strains found in humans
were tetracycline-susceptible.

Other veterinary chlamydial species, such as C. pecorum and C. muridarum; the
new avian chlamydial species C. avium and C. gallinacea (Sachse et al. 2014),
C. buteonis (Laroucau et al. 2019), and Candidatus Chlamydia ibidis (Vorimore
et al. 2013); as well as the newly emerging chlamydial strains retrieved from snakes
(C. serpentis, C. poikilotherma, Candidatus C. sanzinia, Candidatus C. corallus)
(Staub et al. 2018; Taylor-Brown et al. 2016; Taylor-Brown and Polkinghorne 2017)
or tortoises (Candidatus Chlamydia testudinis) (Laroucau et al. 2020) are not
considered of zoonotic importance based on today’s knowledge.

26.4 Genome Analysis of Zoonotic Agents

Recent advances in sequencing technology have enabled whole-genome sequencing
of many chlamydial strains. Currently, sequences of the human pathogen
C. trachomatis still make up the majority of database entries, but the main zoonotic
agents C. psittaci and C. abortus are also well represented. Comparative studies of
these data were conducted with the aim of understanding specific properties of
C. psittaci and C. abortus (Holzer et al. 2020; Joseph et al. 2015; Read et al.
2013; Seth-Smith et al. 2017).

26.4.1 Common Genomic Elements

Sized approximately 1000 kbp, Chlamydia spp. have a small genome compared to
most other bacteria. When it comes to comparison among Chlamydia spp. genome
sequences, the high proportion of common coding sequences (CDS) is the most
striking feature. A recent study involving 33 strains of 12 chlamydial species
revealed that chlamydiae share about four-fifths of their genome (Holzer et al.
2020). The core genome, i.e., the number of CDS shared by all 33 strains,
comprised 784 genes. This part of the genome is assumed to be indispensable
and responsible for the typical properties of chlamydiae, such as the main stages of
the obligate intracellular lifestyle. However, despite the highly conserved gene
content of Chlamydia spp. genomes, the species belonging to this genus show
significant diversity in terms of tissue tropism, host preference, immune and stress
response patterns, as well as pathogenicity. Therefore, it seems straightforward to
assume that the more variable genomic regions should account for species-specific
features.

In this context, the following genomic regions are of major interest:

The plasticity zone (PZ), i.e., the hypervariable region near the predicted replication
termination region, the families of polymorphic membrane proteins (Pmps) and
inclusion membrane proteins (Incs), and a few others. As a general conclusion
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from recent literature, the expectations on genomic studies should be realistic,
since analysis of genome sequences can provide many hints and suggestions, but
conclusive answers often will require additional functional studies.

In the following, we will summarize the data on characteristic genomic features of
zoonotic chlamydiae.

26.4.2 Chlamydia psittaci

This species is rather heterogeneous from the genetic point of view. A serotype
classification scheme for C. psittaci strains had been introduced more than three
decades ago, which was later transformed into a genotyping system based on nucle-
otide sequences of the outer membrane protein A (ompA) (Vanrompay et al. 1997).
Fifteen ompA genotypes are currently used, i.e., A to F, E/B, M56, WC, 1 V, 6 N,
Mat116, R54, YP84, and CPX0308 (Sachse et al. 2008; Sachse and Ruettger 2015).

About 70 genome sequences of C. psittaci strains have been deposited to date in
public databases. Genome size varies between 1.14 and 1.17 Mbp, and the number
of CDS is approximately 1000 (Holzer et al. 2020).

The PZ of C. psittaci is sized in the range of 29,929 (strain MN) to 24,603 nt
(strain WS-RT-E30), which is relatively small compared to C. suis (82,805 nt, strain
1–25a), C. muridarum (82,115 nt, strain Nigg), and C. trachomatis (55,445 nt, strain
D-UW-3-CX). Among the major PZ constituents are genes encoding biotin modifi-
cation (accB, accC), purine synthesis (guaA, guaB and ADA), a MAC/perforin, and
an additional MAC/perforin domain-containing protein. Moreover, the large cyto-
toxin gene toxB was found in all strains examined so far, with type strain 6 BC
harboring the largest version (10,074 nt). A typical characteristic of the C. psittaci
genome is the absence of a tryptophan operon.

C. psittaci strains possess 21 different pmp genes, numbered pmp1–17 and
pmp19–22, which are classified into subtypes A, B, D, E G, and H. While 14 of
these family members belong to subtype G and 3 to E, the other subtypes are
represented by a single pmp gene.

An exhaustive description of the Inc. protein family in C. psittaci has not been
achieved to date. So far, six different subtypes have been identified: A, B, C, V, X,
and Y. The latter two were only found in C. psittaci and C. abortus, while subtype V
is characteristic for the “psittaci cluster,” which also includes C. caviae and C. felis.

26.4.3 Chlamydia abortus

This chlamydial species is distinguished by its remarkable genetic homogeneity. A
recent genomic study involving 57 C. abortus isolates demonstrated unusual stabil-
ity and lack of interspecies diversity (Seth-Smith et al. 2017).

The genome size of C. abortus strains sequenced to date ranges from 1.13 to
1.17 Mbp. The PZ is smaller than that of C. psittaci, but, at the same time,

26 Zoonotic Transmission of Chlamydia spp.: Known for 140 Years,. . . 809



characteristic differences between the typical ruminant strains and the recently
discovered avian strains of C. abortus need to be taken into account. Ruminant
strains, such as type strain B577 and strain S26–3, contain a PZ sized 11.7 kbp
(ca. 17,770 nt), while the same region is 22,240 bp in the avian strain 16 DC122.
Only the latter was found to have a toxB gene of 9312 nt reminiscent of C. psittaci.
Furthermore, the PZ of C. abortus lacks a tryptophan operon and a CDS for
MAC/perforin. Purine synthesis genes as present in C. psittaci have either evolved
to pseudogenes or are absent altogether.

Strains of this species harbor 18 different pmp genes numbered 1–18 and belong-
ing to subtypes A, B, D, E G, and H. Also here, subtype G is the most extensive one
comprising 11 members, and E comprises 3. As mentioned above, Inc subtypes A,
B, C, V, X, and Y are encountered.

26.4.4 Chlamydia caviae

The only genome sequence available is from the type strain GPIC. Its size is
1,173,390 bp.

Although the PZs of C. caviae and C. felis are not the most extensive ones (those
of C. suis and C. muridarum are about twice as large), they possess the most
complete set of genes and operons in this genomic region. Thus, the 34,753 nt PZ
of C. caviae contains a toxB gene of 10,041 nt, the biotin modification genes (accB,
accC), the purine synthesis genes (guaA, guaB, ADA), as well as a complete
tryptophan operon (trpA, trpB, trpD, trpF, trpR, kynU).

Only the MAC/perforin seems to be missing.
Eighteen pmp genes were identified in the genome of this species. Subtype E/F,

which was introduced here instead of E, has 5 representatives and G has 9. Inc genes
were assigned to subtypes A, B, C, and V.

26.4.5 Chlamydia felis

The genome of strain Fe/C-56 is sized 1,166,239 bp. The PZ sized 39,924 nt contains a
9897 nt toxB gene, a CDS encoding MAC/perforin and, as C. caviae, the biotin
modification genes, the purine synthesis genes and a complete tryptophan operon.

Furthermore, the C. felis genome harbors 20 pmp genes distributed among
subtypes A, B, D, E G, and H, with 11 classified as subtype G and 4 as E. The inc
genes of this species belong to subtypes A, B, C, and V (Holzer et al. 2020).

26.5 Unresolved Issues and Outlook

Animal chlamydiae are not a part of the traditional microbiological diagnostic
procedure in human laboratories. Therefore, human chlamydial infections of zoo-
notic origin often remain underreported, misdiagnosed, or undiagnosed. Chlamydial
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infections can be identified as a diagnosis of exclusion if routine diagnostic tests on
blood, sputum, BAL fluid, and cultures remain negative. For example, C. psittaci is
widely underdiagnosed as a cause of CAP, as pan-chlamydial PCRs do not identify
the pathogen and species-specific diagnostics are not included in the routine evalu-
ation of human cases. This omission can result in severe disease and empiric CAP
treatment, which is not effective against chlamydiae.

Concerning laboratory diagnosis, successful approaches include the combined
use of highly sensitive Chlamydiaceae-specific qPCR with species-specific qPCR to
be supplemented by melting curve analysis, or sequencing, or microarray detection.
Serological methods are not very sensitive and usually not species-specific. In older
studies, C. psittaci was detected by complement fixation test, which is known to be
neither sensitive nor specific. Moreover, serology requires the testing of paired sera,
which delays the final result for 2 or more weeks. Using DNA-based methods,
human samples can be further genotyped and matched with animal or environmental
samples to search for the infection source.

New typing techniques, such as multilocus sequence typing (MLST) or culture-
independent genome sequencing technologies, are helpful to interrogate strains of
the same chlamydial species from different hosts to gain insight into their relation-
ship, origin, and the potential for cross-host transmission.

Another important point to highlight is the choice of the appropriate sample type,
which depends on the organ affected and chlamydial species involved. For the
diagnosis of a C. psittaci infection, lower respiratory specimens are more suitable
than nasopharyngeal swabs, albeit the latter are easier to collect (McGovern
et al. 2021).

More recently, the use of metagenomic next-generation sequencing (mNGS) was
suggested as a diagnostic tool for psittacosis. In a retrospective study by Chen et al.
(2020), blood and BALF samples of nine psittacosis patients were subjected to
mNGS to explore the suitability of this technology for diagnostic purposes. The
presence of C. psittaci was revealed within 48–72 h.

However, although mNGS showed a satisfying diagnostic performance and had
an overall superior detection rate to culture in initial studies (Zhang et al. 2020), it
does not seem to offer advantages over established qPCR assays in terms of time
and, more important, costs. While mNGS may provide a greater amount of infor-
mation in the form of sequences, the question remains whether this is required in a
clinical setting, where rapid pathogen identification enabling efficient treatment of
the patient at the earliest time point is crucial.

Chlamydial infections in wildlife and spillover infections to domestic animals and
humans (Burnard and Polkinghorne 2016) have to be carefully monitored, with
wildlife hosts including birds, mammals, marsupials, amphibians, and reptiles. So
far, mainly wild birds are considered to play a role as reservoir hosts for C. psittaci,
but they might only represent the “tip of the iceberg.” C. abortus has been detected in
free-living frogs, marine reptiles and crocodiles, as well as wild ungulates (Burnard
and Polkinghorne 2016). Chlamydial species in new and/or uncommon hosts, as
exemplified by the zoonotic transmission of C. psittaci from equine abortion cases,
require surveillance of transmission events and spreading. Recently, a case of a fatal
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C. psittaci infection in a domestic kitten suffering of hepatitis and pneumonia was
reported (Sanderson et al. 2021), but the source of infection remained unclear.

Novel and uncommon hosts or reservoirs for zoonotic chlamydiae might play an
increasing role in the future. For example, ticks (Ixodes ricinus) removed from pet
cats in Italy were PCR positive for C. abortus and C. psittaci (Chisu et al. 2020).
Ticks are vectors for a wide variety of pathogens, including chlamydiae. In addition,
chlamydia-like organisms (CLOs) and members of the family Chlamydiaceae have
been found in bats, thus raising the question of the importance of bats as reservoir
hosts or transmission source as known for other pathogens, especially viruses. More
recently, ectoparasites of bats have been identified as potential vector candidates for
chlamydial bacteria. These findings illustrate that our understanding of the ecology,
diversity, and epidemiology of Chlamydiaceae and CLOs is still limited and further
research is required.
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Abstract

Many reviews on dog zoonoses address long-lasting lists of zoonotic infections,
either observed worldwide or very specifically only in certain regions. In this
chapter, the average pet dog in the western hemisphere will be described. It is
assumed that the dog is owned by an average family with limited knowledge of
the potential hazards their pet might be carrying, and possibly transmitting to
family members.

It is based on semiquantitative risk analysis in order to rank potential health
risks transmitted from pet dogs to humans. Surprisingly, everyday risk is different
from the expected general potential risk according to the traditional ranking of
hazards (zoonoses) in dogs. Attention will be given to human behavior regarding
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pet dogs and to responsible dog ownership. Modern trends include pet importa-
tion from endemic to non-endemic areas, without sufficient knowledge among pet
owners or public health institutes. In Europe, the advice provided by ESCCAP
(www.esccap.org) is of great value to veterinarians and pet-owners alike and
includes information about prevalence and the prevention of parasitic infection in
dogs and cats in the major European languages.

Other new trends include feeding bones and raw meat to dogs, which may
have serious consequences for the spread of zoonoses like Salmonella and
parasitic infections not only between dogs, but also to family members.

Finally, yet importantly, is the prevention of attracting wildlife zoonoses, via
dogs, to family members (e.g., Echinococcus multilocularis and Baylisascaris
spp.). Public health authorities should be encouraged to pay more attention to this,
not only by increased regulation, but primarily by enforcing existing rules and
encouraging responsible pet ownership. Companion animal veterinarians and
(local) public health authorities, including physicians, should contribute equally
in zoonosis prevention programs (“One Health” approach).

Keywords

Zoonoses · Emerging zoonoses · Dogs · Risk analysis · Human behavior · Trends

27.1 Introduction

Until around the turn of the twenty-first century, zoonoses were regarded by the
medical profession as “just a number” of well-known infectious diseases in the
modern (“western”) world. As infectious diseases in that part of the world were
abated by increased public hygiene, food safety, vaccinations, and proper antibiotic
treatment, there seemed no need for further attention. However, a number of events
causing human casualties have alarmed public health authorities in many countries
and have sparked public and political awareness for new and reemerging zoonoses.
Such events include the rapid spread of severe acute respiratory syndrome SARS in
2002 (Peiris et al. 2003), the outbreaks of avian influenza in South East Asia, but also
in Europe (Shortridge et al. 2003) with varying types (H5N1, H7N7), West Nile
virus throughout the United States (Shephard et al. 2006), Middle East Respiratory
Syndrome-CoV coronavirus MERS (Zaki et al. 2012), the Zika-virus in 2013
(Cao-Lormeau et al. 2014), and the COVID-19 coronavirus in 2020 (WHO 2020).

In 2004, a joint WHO/FAO/OIE consultation on emerging zoonoses was held in
Geneva (WHO/FHO/OIE 2004). Other incidents fostered this change such as anti-
biotic resistance believed to be related to animal treatments (MRSA, ESBL) (Weese
2010; Friese et al. 2013), and the significant spread of ordinary gray ticks (Ixodus
ricinus) and consequently Lyme disease in man (Giessen et al. 2010). A central
question to be answered is what role do veterinarians play in public health in the
twenty-first century? (WHO 2002).

As a result of emerging and reemerging diseases, the One Health concept became
important as a worldwide initiative recognizing that public health relates to animal
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health and the environment. The multidisciplinary collaboration between physicians,
veterinarians, environmental scientists, public health professionals, and other experts
enhances the knowledge of how zoonotic diseases can be shared between animals
and people with the goal of achieving optimal health outcomes (Overgaauw et al.
2020). The World Small Animal Veterinary Association (WSAVA) One Health
Committee identified three key areas regarding companion animals: the human–
companion animal bond, comparative and translational medicine, and zoonotic
infectious disease (WSAVA 2011).

A traditional approach to dealing with zoonoses is to use a model, which includes
the biology of the germ, epidemiology, disease in man and animals, diagnosis and
prevention or control of the disease. Often it involves a simple enumeration of
zoonoses found in dogs, without exploring the relative health risks for dog owners
or the population at large through environmental pollution (Macpherson et al. 2012;
Baneth et al. 2016). Depending on endemicity in certain areas of the world, more
attention could be paid to zoonoses such as echinococcosis and toxocarosis
(Carmena and Cardona 2013; Deplazes et al. 2011).

In this chapter, we will concentrate on relevant dog zoonoses and the role of the
pet owner in an average (north) western European country without endemicity for
diseases such as leishmaniosis, rabies, or heartworm disease. We will focus on an
average family dog, within an average household and will assume limited awareness
of the potential health risks of enjoying a pet at home.

27.2 Risk Analysis

The relative risks to human health or the attribution of a huge variety of dog zoonoses
to having dogs, are either largely unknown or studies remain inconclusive. This is due
to failure in examining both pet owners and their pets simultaneously, and by not
comparing isolates by genotyping, serotyping, or other identification methods to
suggest a one-way cross infection or a common source of infection elsewhere. There
are, however, also indications that some infections may be transferred from humans to
their dogs, which is called reverse zoonotic disease transmission or zooanthroponosis.
For companion animals, MRSA infection was especially reported butM. tuberculosis,
influenza A, Candida albicans, Microsporum spp., and Trichophyton spp. were also
discussed (Lefebvre et al. 2009; Messenger et al. 2014). The zoonotic potential of
G. duodenalis is considered evident, based on findings of assemblages A and B in
humans, as well as in dogs. Authors automatically concluded therefore a one-way
transmission route to the human (Marangi et al. 2010; Dado et al. 2012). The risk of
transmission from dogs and cats to humans is, however, considered very low. Dog-
and cat-specific Giardia assemblages are very rarely found in humans, but human
assemblages A and B may circulate within dog and cat populations and therefore it
could be that humans are a source of infection to a dog or cat, which may then in turn
represent a zoonotic risk. Evidence on the contribution and frequency of the zoonotic
potential is (still) lacking (Sprong et al. 2009).

Each risk analysis begins with an assessment of the potential dog zoonoses in an
area, depending on the endemicity (the hazard, H). Hazard characterization also
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includes prevalence in animals (the reservoir), virulence to man, transmission routes,
and survival of the agent in the environment. These criteria are then weighed, mostly
based on expert opinion.

The second step is exposure assessment (E). Who is exposed to the potential
hazard and for how long or how often? How much of the potential pathogen is
needed to become a health risk? This is inevitably directly related to human behavior
in relation to their dog.

The third step is to assess the impact of getting infected. How serious is the
disease, what is the chance of complications, and what economic consequences may
be expected (e.g., labor hours lost)? For this purpose, the disease burden can be
expressed in disability adjusted life years (DALYs). This quantifies health loss based
on two components: life years lost due to premature death and the proportional loss
of quality of life as a result of the disease.

Each of the parameters can be ranked in order from negligible (1) to the most
serious possibility (5). Ranking is based on literature data, own observations (mea-
suring), or expert opinion, thus arbitrarily.

The final risk assessment can be achieved by multiplying the outcome of hazard
characterization, exposure assessment, and impact (H � E � I ¼ a number). The
outcome is nothing more than a ranking of the potential health hazards and as such,
can be compared with other zoonotic agents.

An example of such a risk assessment was carried out in a large companion
animal referral clinic in the Netherlands (Berends 2006). Table 1 shows the top five
dog zoonoses from this study, according to the hazard characterization ranking order.
Table 2 shows the ranking order of exposure to these zoonoses. In Table 3, the top
five most important dog zoonoses in an average small animal clinic are listed, based
on the multiplication of hazard, exposure, and impact. This can be used as the point
of departure because the intensive contact that clinicians have with dogs will
certainly be comparable to that of an owner, with only one important exception:
the duration of exposure. Since this is also subject to the owner’s behavior, this will
be discussed in sect. 27.22.

Table 1 Ranking order of
biological hazard
characterization in dogs

1. Rabies

2. Capnocytophaga canimorsus

3. Leptospira spp.

4. Salmonella spp.

5. Campylobacter spp.

Table 2 Ranking order of
exposure assessment

1. Dermatophytes

2. Pasteurella multocida, P. canis

3. Staphylococcus aureus/intermedius/pseudointermedius

4. Campylobacter

5. Salmonella
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27.2.1 Dog Ownership

Companion animals have an important emotional value and promote socialization
among the lonely elderly because they facilitate additional contact with people. Pets
create purpose in life, reduce stress, and encourage physical activity. Most research,
addressing the health benefits of pet ownership, shows a reduction in distress and
anxiety, a decrease in loneliness and depression, and an increase in physical condi-
tion (Friedmann and Son 2009).

Dogs also play an increasing role as co-therapist or supporter for people with
psychological or physical disabilities. The benefits of these animal-assisted activities
are improved mood and decreased physiological distress, depression, dementia, and
loneliness (Olsen et al. 2016).

Animal-assisted therapies can be used alongside other methods to facilitate
psychotherapy or to provide specific types of therapeutic interventions such as
improving motor skills or behavior. Such interventions were effective in improving
the health status of children or adults with, or at risk of developing, mental disorders
(Friedmann and Son 2009).

Dogs play an important role in the development and treatment of behavioral
problems in children, the well-being of the elderly, and in decreasing absenteeism
due to illness and visits to the doctor (Purewal et al. 2017; Hoagwood et al. 2017).
Pet ownership has certainly been associated with health benefits, although not all
(social) studies have been based on correct methodologies (Koivusilta and Ojanlatva
2006; Wells 2019).

On the other hand, more than six out of ten known infectious diseases in people
can be spread by animals, and three out of four new or emerging infectious diseases
in people are derived from animals (CDC). The recent pandemic of the COVID-19
coronavirus (SARS-CoV-2) that may originate from bats, is a good example of a
recent emerging zoonotic infectious disease. A few dogs have tested positive but are
not considered a source of infection for humans.

Here we deal with potential biological hazards (zoonoses) that may have negative
health consequences for the owner. The starting point is Table 3, which ranks the
zoonoses by potential health risks for individuals with short but intensive contact,
such as veterinarians or breeders. It may be assumed that exposure to the potential
hazards mentioned will be much higher and longer lasting when the owner (family)
is involved. The actual top five zoonoses will, however, remain similar and concern
the fecal-oral route of transmission (Campylobacter, Salmonella, Giardia), direct
contact (Staphylococcus spp.), and injuries as result of bite incidents, licking, and
scratching (Pasteurella multocida, P. canis).

Table 3 Ranking order of
potential human health
risks due to dog zoonoses

1. Campylobacter

2. Pasteurella spp.

3. Salmonella spp.

4. Staphylococcus spp.

5. Listeria spp.
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27.2.2 Human Behavior

In 80–90% of households, pets are considered members of the family, therefore
physical contact is very common. Cuddling, stroking, and playing with animals is
normal among dog owners, and especially their children. It is all part of enjoying pet
animals, but pets have increasingly become substitutes for childbearing and
childcare, sometimes leading to excessive pet care and intensive contact (Chomel
and Sun 2011). This kind of behavior is the result of attributing human cognitive
processes and emotional states to animals, such as feelings of happiness, love, or
guilt. This perception that animals have awareness, thoughts, and feelings is called
anthropomorphism (Szánthó et al. 2017).

It is remarkable that some owners allow their dogs to approach the table, beg for
snacks, are often stroked or even worse are allowed to join the table at mealtimes.
Therefore, washing hands before a meal would demonstrate an awareness of
hygienic practice. The number of potential pathogens such as enterobacteriaceae
(Westgarth et al. 2008) or parasite eggs (Keegan and Holland 2010) from the fur of
most animals, including dogs, is easily detectable and can be washed off by using
water and ordinary household soap. It is self-evident behavior to do so before sitting
down for dinner or after visiting the toilet and is all part of upbringing and education.

Licking the face or sharing an ice cream is a sign of mutual affection for some and is
allowed by as much as 50% of households (Westgarth et al. 2008; Overgaauw et al.
2009). The notion that a dog’s tongue is clean and may even be used to cleanse
wounds is widespread among the general public and sometimes even among first aid
health professionals (Verrier 1970; Overgaauw et al. 2020). Dogs regularly lick their
anus and it has been found that over half of all dog and cat owners allow their pets to
lick their hands or faces. By doing this, bacteria may be spread. Literature increasingly
indicates that dogs licking humans may lead to infections (Booij-Vrieling et al. 2010;
Haesebrouck et al. 2009); or serious health consequences in individual cases
(Shewring and Rushforth 1990; Wade et al. 1999; Overgaauw and van Knapen 2012).

Allowing dogs to sleep in the bedroom (33–56%) or to even sleep in the owner’s
bed (18–50%) is certainly contributing to the transmission of zoonoses, including
parasites (Overgaauw et al. 2020; Chomel and Sun 2011). Intensive contact with the
skin and nose, (Staphylococcus spp.) even when the dog is healthy and without skin
lesions, may lead to contamination with antimicrobial resistant strains (MRSA)
(Manian 2003; Cain 2013).

Having one or more dogs in the household means that soil from outdoors is
regularly spread throughout the house. Dogs were regularly reported to have soil-
transmitted parasitic infections in their fur (Keegan and Holland 2010) with, as yet,
unknown consequences for the owner. However, it should be kept in mind that even
Toxocara eggs may easily be found in household dust taken from the houses of dog
owners (Overgaauw and Boersema 1998; Panova and Khrustalev 2018).

Among soil-transmitted diseases, serious consideration must be given to toxo-
plasmosis because dogs might act as active distributors of oocysts from the envi-
ronment. Dogs regularly and actively roll in the feces of other animals or eat them
(Frenkel et al. 1996; Nijsse et al. 2014).
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An important role of the veterinarian is to make owners aware of the potential
risks and to emphasize the importance of personal hygiene and thorough cleaning of
the house/kitchen, without causing alarm (Stull et al. 2015). Awareness and respon-
sible pet ownership are the key issues in achieving a healthy relationship between
owner and dog.

27.2.3 Responsible Pet Ownership

The benefits of pet ownership come with certain obligations. This concept is called
responsible pet ownership and includes, among other things, providing the preven-
tive (e.g., vaccinations, parasite control) and therapeutic healthcare needs for the
duration of the pet’s life (AVMA 2021; Overgaauw et al. 2020) to prevent the
transmission of pathogens to humans. Responsible pet ownership also means rec-
ognizing that the other half of the population does not own a dog or may not even
like dogs. Annoyance over dog feces in the streets or noisiness is common. Dog
owners can contribute to public discussions within communities to demonstrate their
positive attitude toward regular deworming or parasite control, health certification,
and cleaning up their dog’s feces while out walking. It is surprising to see the
difference in dog owners’ attitudes between the various countries of Europe.
While British dog owners are used to cleaning up dog feces, Dutch citizens are
less likely to do so. Only 39% of Dutch dog owners report to regularly clean up their
dog’s feces (Overgaauw et al. 2009).

27.3 New Trends

27.3.1 Emerging Zoonoses

“Emerging zoonoses are zoonoses that are newly recognized or newly evolved or
that have occurred previously but show an increase in incidence or expansion in the
geographic host, or vector range” (WHO/FAO/OIE 2004). There is an increasing
trend to rescue and import dogs from endemic, predominantly Mediterranean
regions, with stray animal problems. Another trend is the increasing puppy trade
from Eastern Europe. In the EU without borders, such transportation only requires
a minimum age, mandatory health certificate (signed by an official veterinarian),
and proper vaccinations (e.g., rabies). Rabies, Echinococcus granulosus and
Leishmania infantum are therefore “imported” infections in many countries
(Menn et al. 2010; Otranto et al. 2017). The import and settlement of canine
babesiosis in Western Europe, including its vector (Dermacentor reticulatus), is
a clear sign of transport and spreading of (zoonotic) infections (Daugschies 2001).
The harmonization of parasite control in Europe has taken place by the indepen-
dent organization ESCCAP (www.esccap.org) to enable veterinarians to inform
clients about the differing endemic diseases in the various European countries and
how to prevent contracting or importing infectious diseases when traveling with
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dogs (holidays, assistance dogs) or purchasing dogs from abroad. Obviously, this
is not only of value regarding parasitic infections, but also for bacterial or viral
zoonoses (e.g., brucellosis, rabies).

27.3.2 Feeding Raw Meat to Dogs

Although many dog owners in the Western world feed their pets industrially
processed food, an upward trend is emerging toward feeding homemade food instead
of pre-prepared food, which may consist of leftovers, homemade and prepared
meals, bones, raw meat, and offal. Publications were found reporting the presence
of Escherichia coli O157, Salmonella spp., Listeria spp., Campylobacter spp., and
antibiotic-resistant bacteria in the feed (Van Bree et al. 2018). Outbreaks of Salmo-
nella have been described, which could be linked to contaminated animal food.
Caregivers and family members can become infected with the Salmonella bacteria,
not only when preparing food that contains raw meat, but also after being in contact
with infected animals that secrete the bacteria (Finley et al. 2006; Lefebvre et al.
2008; Schlesinger 2002; Davies et al. 2019) and after being in contact with infected
food bowls, for example, when cleaning them (Weese and Rousseau 2006).

We traditionally know that young children (younger than 5 years), the elderly
(older than 65 years), patients with an impaired immunity, and pregnant women
carrying a fragile fetus are at more than average risk of becoming ill after an
infection. Moreover, they may have more severe disease, have symptoms for a
longer duration, or develop more severe complications compared to other patients
(Stull et al. 2015). Therefore, it is recommended that animals living with these risk
groups or those being used therapeutically to care for people, are not allowed to eat
raw meat. Health authorities warn, therefore, that raw pet food diets can be danger-
ous to the owner and their pets (FDA, Nemser et al. 2014). If dogs are fed with
commercially (complete) canned or dry food, which are free from pathogens, there
will be no danger in becoming infected through the food chain.

27.3.3 Contact with Wildlife Zoonoses

Hunting dogs that are allowed to feed on the carcasses of wild animals or free-
ranging dogs hunting or scavenging for their own food are at an increased risk of
picking up zoonoses that may have serious consequences for their owner’s health. In
Echinococcus multilocularis (fox tapeworm) endemic areas (see www.esccap.org),
there is a real risk that (hunting) dogs become infected with this tapeworm. Because
E. multilocularis easily grows in dogs, the threat of it spreading to their owners is
also realistic. Monthly deworming in endemic areas is strongly recommended
(Hegglin and Deplazes 2013). Moreover, in large areas of Europe home to wild
raccoons and raccoon dogs, another emerging zoonosis is the appearance of
Baylisascaris spp. in dogs. This may cause severe larva migrans infection in animals
and humans, but infection in children particularly needs further attention (Okulewicz
and Bunkowska 2009; Lee et al. 2010).
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27.3.4 Dogs and Transmission of Human Viruses

The increasing role of the influenza Avirus and human disease and the threat of new
pandemics of new types (hemagglutinin (H) and neuraminidase (N)) also affects
dogs and cats. So far, canine influenza (H3N8) has not caused harm to humans, but
pathogenic avian influenza (H3N2) and human influenza (H1N1) isolates are able to
infect dogs and cats. These animals may therefore play a role in interspecies
transmission and the spread of the influenza virus (Song et al. 2008; Tangwangvivat
et al. 2019). Small animal practitioners may play an important role in early warning
systems for influenza in humans and dogs (Beeler 2009).

Recently, it was shown that human noroviruses can survive in dogs’ gastrointes-
tinal tracts. It is suggested that this major source of human diarrheal disease
worldwide is transmitted from man to dog and consequently, may be transferred to
others (Summa et al. 2012; Caddy et al. 2015).

Additional potential health risks for dog owners (depending on behavior, travel-
ing, or importation of dogs from areas endemic for zoonoses) not covered by Table 3
are presented in Table 4.

27.4 Authorities’ Involvement

Emerging zoonoses, early warning, and surveillance are all important issues (van der
Giessen et al. 2010). Although active surveillance systems exist, particularly for
livestock and wildlife, no such system exists for pet animals. Notifiable diseases
from pet animals in the Netherlands include brucellosis, campylobacteriosis, echi-
nococcosis, leptospirosis, rabies, salmonellosis, toxoplasmosis, tuberculosis, and
yersiniosis. Data are scarce however and underreporting undoubtedly occurs. This
may be due to improper diagnoses or ignorance. Enforcement of existing legislation
should be the first goal for authorities. Community administration however is
regularly confronted with complaints from citizens about dogs and their behavior
and indirectly about dog owner behavior. This was previously mentioned and
requires more attention from local authorities. Responsible pet ownership should
get more attention and could be encouraged locally. Dogs undergoing health certi-
fication by a veterinarian at regular intervals, including proper parasite control,
vaccinations, and general health checks, could be rewarded with a recognizable
medal for their collar. By doing so, the dog owner would demonstrate his or her
public responsibility (social control). Moreover, the obligation to clean up dog feces

Table 4 Additional
potential health risks for
dog owners depending on
behavior, traveling, or the
importation of dogs from
areas endemic for zoonoses
not covered by Table 3

1. Echinococcus granulosus

2. Echinococcus multilocularis

3. Toxocara spp.

4. Baylisascaris spp.

5. Rhipicephalus sanguineus

6. (Influenza/norovirus)

7. (Toxoplasma)
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should be encouraged by the national governments in those countries where this is
not yet commonly practiced.

27.5 Conclusions

The role of the companion animal veterinarian is not only to care for animals with
diseases but is increasingly becoming important in the field of veterinary public
health.

Livestock veterinarians and official veterinarians have long since taken up this
responsibility. Disease detection, reporting, and prevention are important issues.
Companion animals, including dogs, may act as important sentinels for public
health. Veterinarians should advise pet (dog) owners more about health education
with regard to husbandry, dog behavior, and responsible pet ownership. Cooperation
with community health services and local government should be part of the contri-
bution of small animal practitioners in the twenty-first century “One Health”
approach (Trevejo 2009; Gyles 2016).

27.6 Cross-References

▶Animal Bites and Zoonoses: From A to Z – Alligators to Zebras
▶Campylobacter: Animal Reservoirs, Human Infections, and Options for Control
▶Cystic and Alveolar Echinococcosis: Fraternal Twins both in Search of Optimal
Treatment

▶Elimination of Rabies: A Missed Opportunity
▶The Zoonotic Agent Salmonella
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Abstract

In many countries worldwide, cats – revered and reviled – have become “man’s
really best friend.” In the following chapter the public health relevance of cats will
be highlighted by introducing its most relevant zoonotic pathogens including
Toxoplasma gondii, Bartonella henselae, Toxocara cati, Rickettsia felis, entero-
pathogenic bacteria and parasites, as well as the emerging cat-related pathogen
Corynebacterium ulcerans. Moreover, cats and their role in the SARS-CoV-2
pandemic will also be discussed.

Keywords

Cat · Lion · Tiger · Puma · Cougar · Toxplasma gondii · Toxocara cati · Giardia
spp. · Campylobacter spp. · Cryptosporidium felis · Bartonella spp. · Chlamydia
felis ·Opisthorchis felineus · Rickettsia felis · Cat scratch disease · SARS-CoV-2 ·
Feline Infectious Peritonitis (FIP) · Salmonella spp. · Enterohemorrhagic E. coli
(EHEC) · Carnivora · Corynebacterium ulcerans · Diphtheria

28.1 Introduction

The family Felidiae of the Order Carnivora is of comparatively recent evolutionary
origin with a proposed common ancestor living <11 million years ago (Agnarsson
et al. 2010; Johnson et al. 2006). Based on morphological and molecular data at least
38 extant and two extinct species can be divided into eight major lineages: the two “big
cat” clades of the pantherine lineage with four roaring and one non-roaring species and
the Asian leopard cat group, the ocelot lineage, the caracal group, the puma group, the
baycat group, the lynx genus, and the domestic cat lineage (Agnarsson et al. 2010;
Serpell 2000; Johnson and O’Brien 1997; Johnson et al. 2006; Kitchener et al. 2017).

The latter lineage originated in the Mediterranean region about 6–7 million years
ago (Johnson et al. 2006; Driscoll et al. 2007; Crowley et al. 2020) and consists of
six small cat species from which four, i.e., the domestic cat (Felis catus), the
European wildcat (F. silvestris), the African wildcat (F. libyca), and the sand cat
(F. margarita), diverged later on. Based mainly on morphological, archeological,
and behavioral findings, F. libyca is hypothesized to be the most likely ancestor of
the domestic cat. Even etymological findings support this idea, since the word for cat
in many languages (e.g., English cat, fourth century Latin cattus, the ancient Greek
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καττoς, the medieval Byzantine Greek κατης [Nicholas 1999], Spanish gato, French
chat, German Katze, Lithuanian katė, the modern Arabic quttah) is thought to be
derived from the Nubian word for cat, kadiz.

Domestication of cats started presumably 10,000–25,000 years later than the domes-
tication of dogs (Germonpré et al. 2009) and probably began in Egypt about 4000 years
ago, where cats even enjoyed a sacred status and were associated with the cult of the
cat-shaped deity Bastet. One strain of etymological speculation links the English dimin-
utive pussy and the Romanian word for cat pissica to this Egyptian goddess (Serpell
2000). Several reasons for cat domestication have been discussed in the literature based
on its hunting properties: (i) protection of grain storages by killing small rodents (indirect
benefit from hunting); (ii) use as a companion animal for bird hunting (direct benefit from
hunting); (iii) use for religious reasons or as status symbol due to its resemblance of a
lion, the king of the carnivorous hunters (Serpell 2000; Jores 2004).

Interestingly and in a pronounced contrast to dogs, the domestication process of
cats did not induce major changes either in the physical shape or in the behavior of
domestic cats when compared to wildcats. This process is sometimes referred to as
“self-domestication” probably driven by a fortuitous combination of ecological and
sociocultural circumstances (Crowley et al. 2020). Modern cats still remain capable
of sustaining themselves without human assistance; this independence from human
support is reflected by the increasing number of the so-called “feral cats” raising
major problems in many human societies and ecological settings, e.g., due to their
carnivore and predator lifestyle contributing even to the extinction of other animals
especially in islands or certain geographic areas (Crowley et al. 2020; Parliament of
the Commonwealth of Australia 2020).

From its sacred origins in Ancient Egypt, the domestic cat spread – supported by its
remarkable “sea sickness resistance” – often by ships across the Mediterranean – first
throughout Europe and finally worldwide (Engels 1999; Jores 2004). While during the
first millennia of the human–cat relationship the animal enjoyed valuable respect
nearly in all human cultures, the esteem of cats dramatically changed in the Middle
Ages at least in Christian Europe and Japan when demonic features were attributed to
them; the respective iconic pictures commonly propagated in fairy tails are those of a
cat sitting on the hunchback of a witch or even being a companion of the devil.
Probably the previously as benevolent cat attributes described features such as
(female) fertility and sexuality were now disregarded as demonic for cultural or
religious reasons and consequently the cat was transformed into a symbol of these
now as vicious connotated features. These associations were also based on facets of
the natural behavior of cats, e.g., their obvious independence, affectionate nature,
search for physical caresses, sexual behavior, and promiscuity, which all were now
interpreted in the light of a sexualized, often misogynic perspective (Serpell 2000).
After this emotional setback in the history of the human–cat relationship things clearly
improved in the last few centuries making the cat now in many countries “man’s really
best friend”with the numbers of household cats outnumbering those of domestic dogs.
However, the ambiguous nature of cat’s image as revered and reviled still prevails in
many human societies and subgroups (Crowley et al. 2020; Vocelle 2017).
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28.1.1 Cat Demography

The worldwide domestic cat population is estimated to exceed 500 million of which
about 58% are thought to be be “stray” or “feral” (International Companion Animal
Management Coalition 2011; Hiby et al. 2013). The largest pet cat population lives
in the USAwith about 74 million cats present in 32–38% of US households (Rowan
2018, Humane Society of the USA 2022), followed by China (53 million), Russia
(17.8 million), and Brazil (12.5 million) (www.mappr.co/thematic-maps/world-pet-
ownership/). In Europe about 110 million cats are living in about 25% of European
households; Russia (22.7 million), Germany (15.7 million; 2012: 8.2 million),
France (15.1 million; 2012: 11.4 million), UK (7.9 million; 2012: 8.5 million), and
Italy (7.9 million; 2012: 7.5 million) ranked as the five countries with the highest pet
cat populations in Europe in 2020 (FEDIAF 2014, 2021). Interestingly and similarly
to 2012, the highest rates of households with cat ownership in Europe are found in
the East, e.g., in Romania and Poland (42% of households), the Czech Republic
(41%), Lithuania (37%), Hungary (34%), and Slovenia (31%) with Portugal being
the only exception from this geographical trend (38%) (FEDIAF 2021). The Parlia-
ment of the Commonwealth of Australia reported 3.77 million pet cats in 27% of
Australian households and 2.8. million feral cats, respectively (Parliament of the
Commonwealth of Australia 2020). Cat ownership is relatively low in African
countries besides South Africa (2 million) and Spanish-speaking Southern America
besides Argentina (3.0 million).

In a random sample of 2,980 UK households in 2007 pet cat ownership was
significantly correlated with female sex of the owner (OR 1.63), having a garden
(OR 3.66), living in a semi-urban or rural environment (OR 1.30), and having a
higher education degree (OR 1.36) (Murray et al. 2010). In an Irish study, pet cat
ownership was significantly associated with house type (apartment compared with
detached housing, OR: 0.13), female sex (OR: 1.48), age (55–64 years compared
with 18–24 years, OR: 2.25) and the presence of a pet dog in the house (compared
with no pet dog, OR: 1.85) (Downes et al. 2009). Similarly, in a British study, the
presence of an adult female in the household or of people in the age groups 20–29
years and 30–59 years were associated with increased odds of owning a cat
(Westgarth et al. 2010). Female sex, age class between 40–59 years, separated
marital status, and living in a rural area were associated with cat ownership in a
study from Central Italy (Carvelli et al. 2006). In the USA more than 75% of the
persons taking care of a cat within a household are women; this rate is highest among
19–29 year-old women (AVMA 2012). Indirect evidence for a higher proportion of
women caring for cats might be drawn from a US multicenter study on 110 patients
with pet-afflicted bite wounds showing that 72% of people bitten by cats were
women, while only 38% of dog bites documented in the study population affected
women (Talan et al. 1999). In a 2003 population-based study from California, female
single respondents had a higher odds of owning a cat; smaller household sizes, home
ownership, living in a home, full time employment of the household, and more rural
location were associated with higher odds of cat ownership (Saunders et al. 2017).
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28.1.2 Public Health Impact of Cats

Cats may kill humans directly by attacking, violating or – seldomly and then
reaching literally fame (Anderson 1955) – eating them. About 14,009 deadly attacks
by large carnivorous cats on humans have been recorded worldwide in the twentieth
century, the vast majority caused by tigers – probably a gross underestimation (Löe
and Röskaft 2004). In the nineteenth and early twentieth centuries, tigers killed
approximately 34,075 persons in the Indian subcontinent, in the twentieth century
another 12,600 persons resulting in 600 to 800 human deaths per year from tiger
attacks in Asia (Shepherd et al. 2014). The utmost unfriendly behavior, i.e.,
man-eating, was mainly reported for tigers in Singapore, India, Russia, and South
China. For other big feline carnivores available twentieth century data allow the
conservative estimate that lions and leopards have killed 552 and 840 people,
respectively, in their natural African and Asian habitats (Shepherd et al. 2014),
with more scaring man-eating events reported than for tigers giving rise to eternal
fame, for instance, for the Tsavo brothers, two lion man-eaters (Peterhans et al.
2001), and the Panar man-eating leopard (Corbett 1954).

Not only wildlife felines or captive carnivores such as Siegfried and Roy’s
Montecore, but also pet cats may attack humans: about 400,000 cat bites occur
every year in the USA (WHO 2018), in Bologna/Italy the incidence of cat-bite-
related injuries was estimated to be 17.9/100,000 (Ostanello et al. 2005), in Brazil a
national health survey calculated 76,512 cat bites/year corresponding with an annual
incidence of 41 cat bites/100,000 (Benavides et al. 2020).

While these literally crude data show quite obviously a direct impact of cats on
human health, the zoonotic health risks of cats to humans are much less visible and
indirect.

Starting from a comprehensive risk assessment review on companion animal-
associated zoonoses by the Robert Koch-Institut, Germany (Weber and Schwarzkopf
2003), and based on an intensive literature review as well as expert interviews of
14 scientists from the fields of veterinary medicine, human medicine and microbi-
ology, a list of eight, three, and six pathogens with a public human health risk scored
as “high,” “low,” and “unsure,” respectively, for the German situation was compiled
at the Veterinary University Hannover (Möbius 2013). Bartonella henselae,
Capnocytophaga spp., Pasteurella multocida, Orthopoxvirus, Cryptosporidium
parvum, Toxoplasma gondii, Microsporum canis, and Trichophyton spp. were
ranked among the “high risk” zoonotic pathogens, Coxiella burnetii, Dipylidium
caninum, and Echinococcus spp.) among the “low risk” group and Campylobacter
jejuni, Escherichia coli, Leptospira spp., Salmonella spp., Toxocara spp., and
Giardia spp. among the ambiguous zoonotic agents. Pathogens for which only a
theoretical transmission risk exists (e.g., Lyssa viruses in a rabies-free country) or for
which only anecdotal case reports could be found in the literature were excluded. A
similar, but not risk-oriented list on zoonotic infectious diseases of companion
animals including cats was published by Day et al. as an electronic document for
the Emerging Infectious Diseases journal of the CDC, Atlanta, USA (Day et al.
2012), while in a more recent document the US CDC list on their homepage cat
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scratch disease, roundworms, toxoplasmosis, rabies, campylobacteriosis, salmonel-
losis, cryptosporidiosis, giardiasis, hookworm, MRSA, plague, ringworm, different
tick-borne diseases, and sporotrichosis as diseases associated with cats (CDC 2021).
The American Association of Feline Practitioners (AAFP) mentions in their 2019
Feline Zoonoses Guidelines 14 enteric, seven scratch-, bite-, or exudate-associated,
six ocular or respiratory, eight flea- and tick-borne zoonotic agents of cats, respec-
tively, without further weighting (Lappin et al. 2019). Table 1 comprises the most
important cat-associated zoonotic pathogens.

In the following we will mainly concentrate on pathogens with significant public
health importance or a quite unique association with cats. Mainly bite-transmitted
pathogens (e.g., Capnocytophaga spp. and Pasteurella spp.) and dermatophytes
(e.g., Microsporum spp. and Trichophyton spp.) will not be dealt due to their quite
special transmission pathways. Antibiotic resistant bacteria with the potential of
zoonotic transmission, especially Methicillin-resistant Staphylococcus aureus will
also not be addressed in this chapter.

28.2 The Usual Suspects

28.2.1 Toxoplasma gondii

28.2.1.1 The Pathogen – Life Cycle and Transmission
Three remarkable, if not ironical, events mark the first descriptions of T. gondii in
1908 by the French Nobel laureates Charles Nicolle and Louis Herbert Manceaux
and the Calabria-born microbiologist and physician Alfonso Splendore (Meira
2010): (i) although spanning perhaps the widest host range of any parasite
T. gondii was discovered independently not in wildlife, but in two laboratory
animals, i.e., a North African comb rat named gundi in the Pasteur Institute in
Tunis/Tunisia and a rabbit in the Hospital da Real Sociedade de Beneficência
Portuguesa in São Paulo/Brazil, respectively (Dubey 2008, 2020). (ii) the two
French microbiologists misspelled the Maghreb Arabian name of the rodent gundi
as “gondi” resulting in the parasite’s proposed species name as gondii; (iii) funnily,
both the French and the Italian researchers misidentified the parasite discovered in
their laboratory animals as a Leishmania species (Dubey 2008).

The parasitic life cycle of this coccidian protozoan of the Phylum Apicomplexa
depends on the carnivorous lifestyle of felids and was finally resolved as late as the
1970s by the work of Frenkel and Dubey (Dubey 2008). Despite the parasite’s
extremely wide host range in air (birds [Dubey et al. 2021a]), on earth (nearly all
warm-blooded animals), and in sea (maritime mammals) (see an extended list of
animal species in Hill et al. 2005 and of rodents alone in Dubey et al. 2021b,
respectively), the only known definitive hosts for T. gondii are members of the
family Felidae. The important role of cats in the natural transmission of T. gondii is
underlined by seroepidemiological studies on isolated Pacific, Australian, or US
islands showing very low seroprevalence for T. gondii in the absence of cats
(Wallace 1969; Munday 1972; Dubey et al. 1997); higher T. gondii seroprevalences
on basically cat-free Arctic islands have been linked to migratory birds (Prestrud
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et al. 2007). The obligate intracellular parasite can only sexually reproduce and,
thereby, complete its life cyle in felids, the only mammals lacking delta-6-desaturase
activity in their intestines resulting in a systemic excess of linoleic acid needed for
Toxoplasma’s sexual reproduction (Martorelli Di Genova et al. 2019; English and
Striepen 2019) manifesting in the subsequent production of the massive numbers of
unsporulated oocysts. These oocysts are shed in the cat’s feces and need to sporulate
for 1–5 days in the environment to become infective. Intermediate hosts, e.g., birds
and rodents, but principally any warm-blooded species including humans, get
infected by ingesting oocysts-contaminated soil, water, or plant material. Shortly
after ingestion, oocysts transform within the intermediate host into tachyzoites,
which travel mainly within macrophages primarily into neural or muscular tissue
(but principally in any tissue) where they develop into bradyzoites. Several thou-
sands of bradyzoites form tissue cysts, which are ingested by cats when feeding on
their prey, e.g., the “regular” intermediate hosts. Moreover, cats may also become
infected directly by ingestion of sporulated oocysts. The infectious dose for cats is
estimated to be around 100 oocysts or one bradyzoite, respectively (Dubey 2020).
Infection of cats via tissue cysts is probably more effective than via oocysts resulting
in a higher percentage of oocyst shedding (Zhu et al. 2021).

Humans may become infected (i) by slowly dividing bradyzoites, e.g., when
eating undercooked meat of animals harboring tissue cysts1, (ii) by sporozoites-
containing oocysts, e.g., when consuming food or water contaminated with cat feces
or when ingesting environmental items – either directly contaminated by a cat (e.g.,
via fecally contaminated soil or pet cat litter boxes) or indirectly by another animal
(e.g., by dogs carrying oocysts in their fur after having rolled in cat feces due to their
behavioral trait of the so-called xenosmophilia [Frenkel and Parker 1996]), (iii) by
rapidly dividing tachyzoites, e.g., via blood transfusion or transplacentally, and
(iv) by bradyzoites, e.g., via organ transplantation when transplanting tissue cysts-
containing transplant material (Hill and Dubey 2002; Flegr et al. 2014).

As derived from toxoplasmosis outbreaks, neither disease severity nor clinical
symptoms are probably related to the parasitic stage, i.e., oocysts vs. bradyzoites,
ingested (Dubey 2021; Pinto-Ferreira et al. 2019).

28.2.1.2 Epidemiology in Cats and Humans
T. gondii strains are highly diverse, but only a few lineages are widely spread. In
Europe, North America, and Africa there are three dominant clonal lineages, i.e., the
more mouse-virulent I and the less mouse-virulent II and III; in South America the
variety of genotypes is much more diverse and comprises more atypical strains,
possibly due to more frequent sexual replication of Toxoplasma in this part of the
world and associated with higher pathogenicity (Flegr et al. 2014; Su et al. 2012;

1Human transmission by different stages of undercooked meat (esp. lamb chops) or raw meat juice
was shown in a French study with hospitalized children, supplemented by a detailed diet survey on
beef, lamb, and horse meat preparing habits („très cuit,“ „á point,“ „saignant,“ „très saignant,“ and
„cru“); while the culinary procedures are described in a quite sophisticated manner, no information
is given regarding an ethical approvement of the performed diet studies (Desmonts et al. 1965).
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Amouei et al. 2020; Bertranpetit et al. 2017; Galal et al. 2019; Lehmann et al. 2006;
Khan et al. 2007).

Cats have been implicated to be involved in shaping the global phylogeny of
T. gondii by two major spreading events: (i) after the reconnection of the Panamian
land bridge 1-2 Mya comigration of feline definite hosts with the parasite might have
resulted in the genetic divergence of both felids and Toxoplasma in South America
(Khan et al. 2007); (ii) sixteenth century transatlantic slave trade by ships populated
with rodents and domestic cats might have enforced the spread of Toxoplasma and its
clonal formation in Europe, North America, and Africa (Lehmann et al. 2006).

Globally, seroprevalence in cats ranges from around 5% to more than 90% and is
higher in feral and stray cats than in domestic pets (Dabritz and Conrad 2010; Dubey
and Jones 2008; Nutter et al. 2004; Dubey et al. 2020; Zhu et al. 2021) with an
estimated global pooled seroprevalence of 35% and 59% in domestic and wild felis,
respectively (Montazeri et al. 2020). Seroprevalence rises with cat age (Vollaire et al.
2005); e.g., in a Belgian study on 567 health domestic cats seroprevalence increased
from 2% in kittens below 12 months of age to 44% in 7-year old cats (De Craeye
et al. 2008). Probably less than 1% of mainly young cats – often being infected for
the first time during their first outdoor hunting experiences – are shedding oocysts
once in their lifetime for an average period of 1 week and up to 3 weeks, although
data from experimentally infected cats suggest that re-excretion of oocysts is possi-
ble (Dubey et al. 2020) questioning the previous assumption of a single oocyst
shedding period (Zhu et al. 2021). Reported rates of shedding domestic cats range
from 0% to 34% in microscopic (Dabritz and Conrad 2010; Barutzki and Schaper
2011; Epe et al. 2004) and up to 20% in DNA studies (Dubey et al. 2020). A single
cat may excrete more than 50 million oocysts per day (Dabritz and Conrad 2010:
data are based on 73 experimentally or naturally infected cats from five different
studies) with 3 to 810 million oocysts per cat infection.With an estimated 40 g of daily
feces production per cat, the amount of annual fecal production by feral cats was
calculated to reach up to 2.4 x 106 tons in the USA matching up to 2.4 x 1015 oocysts
deposited in the US environment (Dabritz and Conrad 2010; Torrey and Yolken 2013).
It should be noted, however, that laboratory methods for oocyst detection especially in
environmental samples are not very sensitive; direct measurements and source detec-
tion in outbreak situations are therefore often not possible.

Toxoplamosis is probably the most prevalent infection in humans affecting
30–50% of the world population thus outnumbering even latent tuberculosis (Flegr
et al. 2014). It ranks among the three most important food-borne diseases at least in
industrialized countries (Aguirre et al. 2019; WHO 2015) with the highest disability-
adjusted life years (DALY) among food-borne infections (Flegr et al. 2014).

Seroprevalence in humans shows a similar range as in cats, i.e., from about 3% to
around 90% in different human populations and geographical regions (Dabritz and
Conrad 2010; Bigna et al. 2020). In most European, Central/South American, and
North American countries, about one-fourth to two thirds – from a public health
point of view – of the most relevant human population, i.e., pregnant women or
women of child-bearing age, show anti-Toxoplasma IgG antibodies (Dabritz and
Conrad 2010; Nogareda et al. 2014; Galvan-Ramirez et al. 2012), with the Americas
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as the WHO region with the highest (around 45%) and the Western Pacific with the
lowest (around 11%) IgG prevalence, respectively (Bigna et al. 2020). In some
countries, including France, the prevalence has fallen in the last two decades,
probably due to hygienic and awareness building measures (Petersen et al. 2010;
Nogareda et al. 2014).

The global annual incidence of the most severe form of toxoplasmosis, i.e.,
congenital toxoplasmosis, was estimated in a WHO review to be 190,100 cases
matching an incidence of 1.5 cases of congenital toxoplasmosis per 1,000 live births
(Torgerson and Mastroiacovo 2013). A recent review found the highest incidences
for congenital toxoplasmosis in Brazil, France, and Austria, respectively (Dubey
et al. 2021c).

28.2.1.3 Disease in Cats
Infection in cats is usually asymptomatic or subclinical with only minor symptoms
such as short-term diarrhea, lymphadenopathy, or fever. Overt disease is more likely
in cats with immunosuppression, including young kittens and cats with, e.g., feline
leukemia virus (FELV) or feline immunodeficiency virus (FIV) infection. During the
parasite’s extraintestinal tachyzoite phase and depending on the affected organ
system, pneumonia with cough and breathing problems, longer episodes of diarrhea,
uveitis, iritis, chorioretinitis, myocarditis, or encephalitis may develop. Very rarely,
sudden death may occur especially in very young kittens (Dubey et al. 2020).

28.2.1.4 Disease in Humans
Most infections affecting humans are asymptomatic. If symptomatic, mainly
immunosuppressed people are concerned. Lymphadenopathy, sometimes associated
with fever, fatigue, muscle pain, sore throat, and headache, is the most frequently
observed acute clinical form of postnatally acquired toxoplasmosis in humans.

In striking contrast, multivisceral symptomatic infection, sometimes referred to as
“Amazonian toxoplasmosis,” acute and severe ocular forms (e.g., retinochoroiditis),
and even deaths among immunocompetent patients have been reported mainly in
connection with both oocyst- and bradyzoites-associated outbreaks in South America
and the Carribean, sometimes linked to atypical and more pathogenic Toxoplasma
strains or genetic host susceptibility (Galal et al. 2019; Carme et al. 2009; Dubey 2021).

Most important clinical findings in immunosuppressed patients include enceph-
alitis, chorioretinitis, or pneumonitis due to reactivation of bradyzoites, which are
otherwise immunologically well controlled in tissue cysts and might develop into
tachyzoites during phases of immunosuppression. Recently, evidence is rising that
latent Toxoplasma infection might be linked to behavioral or mental changes and
psychiatric disease (Flegr and Horáček 2020), e.g., an association with self-directed
violence (Pedersen et al. 2012), suicidal behavior (Groër et al. 2011; Postolache et al.
2021), or automotive accidents (Flegr et al. 2002); however, if and which Toxo-
plasma-specific underlying causes might be involved is not yet understood (Flegr
2013). These findings are paralleled by behavioral changes observed in experimen-
tally infected mice, which have been linked to Toxoplama’s life cycle postulating
that the parasite manipulates its intermediate hosts to lose their innate fear of
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predators including cats or to feel attracted to cat urine thus increasing the probability
to be devoured by their definite hosts (Vyas et al. 2007; Boillat et al. 2020; Aguirre
et al. 2019; Tong et al. 2021). Congenital toxoplasmosis is caused by transplacental
infection when a non-immune mother infected for the first time during pregnancy
transmits tachyzoites to her fetus. The clinical spectrum of congenital toxoplasmosis
ranges from asymptomatic infection to severe syndromes including hydrocephalus,
microcephaly, or intracranial calcifications – leading to mental and/or psychomotoric
retardation – and chorioretinitis causing vision impairment or even blindness.
Stillbirth or death in the neonatal period may also occur.

28.2.1.5 Public Health Importance
A WHO review estimates the global burden of congenital toxoplasmosis to be as
high as 1.20 million DALYs (Torgerson and Mastroiacovo 2013). The highest
burdens were seen in South America and in some Middle Eastern – especially in
low-income – countries. For their calculations, the WHO review authors took into
account different disease patterns, manifestations, and severities possibly due to
different pathogenic strains and their respective geographical distribution.

In the 1990s, about 750 deaths per year were attributed to toxoplasmosis in the
USA (Mead et al. 1999), while more recent estimates report 327 deaths per year
making Toxoplasma the food-borne pathogen with the second most annual deaths
after Salmonella spp. (Batz et al. 2021). These estimates of lethal outcomes might
mainly refer to infections acquired by immunosuppressed people via ingestion of
tissue cysts. However, due to the larger amount of people affected, oocyst-
transmitted infections may be both clinically and from a public health point of
view more severe than tissue cyst-induced infections as mainly concluded from
outbreak situations (Beneson et al. 1982; Burnett et al. 1998; Teutsch et al. 1979;
Bowie et al. 1997).

On a global scale, the relative contribution of human infection via oocysts from
food or drinking water contaminated with cat feces on the one hand and from tissue
cysts by eating undercooked meat on the other hand is very difficult to establish
and probably differs in different geographical locations and human populations due
to different environmental conditions, sociocultural customs, and also the patho-
genicity of the prevalent Toxoplasma strain (VanWormer et al. 2013; Milne et al.
2020). Interestingly, case-control studies failed to explain up to 40% of human
infections due to any known risk factor (Petersen et al. 2010). In a European
multicenter study from France, Italy, Belgium, Denmark, and Sweden, between
one and two thirds of infections could be attributed to consumption of undercooked
meat products and 6–17% to soil contact (Cook et al. 2000). However, consider-
able seroprevalence data in vegetarian human populations from India (Rawal 1959:
21%), among Seventh Day Adventists in the USA (Roghmann et al. 1999: 18%)
and in Amerindian aborigines from Venezuela (Chacin-Bonilla et al. 2001: 43.5%
to 62.4%) as well as symptomatic outbreaks of human toxoplasmosis mainly linked
to probably contaminated drinking water sources (Balasundaram et al. 2010;
Petersen et al. 2010; Dabritz and Conrad 2010; Dubey 2021; Pinto-Ferreira et al.
2019), e.g., the most prominent and best analyzed 1995 Vancouver outbreak
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presumably caused by cougars shedding oocysts (Aramini et al. 1998, 1999; Bowie
et al. 1997), or to contaminated vegetables (Ekman et al. 2012) suggest a signif-
icant proportion of oocyst-transmitted toxoplasmosis at least in some circum-
stances (Peterson et al. 2010). Moreover, when finding with a novel sporozoite-
(and therefore oocyst-)specific serological test that 78% of 76 mothers of congen-
itally infected infants in a US-wide survey had a primary infection with oocysts,
Boyer et al. speculated that a major number of congenital toxoplasmosis cases and
at least four North American epidemics are due to infection via oocysts (Boyer
et al. 2011). Similarly, based on sporozoite-specific seroprevalence studies (Hill
et al. 2011), T. gondii transmission has been largely attributed to oocysts for
regions of Brazil with poor socioeconomic and hygienic conditions and oocyst-
favorable warm, humid climate (Milne et al. 2020). In contrast, in Poland with
approximately 80% of livestock reported as T. gondii seropositive, bradyzoites
from undercooked meat have been implicated to be the most significant source of
infection (Flegr et al. 2014).

Data from 11 epidemiological studies performed from 1990 to 2006 in different
European, African, and American countries analyzing soil contact associated with
seropositivity found odds ratios (OR) from 1.4 to 10.3 suggesting a possible risk of
oocyst-transmitted infections via cat feces (Dabritz and Conrad 2010). However,
direct daily contact with cats or cat-ownership was not associated with an increased
risk of T. gondii infection in one USA and two European case-control studies (Cook
et al. 2000; Kapperud et al. 1996; Jones et al. 2009) or in studies from South Korea
(Jung et al. 2017) or the UK (Flatt and Shetty 2013), respectively. In contrast, the OR
for owing a cat was 1.25 in a study from the Czech Republic (Kolbekova et al. 2007).
Seroprevalence studies in pregnant women from Iran (Foroutan-Rad et al. 2016) and
France (with an OR of 4.5 for cat ownership [Baril et al. 1999]), in hemodialysis
patients (OR 3.73) and a healthy control group (OR 1.80) in Iran (Soltani et al.
2020), in a population-based control study from Taiwan (OR of 2.9 [Chiang et al.
2014]) and in school children in central China (Wang et al. 2020) identified cat
ownership as an independent risk factor for Toxoplasma infection. Interestingly,
owing three or more kittens was associated with an adjusted OR (aOR) of nearly
28 in the very same US study which showed a “protective” effect of owing one or
two cats (aOR 0.6) (Jones et al. 2009).

In conclusion, there is considerable indirect evidence for a direct role of oocyst-
shedding cats in Toxoplasma transmission to humans. Unfortunately, although
oocysts have been detected both in environmental and in water samples by different
methods (Dabritz and Conrad 2010), often the implicated sources suggested by
epidemiological considerations cannot be corroborated or certified by direct detec-
tion of oocysts due to the lack of laboratory facilities or methodologically based
sensitivity problems. Therefore, the public health impact of directly cat-associated,
i.e., oocyst-transmitted, toxoplasmosis cannot be clearly calculated.

28.2.1.6 Public Health Measures
When assessing the risk of directly cat-associated transmission, it should be noted
that probably one oocyst might be enough to cause infection as data from
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experimentally infected swine suggest (Dubey et al. 1996). Considering the mean of
50 million oocysts daily excreted by a single freshly infected cat methods preventing
oocyst contact, ingestion or inhalation are obviously reasonable. Care should espe-
cially be taken when dealing with sandboxes where cats that do usually not defecate
randomly, but rather select places for defecation, often deposit and subsequently
cover their feces resulting in the accumulation of more than 1 million oocysts per
square foot in certain areas of sandboxes (Torrey and Yolken 2013).

Interestingly, in a 19 months lasting German study on more than 18,000 feline
fecal samples the proportion of T. gondii-positive samples collected between January
and June was significantly lower than between July and December (Herrmann et al.
2010).

Cat-related public health measures for reducing the risk of toxoplasmosis might
therefore include (i) hygienic measures such as wearing gloves when and washing
hands after gardening, working with soil (especially in places where domestic and
above all feral or stray cats might defecate) or having contact with cat feces;
(ii) thoroughly washing of vegetables and fruits; (iii) restricting pet cats’, especially
kittens’, access to wild rodents (although estimated bradyzoite rates for rodents are
quite low, e.g., 0.1–0.4% in Germany); (iv) avoiding disposal of cat feces into
drinking water sources (e.g., the respective Californian legislation [Dabritz and
Conrad 2010]); (v) adopting a stray cat policy reducing roaming of unowned and
not sufficiently supervised cats; (vi) preventing contact of cats and their feces to
highly susceptible intermediate host animals such as swine, lambs, or chicken
(Dubey 2010); (vii) development of a feasible and robust vaccine for cats (Dabritz
and Conrad 2010; Petersen et al. 2010; Aguirre et al. 2019). Recently, a CRISPR/
Cas9-based genetically attenuated live vaccine generating defective oocysts failing
to produce sporozoites was succesfully shown to completely prevent oocyst excre-
tion thus blocking T. plasma transmission (Ramakrishnan et al. 2019).

28.2.2 Bartonellosis

28.2.2.1 The Pathogen
The genus Bartonella comprises a group of Gram-negative facultative intracellular
bacteria with a unique life cycle involving one or few closely related mammals as
reservoir hosts and different bloodsucking arthropods as vectors. Currently,
37 Bartonella species/subspecies and additional candidates, e.g., not fully charac-
terized and named species, are listed (www.bacterio.net), which have been identified
in a wide range of domestic and wild animals, including at least 16 causing disease in
humans and 10 zoonotic species from cats and/or dogs (Cicuttin et al. 2014; Chomel
et al. 2012; Harms and Dehio 2012; Zangwill 2013; Okaro et al. 2017). Following
transmission by an arthropod vector, bartonellae colonize a not yet definitely iden-
tified primary niche, which probably involves migratory cells as well as additional
cell types and are transported to the vascular endothelium where they persist
intracellularly (see Harms and Dehio 2012 for an intense review of the molecular
pathogenesis of Bartonella spp.). Bartonella is known to infect a range of host cells,
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but the endothelial cell is thought to be the primary niche location (Okaro et al.
2017). From the primary niche the bartonellae invade erythrocytes where they finally
persist to be again taken up by bloodsucking arthropods for transmission to another
host. Both vector (including its ecology) and host (including the primary niche as
first step in the intrahost replication cycle) factors are responsible for the reservoir
host specificity of the respective Bartonella species (Harms and Dehio 2012). Their
lifestyle both in the primary and the intraerythrocytic niches allow the bartonellae to
escape the immune system, to replicate within their host, to relapse from time to time
and to evade antibiotic treatment.

The majority of human infections is caused by three Bartonella species
(B. henselae, B. bacilliformis, and B. quintana) of which one is zoonotic and has
cats as reservoir hosts, i.e., Bartonella henselae. Cats are also the main reservoir for
B. clarridgeiae and B. koehleae that may be both causative agents of cat-scratch
disease and endocarditis in humans (Cheslock and Embers 2019; Alvarez-Fernandez
et al. 2018). The natural and most important arthropod vector both for direct intra-
(i.e., cat-to-cat) and probably also for indirect interspecies (i.e., cat-to-human)
transmission is the cat flea Ctenocephalides felis (Breitschwerdt and Kordick
2000; Mosbacher et al. 2011; Harms and Dehio 2012). Transmission to humans is
thought to occur mainly via B. henselae-contaminated cat flea feces after inoculation
by a cat scratch or a cat bite; interestingly, B. henselae DNA could be isolated from
gingiva and claw beds of domestic cats in the USA (Lappin and Hawley 2009).

Besides, in cat fleas, B. henselae has also been identified in hard ticks from
Europe and North America (i.e., Ixodes ricinus and Ixodes pacificus) suggesting a
possible role of Ixodes spp. as vectors as it is proven for another Bartonella species
(Mosbacher et al. 2011; Reis et al. 2011; Regier et al. 2016). Furthermore ticks have
been clinically implicated in the transmission of Bartonella infection to humans in
the absence of other known transmission modes (Maggi et al. 2013).

While cats are the natural reservoir host for B. henselae, infection has also been
shown serologically or by DNA detection in a variety of accidental hosts including
dogs, coyotes, cattle, horses, and deers (Mosbacher et al. 2011; Regier et al. 2019). In
addition, bats and wild rodents were found to be novel hosts for potentially zoonotic
Bartonella spp. (Stuckey et al. 2017; Rozental et al. 2017).

28.2.2.2 Epidemiology in Cats and Humans
Bartonellosis has a worldwide distribution. In cats, seroprevalence usually ranging
from 40% to 70% is much higher in warm, humid regions in which high flea
infestation is expected (Breitschwerdt and Kordick 2000; Mosbacher et al. 2011;
Alvarez-Fernandez et al. 2018). In Europe seroprevalence for pet cats was deter-
mined to be, for instance, 23% in Austria (Skerget et al. 2003), 24.7–71.4% in Spain
(Aylo et al. 2012; Solano-Gallegro et al. 2006), 41.1% in France (Gurfiel et al. 2001),
18.8–68.7% in Germany (Mietze et al. 2011; Morgenthal et al. 2012), 10.9–57.1% in
Italy (Zobba et al. 2009; Mansueto et al. 2012), and 41.2 in the UK (Barnes et al.
2000). An absolute exception is the seroprevalence of 0% in 100 domestic and feral
cats from Norway (Bergh et al. 2002).

28 Cats – Revered and Reviled – and Associated Zoonoses 849



In Africa 21% and 59.6% of the investigated cats in South Africa and North
Africa, respectively, had antibodies against Bartonella spp. (Kelly et al. 1996;
Al-Kappany et al. 2011). On the Asian continent the seroprevalence of cats ranged
from 1.5 to 68% in the Middle East and the Philippines, respectively (Alvarez-
Fernandez et al. 2018) and the main clinico-epidemiological studies from America
report on 3.7 –75% (Jameson et al. 1995; Case et al. 2006; Nutter et al. 2004) and
5.6–75% (Levy et al. 2008; Müller et al. 2017) serogical positive cats in North and
South America, respectively.

Hunting for prey, having access to outdoor environments, living previously as a
stray cat or living with other pet cats in the same household were found to be
associated with a higher risk of seropositivity (Al-Majali 2004; Gurfield et al.
2001). When compared with pet cats from the same geographical region, feral cats
show usually significantly higher seroprevalence rates, e.g., in Sicily
(35.4% vs. 68.3%; Mansueto et al. 2012), in North Carolina, USA
(75% vs. 93%; Nutter et al. 2004), in Taiwan (26.7% vs. 40%; Chang et al.
2006) or in Turkey (22.9% vs. 31.7%; Guzel et al. 2011). In contrast, seropreva-
lence in shelter cats seems to be bimodal, i.e., either most cats or only very few
show a positive serology (Breitschwerdt and Kordick 2000) with flea infestation as
the most important risk factor. Prevalence of bacteremia in both domestic (DC) and
stray cats (SC) is usually lower than the respective seroprevalence with 0% in DC
in Madrid, Spain (Gil et al. 2013), 4% in Catalonia and northeastern Spain (Pons
et al. 2005; Solano-Gallego et al. 2006), 3% in Brazil (DC; Braga et al. 2012), 5.8%
(DC) and 18.6% (SC), in China (Yuan et al. 2011), 16% (DC) and 40% (SC), in
Australia (Branley et al. 1996), 14.9% in Argentina (Cicuttin et al. 2014), 15.7%
(DC) and 35.5% (SC) in La Rioja, Spain (Gil et al. 2013), 16.5% (DC; Gurfield
et al. 2001) and 37.2% (SC; Heller et al. 1997) in different parts of France, 16.7%
(DC) and 31.3% (SC) in Taiwan (Chang et al. 2006), 17% in Algeria (SC; Azzag
et al. 2012) and New Zealand (DC; Joseph et al. 1997), 25% (DC) and 26% (SC) in
the Netherlands (Bergmans et al. 1997) or 39.5% in California, USA (Chomel et al.
1995). Risk factors for B. henselae bacteremia are grossly those associated with
seroprevalence.

In free-ranging or captured big cats such as lions, panthers, and cougars
B. henselae infection could also be documented serologically or directly by PCR
and/or bacterial culture. Seroprevalence rates ranged from 0% in 44 Amur tigers
(Goodrich et al. 2012), 18% for panthers in Florida, USA and 28% for cougars from
Texas, USA (Rotstein et al. 2000), 17% for lions and 31% for cheetahs in Africa
collected between 1982 and 2002 (Molia et al. 2004), 29% in African lions
(Pretorius et al. 2004), 37% for Californian mountain lions (Girard et al. 2012),
30% in captive wild felids, 35% for mountain lions, to 53% in bobcats from
California, USA, respectively (Yamamoto et al. 1998). Bacteremia with
B. henselae detected either by culture and/or PCR was found in 1.5% in 65 African
lions (Pretorius et al. 2004), in 3.4% of 58 lions (Molia et al. 2004), in 6% of in
Iriomote wildcats (Prionailurus iriomotensis) from Japan (Tateno et al. 2013), in
15% of neotropical felids mostly of the genus Leopardus from a Brazilian shelter
(Guimaraes et al. 2010), and in 35% in feral cats (Felis catus) from St. Simons
Island, Georgia, USA (Hwang and Gottdenker 2013).
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In humans, the annual number of infections has been estimated to range between
22,000 and 24,000 in the USA, with about 2,000 cases requiring hospitalization
(Jackson et al. 1993; Nelson et al. 2016; Okaro et al. 2017). Thousands of cases may
occur yearly in Europe (Chomel et al. 2006; Blanco et al. 1998; Müller 2016). In the
USA, there seems to be a seasonal distribution of human cat-scratch disease (CSD)
incidence, with the majority of cases occurring between July and January (Carithers
1985; Reynolds et al. 2005; Jackson et al. 1993). This pattern might be due to the
seasonal breeding patterns of domestic cats, the acquisition of kittens as family pets, and
the peak temporal presence of the cat flea among cats (Anderson and Neuman 1997).

Screening of healthy human blood donors in different industrialized countries,
e.g., Sweden, France, Austria, and the USA, found a seroprevalence with anti-
B. henselae antibodies of 2–22% (Mosbacher et al. 2011; Müller et al. 2016;
Breitschwerdt and Kordick 2000). However, studies in certain human populations
with a presumably higher risk of attracting infection, e.g., veterinarians, cat owners,
hunters, or farm workers, detected higher seroprevalence rates. Seropositivity was
9.6% in Chinese farm workers (Zhang et al. 2008), 15% in Japanese veterinarians
(Kumasaka et al. 2001), 45% and 53.3% in Polish veterinarians and cat-owners,
respectively (Chmielewski et al. 2007), and 51.1% in veterinarians from Austria
(Nowotny et al. 1997). In Austrian hunters, seropositivity was found in 23% (Müller
et al. 2016). In contrast, a Taiwanese study among veterinary clinic staff found only a
seropositivity of 1.7% (Chang et al. 2006). Also, a seroprevalence rate of 7.1%,
which is in the range of that found in the normal population, was detected in
attendees of a veterinary conference in Ohio, USA (Noah et al. 1997). Moreover,
no association of anti-B. henselae antibody positivity with cat ownership was seen in
two studies from Austria (Skerget et al. 2003) and Germany (Rath et al. 1997),
respectively. Taken together, these data suggest that frequent or even close contact
with cats per se does not necessarily lead to B. henselae infection and other factors,
e.g., flea infestation of cats, have also to be considered.

Only very few studies analyzing anti-B. henselae antibody seroprevalence in
HIV-positive CSD- or bacillary angiomatosis (BA)-asymptomatic patients have
been published; most of them do not differentiate between B. henselae and other
Bartonella spp., have only very small study population sizes and/or lack control
groups. Despite these biases and shortcomings, most of the study authors, however,
postulate a higher seroprevalence in HIV-patients than in the HIV-negative popula-
tion (Blanco et al. 1998; Frean et al. 2002; Pons et al. 2008; Trataris et al. 2012),
while other studies found no significant differences between both groups (Tsukahara
et al. 1999; Pawelczyk et al. 2019).

28.2.2.3 Disease in Cats
Naturally infected cats are usually asymptomatic, although B. henselae might cause
chronic, relapsing bacteremia for months to years (Alvarez-Fernandez et al. 2018).
In experimentally infected cats, in cats infected with non-reservoir-adapted
Bartonella species (i.e. non-B.henselae species) or in immunosuppressed cats, e.g.,
with a coinfection with Feline Immunodeficiency Virus (FIV), symptoms such as
lymphadenopathy, fever, mild transient anemia, or cardiac and renal lesions might be
present (Breitschwerdt and Kordick 2000).
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28.2.2.4 Disease in Humans
Cat scratch disease (CSD) in immunocompetent people and bacillary angiomatosis
(BA) in mainly immunosuppressed patients are the prominent clinical syndromes
caused by B. henselae (Zangwill 2013). Typically, CSD is a benign and self-limiting
disease in humans, presenting with lymphadenopathy (> 90% of patients) mainly of
an upper extremity or the neck and often showing suppuration (15–30%), low-grade
fever (26–60%), a primary cutaneous lesion at the inoculation site (25–90%),
malaise and weight loss (10–45%) (Zangwill 2013). Rare symptoms include ery-
thema nodosum, figurate erythemas, thrombocytopenic purpura, Perinaud’s
oculoglandular syndrome, encephalopathy, hepatic granulomas, osteomyelitis, pul-
monary disease, optic neuritis, and endocarditis. In most cases, the clinical findings
resolve spontaneously after 6–12 weeks, while lymphopathy may persist for weeks
to months. BA is an uncommon, but severe and potentially fatal disease especially
seen in AIDS patients and caused by the pathogen’s direct and indirect pro-
angiogenic features (Harms and Dehio 2012). Hallmarks of cutaneous manifesta-
tions are often multiple (up to hundreds) erythematous, highly vasculated exophytic
lesions, or subcutaneous nodules. Basically, any organ might be involved, but
besides the skin mainly bones, liver (i.e., peliosis hepatitis), and spleen are affected.
Due to their intracellular lifestyle as “intruders below the radar,” bartonellae in their
niches are difficult to reach by antibiotics (Harms and Dehio 2012). So far, no
randomized clinical trials showing an effective antibiotic treatment for CSD exist
(Prutsky et al. 2013), although guidelines based on expert consensus have been
published (Rolain et al. 2004).

Angioproliferative dieseases such as BA and peliosis hepatitis can be fatal and are
usually treated with macrolides or tetracyclines (Zangwill 2013; Rolain et al. 2004;
Regier et al. 2016). Bartonella spp. have been reported to be the emerging cause of
culture-negative endocarditis or fever of unknown origin with high anti-Bartonella-
IgG antibody-titers (Regier et al. 2016). Especially, B. henselae and B. quintana
harbor special surface adhesins, which may be an important factor for auto-
aggregation, biofilm formation, and, potentially, persistence in vegetative masses
in endocarditis. Thus, current recommendations for treatment of Bartonella endo-
carditis include a two drug regimen including aminoglycosides (Okaro et al. 2017).

28.2.2.5 Public Health Importance
Data obtained by multi-locus sequence typing (MLST) of feline and human
B. henselae isolates indicate that certain sequence types (ST), e.g., ST1, ST2, ST5,
and ST8 might be associated with zoonotic transmission and human disease, while
others, e.g., ST6 and ST7, are more restricted or even exclusively found in cats
(Arvand et al. 2007; Iredell et al. 2003). However, due to different geographic
distributions, e.g., in Asia, which differs significantly from that in other parts of
the world, a bias regarding an overemphasized association of certain STs with human
disease cannot be excluded (Arvand et al. 2007; Bouchouicha et al. 2009; Li et al.
2006; Gil et al. 2013). An overrepresentation of ST1 among human isolates was
reported by Arvand analyzing 182 strains from Europe, North America, and
Australia by Iredell on 37 strains from France, Germany, the USA, and Australia
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and – together with ST8 – by Gil et al. from northeastern Spain (Arvand et al. 2007;
Iredell et al. 2003; Gil et al. 2013). Moreover, among 26 B. henselae strains isolated
from stray cats in China comprising 18 different STs nearly two thirds belonged to
ST1, which is associated with human disease (Yuan et al. 2011). ST1 was also
predominant in 9 B. henselae strains obtained from cats in Buenos Aires, Argentina,
followed by ST8, ST5 and ST6 (Cicuttin et al. 2014). In contrast, ST1 does probably
not present the greatest public health risk in the UK: in an England-based MLST
study on 118 B. henselae strains isolated from humans and cats, the vast majority
(85%) of zoonosis-associated strains belonged to ST2, ST5, and ST8, respectively,
while 74% of the feline isolates belonged to ST4, ST6, and ST7 also indicating that a
few, uncommon STs were responsible for the majority of symptomatic human
infections in the UK (Chaloner et al. 2011). Interestingly, ST1 and ST5 were
found to be significantly more common in countries outside Europe than in England,
ST5 and ST7 more common in continental Europe than in England, and ST4 and
ST6 more common in England than in the rest of the world (Chaloner et al. 2011).
ST1 was also found to be only rare or even absent in North West European countries,
but dominating in the Mediterranean region (Arvand et al. 2007). In a Spanish study
analyzing both 35 feline strains and the to date largest number of human isolates
(n¼46), ST5 was by far the most frequent ST among both feline and human isolates
comprising more than half of all STs in the respective group (humans: 54.3%; cats:
61.5%) (Gil et al. 2013). Moreover, ST5 – besides ST7 – was also the most often
identified ST in 42 German pet cat isolates (Mietze et al. 2011). Both in England
(Chaloner et al. 2011) and Spain (Gil et al. 2013), ST5 and ST8 were among the three
STs most frequently associated with symptomatic human infection.

However, in contrast to most studies using MLST or MLVA as molecular
epidemiological tools, two complementary French studies (Li et al. 2006, 2007)
and one Japanese study (Yanagihara et al. 2010) performing the more discriminatory
multispacer typing (MST) did not find statistically significant differences in geno-
typic diversity between human and feline isolates. The reason for this discrepancy is
not yet clear, but may be explained by the predominance of different zoonosis-
associated strains in different geographic regions.

Not only an association between certain B. henselae strains and zoonotic trans-
mission, but also with clinical presentation in humans, either with CSD or endocar-
ditis, has been shown in different studies suggesting the existence of strains with a
higher pathogenic potential for humans (Bergmans et al. 1996; Gil et al. 2013).
Interestingly Boulouis et al. found specific MVLA profiles in free-ranging and
captive wild felids suggesting that these B. henselae strains are highly adapted to a
specific feline reservoir (Boulouis et al. 2020).

28.2.2.6 Public Health Measures
Except for recommendations to avoid cat contact, cat owners should be advised to
screen their cats for fleas and ticks and should be protected year-round from
infestation by the regular use of acaricides in spot-on or oral formulations thus
prohibiting exposure in- and outside of human habitats (Alvarez-Fernandez et al.
2018; Mosbacher et al. 2011; Breitschwerdt 2008). Immunosuppressed people
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should be advised not to adopt stray or flea-infested cats (Stützer and Hartmann
2012). Antibiotic treatment of individual cats has not been proven to be effective in
eliminating the carrier status (Mosbacher et al. 2011) and is useless in cats older than
2 years of age due to the self-limiting character of the disease (Breitschwerdt 2008;
Stützer and Hartmann 2012). However, it has been proposed to consider doxycycline
treatment of both symptomatic and asymptomatic cats younger than 2 years of age
when living in the same household with an immunosuppressed human to reduce the
bacterial load (Stützer and Hartmann 2012). On a public health scale the develop-
ment of vaccines to protect pets against Bartonella infections and thus reduction of
the zoonotic risks would be eligible (Alvarez-Fernandez et al. 2018).

28.2.3 Toxocara cati

28.2.3.1 The Pathogen – Life Cycle and Transmission
Toxocara cati, the cat roundworm, first described as Ascaris cati in 1788 by the
Bavarian Jesuit priest, botanist, and entomologist Franz von Paula Schrank (Schrank
1788), is the most common endoparasite in cats. As its close relative, Toxocara
canis, it belongs to the ascarid nematodes in the order Ascaridida, superfamily
Ascaridiodea, family Toxocaridae. Its definitive hosts are cats, in which they live
as adults within the lumen of the small intestine. Cats might get infected by ingesting
viable, embryonated eggs from contaminated sources (e.g., soil or paratenic2 hosts
such as mice, other rodents, earthworms, ants, or soil-dwelling invertebrates). After
ingestion within 2–4 h, the eggs hatch in the duodenum to release juvenile larvae,
which penetrate the small intestine, enter the circulation, migrate via the bloodstream
or the lymph vessels throughout the body and may invade any organ, especially the
liver (after 24 h), the heart, or the lungs (after another 12–24 h). Similarly to the
human roundworm Ascaris lumbricoides, the larvae migrate especially in young
kittens through the lungs, penetrate the trachea, enter the esophagus, get swallowed,
and finally reach the lumen of the small intestine where they mature and mate. A
single female worm produces about 200,000 non-embryonated eggs/day. After a
prepatent period of around 8 weeks the eggs are excreted per vias naturales together
with the cat feces into the environment. Embryonation occurs in the soil within 2–6
weeks after deposition depending on the temperature and environmental conditions.
In adult animals with some degree of acquired immunity the larvae may also remain
as dormant larvae in any tissue without reaching the intestine. Besides infection by
ingestion of eggs, transmammary or lactogenic transmission is also possible and
probably the major route of infection in kittens; larvae migrated to the mammary

2The phrase „paratenic host“was introduced by the Swiss parasitologist Jean Georges Baer in 1951,
It is derived from the Greek παρατεινω meaning „to prolong, to draw out, to expand, to pass from
one to another“ or – in Baer’s words – „to complicate the life cycle.“A paratenic host is „an optional
intermediate host (. . .) which the larvae usually enters passively, (. . .) such larvae will invariably
remain at the same stage of development as when first swallowed by this host“ (Baer 1951;
Bowman 2020).
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glands of lactating queens when infected late in pregnancy may infect nursing kittens
throughout the entire lactation period (Coati et al. 2004; Traversa 2012; Swerczek
et al. 1971; Baneth et al. 2016; Morelli et al. 2021). Vertical transmission and
infection by the ingestion of paratenic hosts (preferably mice, but also earthworms,
cockroaches, or other invertebrates), which harbor encapsulated larvae may also
happen. The latter is supposed to be particularly important in cats due to their
predatory lifestyle, while dogs might be more prone to infection via the fecal-oral
route ingesting Toxocara eggs when sniffing or licking at feces-contaminated sur-
faces (Morelli et al. 2021). Encapsulated larvae may stay infective within paratenic
hosts for up to 10 years allowing the parasite to continue their life cycle at prolonged
periods waiting to be eaten by the final feline host (Strube et al. 2013; Beaver 1969).
In contrast to T. canis in dogs, where transplacental transmission is of major
importance for the completion of the parasite’s life cycle, this route of transmission
has not been described for T. cati in cats (Macpherson 2013; Strube et al. 2013;
Rubinsky-Elefant et al. 2010; Carlin and Tyungu 2020; Rostami et al. 2019; Morelli
et al. 2021).

Humans may become infected by accidental ingestion of embryonated infective
third-stage larvae (L3) containing eggs present in cat-feces contaminated soil (there-
fore its classification as a primarily telluric zoonosis or saprozoonosis by the WHO)
via geophagy (a certain type of pica), contaminated hands or onychophagy or – less
frequently – food or water (Fillaux and Magnaval 2013; Deshayes et al. 2016;
Rostami et al. 2019). The infectious dose of 100–200 eggs has been determined
for T. canis in a single human volunteer (Chaudhuri and Saha 1959) and two
“mentally defective children” (Smith and Beaver 1953), respectively3. Probably,
more rarely, transmission can be achieved through consumption of encysted larvae
in raw or undercooked paratenic hosts (e.g., chicken, ducks, sheep, cattle, especially
raw liver) (Bowman 2020; for a review of cases see: Hoffmeister et al. 2007). Mainly
children may also get infected by eating invertebrate paratenic hosts,
e.g. earthworms (Macpherson 2013). Transmission by direct animal contact,
e.g. via eggs in fur, might also be possible, although only a low percentage of
detectable eggs sticking to cat fur were found to be embryonated and therefore
infective in studies from Iran and Turkey (Bakshani et al. 2019; Öge et al. 2014).

In contrast to cats, humans are aberrant or dead-end hosts with respect to the
completion of the Toxocara life cycle. Infective larvae may hatch after ingestion of
eggs, but – in contrast to the human-adapted A. lumbricoides larvae – the juvenile
stages fail to develop to mature adult worms. Instead, they may migrate throughout
the human body and finally get encysted for months or years in basically any organ,
causing inflammatory or immunologically driven damage to the respective tissue
they happen to reach (Macpherson 2013; Overgaauw 1997; Despommier 2003).
Since larvae do not develop to adult worms in humans, reports on finding adult
T. catiworms in the human gut or in human feces (Rodan and Buckley 1969; Bisseru

3Unfortunately and sadly, no information on the circumstances of these in vivo experiments, esp. on
an ethic approval of these studies, is given in the two publications.
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et al. 1966) can only be explained by ingestion of advance-staged larvae in or from
feline feces (Beaver 1969); the same holds true for the unique report on – most likely –
T. cati eggs in the intestinal region of an eighteenth century Franciscan from a Portu-
guese monastery (Sianto et al. 2017).

28.2.3.2 Epidemiology in Cats and Humans
The epidemiology of toxocarisasis in cats and humans is difficult to assess for
several reasons: (i) Most infections in humans, but also in cats are asymptomatic.
(ii) T. canis and T. cati eggs are morphologically very similar and basically only
distinguishable by slight size differences (74.8 x 86.0 μm vs. 62.3 x 72.7 μm,
respectively [Fahrion et al. 2011]) making microscopical species differentiation
probably impossible in a routine laboratory setting (Macpherson 2013; Uga et al.
2000), while molecular diagnostic tools for differentiating T. canis from T. cati eggs
or larvae have been developed only recently (Jarosz et al. 2021; Durant et al. 2012).
(iii) Serological techniques to differentiate reliably between T. cati- and T. canis-
specific antibodies in either definite host species or humans do not yet exist (Mac-
pherson 2013; Fillaux and Magnaval 2013; Poulsen et al. 2015; Holland 2017).

Therefore, most epidemiological data on Toxocara spp. or toxocariasis, esp. from
the pre-molecular era, are not T. cati-specific, but will reflect more likely the situation
for both Toxocara species. It is likely that for convenience reasons most studies
deduct the respective Toxocara species from the name-giving animal in which they
were detected. However, both T. cati and T. canis can be found in the respective
name-giving mammal species. Interestingly, in a study applying species-specific
ITS-2-based PCR only about two third of Toxocara eggs were T. canis and about
one third T. cati in dog feces, while all eggs from cats were T. cati (Fahrion et al.
2011); the finding was explained by the canine behavior of coprophagy causing
T. cati to be present also in dog feces. Moreover, also T. malaysiensis, a potentially
zoonotic species first described in 2001 (Gibbons et al. 2001), which is genetically
more closely related to T. cati than T. canis (Fava et al. 2020), shows a similar egg
morphology as the two other species and has been found so far only in cats in
Vietnam, China, and Malaysia (Gasser 2013; Le et al. 2016).

A recent systematic review and meta-analysis of cross-sectional studies covering
more than 2 million cats from 51 countries estimates the global pooled prevalence of
Toxocara infection in cats at 17.0%, being highest in African (43.3%) and lowest in
South American (12.6%) countries (Rostami et al. 2020). For other WHO regions,
the respective prevalence rates of Toxocara in cats were calculated as follows:
Eastern Mediterranean (21.6%), North America (18.3%), Europe (17.8%), Western
Pacific (17.3%), and South-East Asia (14.9%). In studies from different European
countries, infection rates for T. cati in cats are reported to range from 6.2% to 76%
(Strube et al. 2013; Epe et al. 2004; Barutzki and Schaper 2003; Chen et al. 2018
[Table S3]).

While prevalence studies of Toxocara spp. in cats from 26 European countries
performed over the past 25 years found a prevalence rate of 24.5% for T. cati
(Overgaauw and Nijsse 2020), a multicenter study from seven European countries
(Austria, Belgium, France, Hungary, Italy, Romania, and Spain) found an overall
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T. cati prevalence in cats of 19.7% with a range from 7.2% (Liège/Belgium) to
25.2% (Bari and Naples/Italy) (Beugnet et al. 2014). Systematic reviews on
Toxocara prevalence in cats revealed prevalences of 22% in China (Zhang et al.
2020), 16.7% (range: 0.3–43.1%) in Brazil (Dantas-Torres 2020), 5.0–78% in
South America (excluding Brazil) (López-Osorio et al. 2020), 3.5–5.1% in the
USA on a national level (Ketzis and Lucio-Forster 2020; De Santis et al. 2006,
Lucio-Forster et al. 2016), 11% in Canada (Jenkins 2020), 20.7–50.3% in Mexico
(Ketzis and Lucio-Forster 2020), 6–52% in Russia (Lukashev et al. 2020), 9% in
Sub-Saharan Africa (Omonijo et al. 2019), 9–55.9% in different African countries
including Egypt, Ethiopia, Kenya, Nigeria (Chidumayo 2020), and 32.6% resp.
37% in Iran (Eslahi et al. 2020; Abbaszadeh Afshar et al. 2020), respectively. A
national survey for T. cati in cats in Australia found a prevalence of only 3.2%
(Palmer et al. 2008).

In a global perspective, the prevalence of Toxocara is higher in low-income
tropical countries and also in stray (28.6%) and young (�12 months of age)
(27.7%) cats than in pet (11.6%) and older cats (>12 months of age) (23.8%)
(Rostami et al. 2020). A decline in T. cati prevalence in cats over the last 20 years
is observed in countries with wider use of anthelmintics in the pet population, more
stringent fecal hygiene practices in the pet environment, and increased feeding of
commercial pet foods, e.g. in Canada and the USA (Jenkins 2020).

Toxocariasis is one of the most prevalent parasitic zoonoses worldwide occurring
from the sub-arctic to the tropics (Rubinsky-Elefant et al. 2010; Macpherson 2013).
About 1.4 billion humans (one fifth of the world population) and 118–150 million
cats (a fourth to a third of the world cat population) are estimated to be affected by
toxocariasis (Rostami et al. 2019, 2020). Thus, toxocariasis is probably the most
common zoonotic helminthiasis at least in temperate climates (Deshayes et al. 2016).

Estimates of the Toxocara and esp. T. cati prevalence in humans has several
important immanent methodological limitations: (i) due to the Toxcara life cycle
with humans serving only as paratenic non-definite hosts, fecal examination for eggs
is not possible in contrast to the situation in cats; therefore only indirect laboratory
methods, i.e., serology, have to be used; (ii) indirect serological methods have
immanent sensitivity and specificity problems; especially specificity might be
affected by cross-reactivity with antigens from other nematodal helminths, e.g.,
Ascaris spp. or Toxascaris spp. (iii) serological methods to differentiate between
T. canis and T. cati, if available at all, are not widely distributed.

Mainly for theoretical considerations the majority of human toxocariasis infec-
tions have been considered to be caused by T. canis. These arguments are mainly
based on data from Iceland (Overgaauw 1997; Rubinsky-Elefant et al. 2010), where
the importation of foreign dogs was banned for Echinococcus control reasons from
1909 to 1991, dog ownership was prohibited in the capital Reykjavík since 1924,
and a serological study failed to detect anti-Toxocara antibodies in 307 adult
Icelanders (Woodruff et al. 1982). This study, however, did not give any epidemi-
ological information on the study population, e.g., on any exposure risks such as cat
contact, on T. cati prevalence in cats, cat population density, environmental load of
T. cati eggs, or their survival in soil under Iceland’s climate conditions. Moreover,

28 Cats – Revered and Reviled – and Associated Zoonoses 857



neither was Toxocara infection completely absent in dogs from Iceland during this
time period or shortly thereafter (Richter 1981) nor was the percentage of Toxocara
eggs shedding cats (12.5%) very high when compared to the situation in cats from
other countries (Ágússtsson and Richter 1993; Sandholt 2004) making it an over-
simplification to claim that a lack of Toxocara seropositivity in the study population
proves a much lesser transmission risk of T. cati to humans when compared to
T. canis. Besides that, this belief might also be fostered by experimental data
showing that T. canis larvae migrate faster than T. cati through the body of infected
mice (Overgaauw and van Knapen 2013; Strube et al. 2013).

Very recently, the global human seroprevalence of anti-Toxocara spp. antibodies
was estimated in a systematic review and meta-analysis comprising the results of
253 databases on more than 250,000 participants in 71 countries (Rostami et al.
2019) to be 19.0% (Rostami et al. 2019). Seroprevalence was highest in the African
region (37.7%), followed by the WHO regions of South-East Asia (34.1%), the
Western Pacific (24.2%), the Americas (22.8%), Europe (10.5%), and lowest in the
Eastern Mediterranean region (8.2%). More detailed subregional meta-analyses
show often wide ranges of human Toxocara seroprevalence, e.g., from 3.9% to
84.6% in Southeast Asia (Chou and Fan 2020), from 1% to 56% in Turkey (Taylan-
Ozkan 2020), from 4.7% to 13.8% in Mexico (Ponce-Macotela and Martínez-
Gordillo 2020), from 6.6% to 9.3% and 11% in Iran (Shafiei et al. 2020; Eslahi
et al. 2020; Abbaszadeh Afshar et al. 2020), from 12.1% to 44.8% in China (Kong
and Peng 2020), and 16% in Russia (Akhmadishina et al. 2020). In Europe, the
overall seroprevalence was estimated at 6.2% (Strube et al. 2020), while the most
recent national Toxocara survey in the USA revealed a seroprevalence of 5.1%
(Farmer et al. 2017; Liu et al. 2018), considerably lower than two decades ago
(Bradbury and Hobbs 2020). The highest prevalences with more than 50% in
basically healthy people were found in subpopulations, mostly from rural locations
or other remote areas: for instance in Africa (Lötsch and Grobusch 2020) in La
Réunion (92.8%) (Magnaval et al. 1994), Nigeria (92.5%; Ikotun et al. 2020 or
86.1%, Gyang et al. 2015), Gabon (59.9%) (Lötsch et al. 2016), Ghana (53.5%)
(Kyei et al. 2015), and Burundi (50.8%) (Nicoletti et al. 2007); in South-East Asia in
Indonesia (84.6%) (Hayashi et al. 2005), Nepal (81.0%) (Rai et al. 1996), Taiwan
(76.6%) (Fan et al. 2004), Bali/Indonesia (63.2%) (Chomel et al. 1993), and
Thailand (58.2%) (Phasuk and Punsawad 2020); in the Western Pacific region in
the Marshall Islands (68.7%) (Fu et al. 2014) and in the Philippines (66.7%)
(Rostami et al. 2019); in the Americas in St. Lucia (86%) (Thompson et al. 1986),
Colombia (79.3%) (Waindok et al. 2021), Brazil (71.8%) (Araújo et al. 2018), and in
Trinidad and Tobago (62.3%) (Rostami et al. 2019); and in Europe in Romania
(40.8%) (Cojocariu et al. 2012).

The global prevalence in humans is influenced by a variety of environmental,
geographic, cultural, and socioeconomic factors as well as individual components,
e.g., susceptibility to Toxocara infection due to immunity, coinfection, genetics, age,
gender, nutrition, and the behavior of both the human and the definitive hosts
(Congdon and Lloyd 2011; Macpherson 2013). Poverty as measured by lower
income levels and a lower human development index, lack of education, a high
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percentage of untreated or uncontrolled definitive hosts, poor hygienic conditions
both for humans and the definitive hosts, lower geographical latitude, a climate
showing higher humidity, higher temperature, and higher precipitation thus allowing
embryonation of Toxocara eggs to infective stages (optimum temperatures: 20–30 �C,
detrimental effects at <10 �C or > 37 �C [Gamboa 2005, Azam et al. 2012]) or longer
survival of embryonated eggs in the environment are associated with higher prevalences
(Macpherson 2013; Rostami et al. 2019). Human seroprevalence in industrialized
countries ranges from 0.7% to 44% with the majority of studies indicating prevalences
far below 20% (Macpherson 2013); in children who are most at risk prevalences
between 1.0% and 17.1% in European countries with a pooled prevalence of 7.8% for
children and young adults up to 20 years of age as compared to 4.6% in the 21–50 years
old population (Strube et al. 2020), 2.5% in Germany (Overgaauw and van Knapen
2013), and 12.0% in the USA (Bradbury and Hobbs 2020) are reported. In tropical
and/or less industrialized countries seroprevalences are much higher ranging from 30%
to 92,8% (Strube et al. 2013; Overgaauw and van Knapen 2013; Macpherson 2013; for
an intensive review of human seroprevalence surveys published since 1990, see
Rubinsky-Elefant et al. 2010; and for the period 1980 to 2019 Rostami et al. 2019,
respectively).

28.2.3.3 Disease in Cats
Usually, adult Toxocara living in the lumen of the small intestine of their definite
hosts do not cause pathological changes. Therefore, mild infections are mostly
subclinical. Clinical signs are more often evident during larval migration causing
respiratory symptoms (e.g., pneumonia, cough, nasal discharge) or intestinal infec-
tions with a moderate or high parasitic load of adult worms (Morelli et al. 2021).
Infected kittens may show a catarrhal enteritis with loss of appetite, vomiting,
diarrhea alternated with constipation, developmental disturbances, anemia or
anorexia, esp. after heavy infections. In adult cats T. cati may cause vomiting (e.g.,
of adult worms), abdominal enlargement, anorexia, or intestinal obstruction with
subsequent rupture of the intestine (Traversa 2012; Morelli et al. 2021).

28.2.3.4 Disease in Humans
T. cati larvae may reach basically any organ where they finally get encysted.
Therefore, there is a considerable variability in clinical presentation depending on
the systemic migration pattern of the active larvae or the final destination of the
encysted larvae. Experimental data with mice suggest that T. cati migrate more
slowly and/or less often into the CNS or the eye when compared to T. canis
(Overgaauw and van Knapen 2013; Strube et al. 2013). Most authors differentiate
between four (or five) different syndromes of toxocariasis: (i) visceral larva migrans
(VLM), which might be characterized by fever, hepatosplenomegaly, abdominal
pain, pulmonary disease, asthma-like symptoms, anorexia, weight loss, fatigue,
occasionally urticaria, and eosinophilia; (ii)ocular larva migrans (OLM; also
known as ocular toxocariasis, OT), characterized by a usually unilateral granuloma-
tous retinitis causing visual impairment and possibly blindness; (iii) neurotoxo-
cariasis (NT), characterized by progressive neurologic disease (Deshayes et al.
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2016); (iv) and covert or common toxocariasis (CT; occasionally also as two
separate, but overlapping entities named covT and comT [Auer and Walochnik
2020]), in which chronic abdominal pain or other nonspecific symptoms can develop
(Despommier 2003; Macpherson 2013; Rubinsky-Elefant et al. 2010; Chen et al.
2018; Ma et al. 2018). Both VLM and OLM most frequently affect children, VLM
more often those aged less than 5 years of age, OLM usually those 5–10 years old.
OLM is considered to be much rarer than VLM and probably caused by a lower level
of infection. Human toxocariasis is usually diagnosed serologically and can be
treated with albendazole.

28.2.3.5 Public Health Importance
Toxocara eggs need 2–6 weeks outside the definitive host to finally contain infective
larvae.

In a recent meta-analysis of 42,797 soil samples from 40 countries, the pooled
global prevalence of Toxocara eggs in public places was 21%, ranging from 13% to
35% (in descending order: Western Pacific: 35%; Africa: 27%; South America: 25%;
South-East Asia: 21%; Middle East and North Africa: 18%; Europe: 18%; North and
Central Americas: 13%) (Fakhri et al. 2018). Some recent surveys from Poland
(Mizgajska-Wiktor et al. 2017), Portugal (Otero et al. 2018), and the USA (Tyungu
et al. 2020) indicate that Toxocara eggs are found more commonly in sandpits rather
than in the soil of parks and in household-near backyards than in public places,
respectively, with sandy, silty, and loamy soil textures more prone for Toxocara
contamination than clay grounds (Paller and Chavez 2014) and T. cati being more
abundant than T. canis in public places (Mizgajska-Wiktor et al. 2017). In contrast,
using a mathematic modeling approach a UK-based study estimated the T. canis-
linked burden in the Bristol area to be much higher than the T.cati-caused environ-
mental contamination and as a consequence also the relative contribution of dogs to
Toxocara contamination when compared to cats (Morgan et al. 2013). Similar data
using a stochastic model were obtained for the Netherlands (Nijsse et al. 2015).

Since the most important Toxocara transmission pathway for humans is ingestion
of soil resulting in “contact with soil” as the factor with the highest odds ratio (OR:
2.1) for seropositivity in a global meta-analysis (Rostami et al. 2019), children are
more at risk than adults due to their less strict hygienic behavior and their tendency to
put possibly egg-contaminated objects and soil or larvae-containing paratenic hosts
such as earthworms into their mouth.

Direct cat contact is obviously of minor importance, since studies have shown
conflicting results on a possible association between seropositivity and cat owner-
ship or close contact with cats (Rostami et al. 2019: OR 1.61 in a global meta-
analysis of 16 studies; Paludo et al. 2007: OR 1.957 in Brazil; Negri et al. 2013: OR
1.647; Jarosz et al. 2010: OR 2.0; Won et al. 2008: OR 1.2 in the USA; Rubinsky-
Elefant et al. 2008: OR 0.57 in Brazil; Woodruff et al. 1982). A possible infection
route by Toxocara eggs sticking on the cat’s fur seems unlikely, since eggs have to be
embryonated to cause infection, which would need time. Moreover, cats – when
compared to dogs – show less often xenosmophilic behavior, which might lead to get
contaminated with soil- or feces-derived embryonated Toxocara eggs.
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28.2.3.6 Public Health Measures
To date, no specific national control programs against Toxocara spp. have ever been
attempted.

Of the four main reservoirs of parasite infection (intestinal infections in the
definitive host, eggs in the environment, larvae in paratenic hosts, larvae in the
definitive host), the easiest to control are the definitive hosts, e.g., cats and dogs
(Macpherson 2013). Therefore, prevention of the initial contamination of the envi-
ronment is the most obvious approach, for instance, by regularly deworming cats
(and dogs) [see recommendations from CAPC or ESCCAP], preventing defecation
of pet animals in public areas (especially in playgrounds), reduction of free-roaming
cats and dogs, fostering pet hygiene, and educating the public (Overgaauw and van
Knapen 2013). However, the paradoxical finding known for T. canis eggs that low
levels of egg exposure are more successful in establishing patent infections in dogs
than larger egg amounts might hamper public health measures, if this finding is also
valid for T. cati and cats (Macpherson 2013).

When addressing hygienic measures for animals, the differences in canine and
feline defecation patterns is important: in contrast to dogs, cats tend to defecate in
more thoroughly selected and less open places, e.g., in corners, often covering and
hiding their feces thereafter. Therefore, playgrounds and especially sandpits are
probably much more important for cat-transmitted Toxocara eggs than for those
excreted by dogs.

For exposure prophylaxis with respect to Toxocara eggs, especially children
should be educated about hand hygiene and taught to avoid geophagy.

28.3 Eponymous, But Probably Seldom (or Not Relevant):
Rickettsia felis, Chlamydia felis, Cryptosporidium felis,
and Opisthorchis felineus

28.3.1 The Enigmatic Rickettsia felis

28.3.1.1 The Pathogen
Rickettsia felis is an obligate intracellular Gram-negative bacterium, which is com-
monly attributed to the spotted fever group (SFG) – more recently to the transitional
group (TG) – of Rickettsia (Caravedo Martinez et al. 2021; Blanton and Walker
2017; Shpynov et al. 2018; Parola 2011; Reif and Macaluso 2009; Pérez-Osorio
et al. 2008; Abdad et al. 2011). It has been definitely described in 2002 (La Scola
et al. 2002). The cat flea (Ctenocephalides felis) is the primary and so far only known
natural vector and the reservoir of R. felis, although R. felis has been found in more
than 40 other arthropods including ticks, fleas, chigger mites (Reif and Macaluso
2009; Legendre and Macaluso 2017; Brown and Macaluso 2016), and even non-
hematophagous organisms such as booklice (Liposcelis bostrychophila) (Behar et al.
2010) and moths (Phereoeca spp) (Araújo et al. 2021). R. felis was shown to be
prevalent in cat fleas from more than 20 countries on 5 continents with positivity
rates ranging from 2% to 70% (Parola 2011). It has been detected in several
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peri-domestic species including cats, dogs, raccoons, rodents, and opossums, but the
definitive mammalian host(s) has not yet been identified. However, very recently, a
possible role for the domestic dog (Canis familiaris) as a vertebrate reservoir of
R. felis has been shown (Ng-Nguyen et al. 2020). Humans might possibly get
infected via flea saliva and flea bites (Brown et al. 2015; Blanton and Walker
2017) or – as it is the case with R. typhi and R. prowazekii – via flea feces through
dermal micro-traumas (Legendre and Macaluso 2017).

28.3.1.2 Epidemiology in Cats and Humans
Due to antibodies cross-reacting against antigens from different Rickettsia spp.,
species-specific seroprevalence data are often difficult to obtain. In seroprevalence
studies, R. felis-specific antibodies have been found in 4–15% of mainly client-
owned cats from several parts of the USA (Bayliss et al. 2009; Case et al. 2006) and
Italy (Ebani et al. 2021; Morganti et al. 2019; Morelli et al. 2019). So far, the highest
antibody positivity rate with up to 70% was found in 22 cats from a single household
in Chile (Labruna et al. 2007). In contrast, outside from experimental infection
settings, R. felis DNA has only extremely rarely been detected in blood of cats
making it very unlikely that cats serve as an important reservoir for R. felis (Hoque
et al. 2020).

In humans, serological studies have shown an antibody prevalence of 2.7% in
German forest workers (Wölfel et al. 2017), of 4.4% in HIV-positive patients from
Spain (Nogueras et al. 2014), of 3.2% and 6.5% in healthy individuals from
Catalonia (Nogueras et al. 2006) and from southern Spain (Bernabeu-Wittel et al.
2006), respectively, of 16.1% and 22.5% in healthy farm workers and indigenous
Orang Asli people from Malaysia (Kho et al. 2017), and of 17.8% and 24% in
volunteers (Hidalgo et al. 2013) and symptomatic patients (Pérez et al. 2021),
respectively, from the Caldas province, Colombia.

So far, more than 100 human clinical infections have been described either in case
reports or in diagnostic studies from more than 20 countries of 5 continents including
Brazil, Mexico (Zavala-Castro et al. 2009), the USA, Sweden (Lindblom et al.
2010), France, Germany, Spain, Thailand, Sri Lanka (Angelakis et al. 2012), Taiwan
(Yang et al. 2021), South Korea, Laos, Israel, Tunesia (Kaabia and Letaief 2009),
Algeria (Taleb et al. 2013; Mokrani et al. 2012), Egypt, Kenya (Maina et al. 2012;
Richards et al. 2010), Senegal (Socolovschi et al. 2010), St. Kitts from the West
Indies (Kelly et al. 2010), Australia (Williams et al. 2011), New Zealand (Lim et al.
2012), Indonesia (Mawuntu et al. 2020), and China (Zeng et al. 2021; Ye et al. 2021)
(countries not specified by an own reference were cited in Renvoisé et al. 2009,
Parola 2011 and Pérez-Osorio et al. 2008).

28.3.1.3 Disease in Cats
The majority of cats are probably asymptomatic (McElroy et al. 2010).

28.3.1.4 Disease in Humans
Clinical manifestations of human R. felis infection, sometimes referred to as flea-
borne spotted fever, may include fever (>90%), fatigue, headache, dermatological
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symptoms such as maculopapular rash (>70%) and – less frequently – an eschar
(>10%) (Legendre and Macaluso 2017), less frequently neurological signs (15%)
including meningitis-like symptoms (Lindholm et al. 2010, Ye et al. 2021, Zeng
et al. 2021, Mawuntu et al. 2020), hepatosplenomegaly (Zavala-Castro et al. 2009),
intestinal disease (<10%), or pneumonia (<10%) (Parola 2011; Renvoisé et al.
2009; Caravedo Martinez et al. 2021; Legendre and Macaluso 2017). The disease
is usually self-limiting and is most often treated with doxycycline. So far, there have
been no reports of flea-borne spotted fever causing death (Abdad et al. 2011) except
for two fatal cases presenting with acute meningoencephalitis in whom alternate
diagnoses could not be definitely ruled out (Mawuntu et al. 2020).

Importantly, so far laboratory diagnosis of human R. felis infections basically
relies on serology or PCR (and subsequent sequencing) from blood, CSF, or skin
lesions, while cultivation of the organism from clinical samples has not yet been
achieved (Blanton and Walker 2017; Caravedo Martinez et al. 2021). Therefore,
pathological and clinical findings are at least in some cases difficult to interpret. This
holds especially true for two clinical syndromes suspected to be linked to R. felis:
(i) increasing reports from Sub-Saharan Africa and also Asia finding R. felis DNA in
the blood of a considerable proportion of febrile patients suggested the pathogen to
be an important cause of uneruptive “fever of unknown origin” (FUO) esp. in Africa
(Socolovschi et al. 2010; Mediannikov et al. 2013b; Maina et al. 2012). However, in
recent years, R. felis DNA has been also detected in nonfebrile controls as well as in
febrile patients with simultaneous Plasmodium parasitemia complicating the previ-
ously suggested interpretation of the pathological role of R. felis in FUO (Caravedo
Martinez et al. 2021). (ii) Similarly enigmatic is the finding of R. felis DNA in two
cutaneous manifestations, a vesicular fever disease known among the local popula-
tion in Senegal as “yaaf” (Mediannikov et al. 2013a) and in maculopapular rash
reported in three patients from Yucatan, Mexico (Zavala-Velázquez et al. 2000),
when considering that R. felis DNA has also been found on the skin of healthy
afebrile people in Africa (Mediannikov et al. 2013a; Caravedo Martinez et al. 2021).

28.3.1.5 Public Health Importance
The geographic distribution of R. felis in the cosmopolitan cat flea reinforces the
hypothesis that R. felis might be found in most, if not all, human populations where
cats and other domestic animals are kept as pets (Abdad et al. 2011). Unfortunately,
most human case reports do not comment on possible animal contact. One report
from Australia indicates that direct contact with cat fleas harboring cats might be a
risk for transmission, since three siblings, their grandmother and a neighbor showed
serological and clinical signs of R. felis infection, all of them having had contact to a
cat family, while the children’s parents without cat contact remained asymptomatic
(Williams et al. 2011). However, in several studies R. felis DNA has been detected in
cat fleas (Ctenocephalides felis) harvested from pet cats (Abdullah et al. 2020;
Kamrani et al. 2008; Noden et al. 2017); in contrast, the finding of R. felis DNA in
naturally infected pet cats seems to be rare and was reported only very recently (Muz
et al. 2021; Hoque et al. 2020).
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28.3.1.6 Public Health Measures
The individual and public health measures recommended for prevention of
bartonellosis might also be useful for avoiding R. felis infection due to the supposed
similar transmission via Ctenocephalides felis.

28.3.2 Chlamydia felis

28.3.2.1 The Pathogen
Chlamydia felis (previously named as Chlamydophila felis and earlier Chlamydia
psittaci var. felis) is an obligate intracellular bacterium, which grows in the cyto-
plasm of epithelial cells where it produces inclusion bodies. Other species in the
genus include the epidemiologically by far more important Chlamydia pneumoniae
and Chlamydia psittaci as well as Chlamydia pecorum, Chlamydia abortus, and
Chlamydia caviae (Sachse et al. 2015). Transmission occurs via aerosols or secre-
tions from the eyes or noses of infected cats (Sykes 2005).

28.3.2.2 Epidemiology in Cats and Humans
Feline chlamydiosis is the most common cause of acute or chronic conjunctivitis,
particularly in kittens, but occasionally also in adult cats (TerWee et al. 1998; Yan
et al. 2000; Sykes 2005). Moreover, C. felis may also cause upper respiratory tract
infection in cats. Seroprevalence data range from 2.5% to 58% in studies from China
(Wu et al. 2013; Kang et al. 2016), Slovenia (Dovč et al. 2008), Spain (Millán and
Rodríguez 2009; Ravicini et al. 2016), Sweden (Holst et al. 2006), Japan (Yan et al.
2000), Slovakia (Halánová et al. 2011), Italy (Di Francesco et al. 2004), and the USA
(Nasisse et al. 1993). Stray cats, cats from catteries or animal shelters, and cats
younger than 1 year of age seem to be more affected by C. felis infection in different
studies including PCR surveys (Bressan et al. 2021; Halánová et al. 2019). PCR
studies showed only a low C. felis prevalence in asymptomatic cats of less than
5–11% (Sykes 2005; Bressan et al. 2021; Barimani et al. 2019). Not many studies
were done in human populations; seroprevalence in the normal population and in
veterinarians was 1.7% and 8.8%, respectively, in a study from Japan (Yan et al.
2000). In all serological studies, however, cross-reacting antibodies might affect the
positivity rate.

28.3.2.3 Disease in Cats
Clinical signs of C. felis infection are conjunctivitis, sneezing, transient fever,
inappetence, weight lost, nasal discharge, rarely lameness or lethargy, and possibly,
but not yet proven, reproductive tract disease including stillbirth or abortion (Sykes
2005). Chlamydial disease may be complicated by coinfection with other microor-
ganisms. Cats are usually treated with doxycycline for several weeks (Sykes 2005).

28.3.2.4 Disease in Humans
C. felis infection may be associated occasionally with conjunctivitis and/or very
rarely respiratory tract disease (Browning 2004). In a few serological studies using
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antibodies reported to be relatively specific for C. felis, C. felis was found to be at
best an uncommon cause of community-acquired pneumonia (CAP) in less than
0.5% of CAP patients from Canada (2/539; Marrie et al. 2003) or Japan (1/506;
Miyashita et al. 2005).

28.3.2.5 Public Health Importance
Exposure to C. felis is possible when handling infected cats via contact with their
aerosols or contaminated body fluids, e.g., tear fluid, but maybe also by feces, since
C. felis DNA was recently detected in rectal samples (Bressan et al. 2021). The
zoonotic potential of C. felis, however, appears to be very low. Only sporadic cases
with possible cat-to-human transmission have been reported (Browning 2004). So
far, only two PCR-proven cases have been published showing identity of a human
and a feline isolate in an HIV-positive patient with chronic conjunctivitis and his
recently acquired cat (Hartley et al. 2001; Wons et al. 2017). Moreover, in one
Japanese patient presenting with CAP and serological evidence of possible C. felis
infection cat contact was documented (Miyashita et al. 2005).

28.3.2.6 Public Health Measures
Care should be taken especially by immunosuppressed people when handling cats
with conjunctivitis and/or upper respiratory tract infection. A vaccine for cats is
available.

28.3.3 Cryptosporidium felis

28.3.3.1 The Pathogen
Cryptosporidium spp. are coccidian obligate intracellular parasites mainly infecting
epithelial cells of the gastrointestinal tract. They have been reported from a large
variety of different hosts including humans. The most important species for humans
infections are the zoonotic C. parvum and the host-adapted C. hominis (Ryan et al.
2014, 2021), while C. felis is one of several species identified in different mammals
and the most commonly species found in cats (Li et al. 2021; Meng et al. 2021;
Taghipour et al. 2021). Infection occurs via ingestion of viable oocysts, often by
drinking contaminated water, eating contaminated food and/or fecal-orally.

28.3.3.2 Epidemiology in Cats and Humans
Fecal oocyst shedding by cats ranges from 0% to around 30% according to data from
Spain (Gracenea et al. 2009; Gil et al. 2017), the Netherlands (Overgaauw et al.
2009), Denmark (Enemark et al. 2020), Greece (Kostopoulou et al. 2017), Australia
(Palmer et al. 2008; Yang et al. 2015), Canada (Shukla et al. 2006), Colombia (Santin
et al. 2006), Brazil (Coelho et al. 2009; Alves et al. 2018; de Oliveira et al. 2021), the
UK (Gow et al. 2009; Tzannes et al. 2008), Italy (Rambozzi et al. 2007), Thailand
(Tangtongstrup et al. 2020), Japan (Ito et al. 2017; Ito et al. 2016; Yoshiuchi et al.
2010), China (Li et al. 2015, 2019a, b, 2021; Xu et al. 2016), Iran (Homayouni et al.
2019), and the USA (Ballweber et al. 2009; Mekaru et al. 2007; Nutter et al. 2004;
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Lucio-Forster et al. 2010) with most of the studies reporting prevalences below 10%
or even lower (Li et al. 2021). In most cases, younger age of the cats and living
outside a household were risk factors for C. felis infection in cats.

Worldwide, far more than 100 findings of C. felis from humans have been
reported to date (for a review see Lucio-Forster et al. 2010; Raccurt 2007; Ryan
et al. 2014, 2021; Jiang et al. 2020; Das et al. 2006; Cieloszyk et al. 2012; Llorente
et al. 2006; Cama et al. 2008; Elwin et al. 2012; Matos et al. 2004). In the majority
of cases immunosuppressed people were affected, previously mainly HIV-positive
adults (about two thirds of all C. felis-positive individuals for whom clinical
information regarding their immunostatus is known), but in recent years also
obviously immunocompetent children mainly from developing countries and
patients presenting with diarrhea (Lucio-Forster et al. 2010; Jiang et al. 2020;
Liu et al. 2020). For instance, C. felis was the underlying Cryptosporidium species
in 0.4% of 14,469 human stool samples obtained in England and Wales between
2000 and 2008 (Elwin et al. 2012), in 1% of 108, 98, and 175 samples from Spain
(Llorente et al. 2007), from the Netherlands (Wielinga et al. 2008) and from
children in Kenya (Gatei et al. 2006), respectively, in 2.5% from 40 samples
from India (Das et al. 2006), in 0.3% of 394 samples from Nigeria (Ukwah et al.
2017), and in 4.3% from 109 Cryptosporidium-infected children from Peru (Cama
et al. 2008).

Very recently, the development of a gp60 gene subtyping tool for C. felis (Rojas-
Lopez et al. 2020) dividing the species in so far five different subtype families called
XIXa to XIXe allows a clearer picture of the molecular epidemiology of the
cat-adapted species C. felis due to its highly polymorphic composition (Li et al.
2021). Since XIXa and XIXb have been found both in humans and cats, while XIXc-
e has nearly exclusively been detected in humans, it has been suggested that the latter
subtypes might be (more) human-adapted (Li et al. 2021; Jiang et al. 2020).

28.3.3.3 Disease in Cats
Oocyst shedding cats are most often asymptomatic. Occasionally, infection may be
associated with persistent diarrhea, especially in younger and/or immunocompro-
mised cats (Lucio-Forster et al. 2010).

28.3.3.4 Disease in Humans
In humans, Cryptosporidia may cause an enteric disease with watery diarrhea,
abdominal pain, and nausea, occasionally accompanied by low grade fever or
headache. Immunocompromised individuals and children are especially at risk of
developing prolonged or profuse diarrhea. Deaths due to exsiccation may occur
mainly in severely immunosuppressed patients or malnourished children in devel-
oping countries. In rare cases, mainly in immunocompromised patients, also other
organ systems might be infected, e.g., the respiratory tract, the pancreas, or the bile
ducts. Asymptomatic infections have also been reported.
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28.3.3.5 Public Health Importance
Case-control studies from several countries were not able to show that contact with
companion animals is associated with an increased risk of acquiring cryptosporid-
iosis (for a review see Xiao and Feng 2008). While in some of the few case reports on
human C. felis infections the patients had previous cat contact (Matos et al. 2004), no
anamnestic cat contact was reported in others (Pedraza-Díaz et al. 2001; Cacciò et al.
2002; Llorente et al. 2006; de Lucio et al. 2017). Similarly, in a Swiss-US American
study by Morgan et al. three HIV-positive C. felis-infected patients were reported to
have had contact with a cat, while two others denied the presence of cats in their
household (Morgan et al. 2000). So far, only one case of possible cat-to-human
transmission has been documented based on molecular subtyping showing an
identical C. felis strain in a pet cat and its owner, both suffering from diarrhea
(Beser et al. 2015). Taken together, it may be concluded that pet cats impose only a
minimal risk for zoonotic transmission of cryptosporidiosis in general and for C. felis
in peculiar (Lucio-Forster et al. 2010; Raccurt 2007).

28.3.3.6 Public Health Measures
Despite an only minimal risk of zoonotic transmission, especially immunocompro-
mised persons should be advised to minimize contact to cat feces and to observe
basic hand hygienic measures.

28.3.4 Opisthorchis felineus

Opisthorchis felineus and its close relatives O. viverrini and Clonorchis sinensis are
the three most common liver flukes involved in human health.O. felineuswas named
after one of the definite host species in which it was first described, e.g., cats from
Pisa, Italy (Rivolta 1884). Although the species name suggests a zoonotic risk due to
cat contact, humans – as other fish-eating mammals including cats – acquire an
infection by eating raw fish harboring the trematode’s metacercariae (Pozio et al.
2013; Petney et al. 2013; Fedorova et al. 2020). Therefore, cats do not pose a direct
zoonotic risk for human infections, although in some regions they might be required
for maintaining the parasite’s life cycle (Scaramozzino et al. 2018).

28.4 The (un)usual Suspects from the Gut

Cats may excrete a plethora of bacteria, viruses, and parasites via their feces
(Barutzki and Schaper 2003, 2011; Gow et al. 2009; Waap et al. 2014; Weber
et al. 1995; Weese 2011; Spain et al. 2001; Philbey et al. 2009; Paris et al. 2014;
Hill et al. 2000; Morato et al. 2009; Dantas-Torres and Otranto 2014; Ballweber et al.
2010; Hoelzer et al. 2011; Esch and Petersen 2013; Oh et al. 2021). However, for
most of the respective pathogens the presumed zoonotic potential is mainly based on
isolation of identical species, subtypes, serotypes, or – in better circumstances – of
similar genotypic strains from within the pet and human population. However,
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clearly defined outbreak or case reports with molecular proof of cat-to-human
transmission are still lacking for most enteric pathogens. Moreover, the relative
contribution of cat-associated transmission to the overall zoonotic disease load for
most of these pathogens is not clear and probably very low for most of them when
compared to other zoonotic sources, as it is the case with campylobacteriosis or
salmonellosis in which chicken predominate the picture when compared to pet
animals.

Recent reviews and studies on the zoonotic potential of Giardia spp., of which
different genotypic assemblages are relatively host-specific with assemblage F found
almost exclusively among cats and assemblages A and B in a wide range of species
including cats and humans (Ballweber et al. 2010; Morelli et al. 2021; Lecová et al.
2020; de Lucio et al. 2017; Ramírez-Ocampo et al. 2017), and non-typhoidal
salmonellosis (Hoelzer et al. 2011) suggest only a minimal risk of cats as source
for human infection with the respective pathogens. However, indirect epidemiolog-
ical data suggest at least a potential zoonotic risk, since a multivariable analysis
matched on age group, which was conducted in Michigan, USA revealed that
children with Salmonella infections had reported more commonly than controls
contact with cats (matched OR ¼ 2.53) (Younus et al. 2010). Interestingly, seasonal
outbreaks of Salmonella Typhimurium among wild birds, domestic cats, and humans
have been linked to cats preying on salmonellosis-diseased singing birds or passer-
ines subsequently transmitting the bacteria to their respective owners (Tauni and
Österlund 2000; Söderlund et al. 2019).

Importantly, also antibiotic-resistant Salmonella strains have been isolated from
cats and partly linked to human outbreaks (Low et al. 1996; Van Immerseel et al.
2004; Wright et al. 2005).

Carriage of thermotolerant Campylobacter spp. by cats ranges between 9.9%
and 41.9% (Thépault et al. 2020) suggesting a potential source of pet cats as source
for human exposure. However, data on zoonotic transmission between cats and
humans are scarce. An analysis of Campylobacter strains isolated from humans
and animals in Switzerland using different genotyping methods showed that only
very few genotypes among human and cat isolates were similar (Keller et al. 2007).
Similarly, a recent study from France showed only very minor cluster prevalence
similarities between Campylobacter spp. from cats and humans (Thépault et al.
2020). In an extensive study from the Netherlands comparing Campylobacter
genotypes of strains obtained from pet cats, pet dogs, pet-owners, and non-pet
owners by MLST, an increased risk for human C. jejuni or C. coli infection was
associated with dog-ownership (OR 2.5 in an overall model, 9.2 in a model for
campylobacteriosis of probable pet origin), but not with cat-ownership (Mughini
Gras et al. 2013). In contrast, another Dutch study found an OR of 1.7 and 2.0 of
cat-ownership for human infection with C. jejuni and C. coli, respectively
(Doorduyn et al. 2010), but interestingly no association with visiting other
cat-owning households. Although pet ownership was estimated in both studies to
contribute in 10–25% to human Campylobacter infections, the route of transmis-
sion – e.g., pet-to-human or human-to-pet or a common infection source such as
food items – cannot be inferred from these modeled attributions (Mughini Gras
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et al. 2013; Doorduyn et al. 2010). In general, the risk of human infection via pet
cat contact is low (Thépault et al. 2020).

With respect to pathogenic Escherichia coli, only a few genetic association
studies and/or case reports exist indicating a minor zoonotic potential for
cat-related human infections.

A Brazilian MLST analysis of Enteropathogenic Escherichia coli (EPEC) strains
has shown close genetic similarity between O111:H25 and O125:H6 strains of
human and cat origin (Morato et al. 2009). Two case reports on human and cat
infections caused by a molecularly identical strain of Enterohemorrhagic E. coli
(EHEC) have been published from Germany (Busch et al. 2007) and Argentina
(Rumi et al. 2012), respectively. However, infection of pet cats with the classical
E. coliO157:H7 has not yet been described (Kataoka et al. 2010; Persad and Lejeune
2014).

Since most of the cat infections due to the above mentioned enteric bacteria are
asymptomatic and remain unnoticed, it might be reasonable to advise
immunosuppressed people, especially people with HIV-infection, not only to get
their pets tested for Salmonella, Campylobacter, or Cryptosporidium when these
develop diarrhea, but also to educate about proper hygienic measures when handling
animals in general or to avoid exposure to them even if they are asymptomatic (Spain
et al. 2001).

28.5 An Emerging Cat-Related Pathogen: Toxigenic
Corynebacterium ulcerans

28.5.1 The Pathogen

C. ulcerans are facultative anaerobic, nonmotile, non-sporulating, unencapsulated,
pleomorphic, partially acid-fast Gram-positive rods. Similar to Corynebacterium
diphtheriae, the classical diphtheria agent of humans, and Corynebacterium pseu-
dotuberculosis, the agent of caseous lymphadenitis in sheep and goats and a very
rare zoonotic pathogen, C. ulcerans may harbor a lysogenic beta-corynephage
bearing the tox gene. Toxigenic strains may produce the tox-encoded diphtheria
toxin (DT), which is responsible for the systemic symptoms of diphtheria. Addi-
tionally, pathogenicity of C. ulcerans arises from the production of phospholipase D
(Hacker et al. 2016). Domestic animals such as cats, dogs, and pigs serve as
reservoirs for possible zoonotic C. ulcerans infection (Meinel et al. 2014;
Schuhegger et al. 2009; Berger et al. 2011a, b). Moreover, it has been found in
many non-domestic animals, such as macaques, ferrets, red foxes, and hedgehogs
(Hirai-Yuki et al. 2013; Marini et al. 2014; Sting et al. 2015; Berger et al. 2019).
Recently a toxigenic C. ulcerans diphtheria like infection in a horse was reported
(Zendri et al. 2021).

C. silvaticum, formerly called C. ulcerans wild boar cluster, was previously
described as a novel potentially zoonotic NTTB (non-toxigenic tox gene-bearing)
species in wild boars and deers (Dangel et al. 2020; Möller et al. 2020). Since the
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final taxonomic description of C. ulcerans is only from 1995 (Riegel et al. 1995) and
the differentiation between C. ulcerans, C. pseudotuberculosis and C. silvaticum by
classical biochemical tools might be difficult or is not possible at all in case of
C. silvaticum (Torres et al. 2013; Berger et al. 2014), prevalence data on, or case
reports of, C. ulcerans infections, which were published before 1995 or which do not
explain their differentiation methods used have to be handled with care. Today
MALDI-TOF mass spectrometry and Fourier-transform infrared (FT-IR) spectros-
copy are suitable tools to identify these isolates (Rau et al. 2019; Berger et al. 2019;
Dangel et al. 2020).

28.5.2 Epidemiology in Cats and Humans

Epidemiological data on the prevalence of diphtheria-causing Corynebacterium spp.
in cats are sparse. Since the first description of C. ulcerans in two cats from Scotland
in 2002 (PHLS 2002; Taylor et al. 2002), only sporadic and often asymptomatic
infections have been identified in cats mostly as part of public health measures
during the search for an infectious source in case of a human index patient. A recent
study report carriage rates of C. ulcerans in healthy animals were 0.42% (2/479) in
dogs and 0.00% (0/72) in cats, whereas in animals with signs of upper respiratory
tract infection prevalence rates were 0.53% (1/189) in dogs and 6.25% (4/64) in cats
(Abbott et al. 2020).

Human diphtheria is a WHO-notifiable disease. In 2020, there were 22,916 cases
reported globally (WHO 2020), most of them in Nigeria, India, and Ethopia. On a
global scale, no WHO data exist on the relative contribution of the three potentially
toxigenic Corynebacterium species. In 24 member countries of the European Diph-
theria Surveillance Network (DIPNET) except the high diphtheria endemic country
Latvia, C. diphtheriae and C. ulcerans accounted for 53 reported human infections
each between the period 2000 and 2009 (Wagner et al. 2012). In many industrialized
countries, cases of diphtheria-like infection caused by toxigenic C. ulcerans have
recently outnumbered those caused by toxigenic C. diphtheriae (Wagner et al. 2010;
Bonmarin et al. 2009; Zakikhany and Efstratiou 2012; Torres et al. 2013; Gower
et al. 2020). In Germany, we observe between 2 and 20 cases of tox+C. ulcerans
infections (usually skin located) in humans per year since 2007 (https://survstat.
rki.de).

28.5.3 Disease in Cats

In most cases in which human C. ulcerans infections were associated with pet cat
contact, the respective cats were either asymptomatic or presented with bilateral
nasal discharge probably due to an underlying Feline Calicivirus (FCV) infection
(Hatanaka et al. 2003; De Zoysa et al. 2005). In analogy to dogs (Lartigue et al.
2005), also skin ulcers and bronchopneumonia might be expected (Abbott et al.
2020).
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28.5.4 Disease in Humans

Toxigenic C. ulcerans may cause classical respiratory diphtheria or diphtheria-like
syndromes as well as cutaneous diphtheria (Berger et al. 2011a; Schuhegger et al.
2009). Classical diphtheria is an upper respiratory tract illness characterized by sore
throat, low fever, and an adherent eponymous pseudomembrane (Greek: διφθE�ρα
“pair of leather scrolls”) on the tonsils, pharynx, and/or nasal cavity (Bonnet and
Begg 1999). Systemic sequelae may appear after several days including myocarditis
and peripheral neuropathy (Haywood et al. 2017; Schuhegger et al. 2009). Fatal
cases of zoonotic C. ulcerans infections have also been reported (Hatanaka et al.
2003; Wellinghausen et al. 2002; Hogg et al. 2009; Mattos-Guaraldi et al. 2008;
Tiwari et al. 2008; Gower et al. 2020). Treatment of respiratory diphtheria is by
immediate antitoxin application and subsequent antibiosis with usually penicillin or
erythromycin (Bonnet and Begg 1999; Marosevic et al. 2020).

Cutaneous diphtheria usually presents as skin ulcer and is often caused by a minor
skin trauma; frequently, toxigenic C. ulcerans are isolated from an infected wound
together with Staphylococcus aureus and Streptococcus pyogenes as additional
pathogens.

Non-toxigenic strains may very rarely be associated with human disease, e.g., as
cause of bacteremia or skin ulceration (Corti et al. 2012; Gower et al. 2020).

28.5.5 Public Health Importance

C. ulcerans infection was originally associated with consumption of raw milk and
dairy products or contact with cattle, but since the first isolation of toxigenic
C. ulcerans from two domestic cats from the same household in Scotland (PHLS
2002; Taylor et al. 2002), C. ulcerans has increasingly been isolated from domestic
animals such as pet dogs (Lartigue et al. 2005; Hogg et al. 2009) and cats (De Zoysa
et al. 2005). Although most human cases reported in the last decade in the UK
(Wagner et al. 2010), France (Bonmarin et al. 2009), and Germany (Sing and
Heesemann 2008; Berger et al. 2011a; Meinel et al. 2014) were associated with
pet animal contact – this sums up to 94% of case-patients for which the respective
information was available within Europe from 2000 to 2009 (Wagner et al. 2012) –
epidemiological links of human infections by toxigenic C. ulcerans exclusively
restricted to cat contact have only been reported in two patients from Japan with
six and nearly twenty pet cats, respectively (Urakawa et al. 2013; Hatanaka et al.
2003), one patient with four cats from Belgium (Detemmerman et al. 2013) and in
two patients from France (Bonmarin et al. 2009). A recent study in the UK reported
on 15 toxigenic C. ulcerans from 2009 to 2017 with exposure to domestic animals as
the major risk factor. Exposure to either dogs or cats was documented for 12/15 and
7/15 C. ulcerans cases, respectively (Gower et al. 2020).

In the last years molecular strain typing methods have improved for the epide-
miologic research of C. ulcerans infections (Both et al. 2015; König et al. 2014) in
order to enable the confirmation of strain transmissions between animals and
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humans. Isolation of an identical toxigenic C. ulcerans strain from a cat and its
owner has been documented in a few cases, for example, of an asymptomatic pet cat
and a person with pharyngeal diphtheria-like illness (Berger et al. 2011a), in an
HIV-patient with an axillary lymph node abscess (Yoshimura et al. 2014) and a
patient with flu-like symptoms, dyspnea, and pseudomembrane formation (Wake
et al. 2021). Meinel et al. demonstrated the superior resolution of next generation
sequencing compared to multi-locus sequence typing for epidemiologic research of
C. ulcerans zoonotic transmissions including three cat-associated cases (Meinel
et al. 2014). Indirect evidence for zoonotic transmission comes from a case of cat-
bite-transmitted cutaneous diphtheria in which toxigenic C. ulcerans was isolated
from the infected wound; however, no C. ulcerans could be detected in the biting cat
(Berger et al. 2011b). Additionally, toxigenic C. ulcerans was isolated from a
pharyngeal pseudomembrane of a Japanese woman with refractory pharyngitis and
discharge material from her cat’s eyes suggesting zoonotic transmission (Kamada
et al. 2012). Interestingly, when ribotyping 50 human and 7 feline C. ulcerans
isolates from the UK, all ribotypes generated by the cat isolates were found among
the human isolates; moreover, six out of seven of the cat strains belonged to one of
the predominant ribotypes seen among the clinical strains, i.e., U1, U2, and U4
(De Zoysa et al. 2005).

Besides toxigenic C. ulcerans, also non-toxigenic tox-bearing (NTTB)
C. diphtheriae strains have been isolated during contact tracing due to a human
diphtheria index patient from the ears of two pet cats with otitis in the USA (Hall
et al. 2010) and from an asymptomatic cat in Belgium (Detemmerman et al. 2013).
Interestingly, all feline isolates from both continents showed a 1-bp deletion at
nucleotide 55 in the tox-gene explaining the non-production of a functional DT;
moreover, the rpoB sequence of the US strains showed less than 98% identity when
compared to other C. diphtheriae suggesting a novel subspecies. The authors of both
studies speculate that cats might also serve as reservoirs for – a possibly cat-specific
subspecies of – C. diphtheriae.

28.5.6 Public Health Measures

Although diphtheria is rare in humans in industrialized countries due to vaccination
programs, it is a notifiable disease that has to be reported to the relevant health
authorities. In contrast to C. diphtheriae, C. ulcerans was for a long time thought to
be exclusively transmitted from animal to human. However, in one instance from
1996 person-to-person transmission has been suspected due to isolation of
C. ulcerans from two siblings (Bonnet and Begg 1999 citing a personal communi-
cation). Another report on a possible human-to-human transmission of toxigenic
C. ulcerans between a 13-year-old girl suffering from tonsillitis and her asymptom-
atic grandmother harboring the identical sequence type ST 332 is documented
(Konrad et al. 2015). The authors suggested an initial zoonotic transmission and a
subsequent human-to-human transmission event because the family lived on a farm
with many domestic animals. Gower et al. documented the transmission of a
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toxigenic strain from a fully vaccinated individual to an unvaccinated contact in the
UK (Gower et al. 2020).

Although probably only a very minor risk of human-to-human spread might exist,
the English public health authorities have recommended that the public health
response to human C. ulcerans infection should be the same as that for
C. diphtheriae, e.g., isolation and treatment of the index case, tracing and taking
nose and throat swabs from close contacts, as well as providing prophylactic
antibiotics and booster vaccination for close contacts (Bonnet and Begg 1999; Public
Health England 2015). Additionally, effective management of a C. ulcerans case
also requires coordination between human and animal health agencies, especially
because of several ethical and practical issues, including the lack of legal compulsion
for owners to treat non-symptomatic companion animals harboring a toxigenic
C. ulcerans strain (Hogg et al. 2009). In some instances dogs or cats as zoonotic
sources of a human index case have successfully been treated using antibiotics,
sometimes over a prolonged period (Berger et al. 2011a, b; Hogg et al. 2009; Abbott
et al. 2020). There are also no proven vaccines specifically directed against
C. ulcerans. Scanty data from clinical case reports showing attenuated clinical
symptoms in some patients as well as from cytotoxicity assays using a very limited
number of clinical isolates indicate that despite differences in the aminoacid
sequence of DT from C. diphtheriae and C. ulcerans the currently used diphtheria
toxoid vaccine might also protect from diphtheria due to infection with toxigenic
C. ulcerans (Schuhegger et al. 2008; Gower et al. 2020).

28.6 SARS-CoV-2: A Reason for Cats (or Us) to Pan(dem)ic?

28.6.1 The Pathogen

Coronaviruses (CoVs) belonging to the order Nidovirales, suborder
Cornidovirineae, family Coronaviridae, and subfamily Orthocoronavirinae, are pleo-
morphic, enveloped, positive-sense, single-stranded RNA viruses containing the
largest viral RNA genomes known so far of around 30 kb. The Orthocoronavirinae
subfamily comprises four genera, i.e., alpha-, beta-, gamma-, and delta-CoVs
(Maurin et al. 2021; Ghai et al. 2021; Parkhe and Verma 2021). Common human
coronaviruses (HCoVs) usually cause mild disease, mainly common cold, and
include two α-CoV (HCoV-229E and HCoV-NL63) and two β-CoV (HCoV-OC43
and HCoV-HKU1) strains. Besides these seasonal, non-zoonotic and endemic
human coronaviruses, three β-CoVs of animal origin have led to severe epi- or
pandemics in the twenty-first century, i.e., the successfully eradicated SARS-CoV-1
causing Severe Acute Respiratory Syndrome (SARS) in 2002/3, the Middle-Eastern
Respiratory Syndrome virus (MERS-CoV) enzootic in dromedary camels and hav-
ing emerged in 2012, and the COVID-19 agent SARS-CoV-2 (genus:
Betacoronavirus, subgenus: Sarbecovirus) first identified in Wuhan, China, at the
end of 2019.
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Host susceptibility and organotropism are dependent on the presence and cellular
distribution of the SARS-CoV-2 receptor angiotensin-converting enzyme 2 (ACE2)
interacting with the viral spike (S) protein and its receptor-binding domain (RBD)
(Hoffmann et al. 2020; Fischhoff et al. 2021). Human and domestic cat ACE2
sequences show a high degree of protein homology > 85% (Ekstrand et al. 2021;
de Morais et al. 2020) esp. in the predicted RBD key binding sites (Wei et al. 2021;
Piplani et al. 2021; Mathavarajah and Dellaire 2020). Additionally, SARS-CoV-2
cell entry is also supported by the transmembrane serine protease 2 (TMPRSS2)
(Hoffmann et al. 2020), which shows a 79.7% identity between human and domestic
cat (Huang et al. 2021). Not to be confused with the three β-CoVs SARS-CoV-1 and
-2 as well as MERS-CoV, respectively, are feline coronaviruses (FCoV) belonging to
the α-CoVs. In contrast to SARS-CoV-2 with several thousands of sublineages, there
are only two FCoV, i.e., type I and type II. FCoV may cause mild enteric infections
to fatal Feline Infectious Peritonitis (FIP) and differ in many aspects from SARS-
CoV-2, e.g., cell receptor (feline aminopeptidase, fAPN, at least for type II FCoV),
cellular tropism (enterocytes, but also monocytes and macrophages), and route of
infection (fecal-oral) (Paltrinieri et al. 2021).

28.6.2 Epidemiology in Cats and Humans

SARS-CoV-2 is responsible for one of the most severe pandemics in human history
causing more than 300 million human infections and more than 5 million deaths
worldwide by the beginning of 2022 as updated routinely on the Johns Hopkins
University Coronavirus Resource Center (https://coronavirus.jhu.edu/map.html) as
well as the WHO dashboard (https://covid19.who.int/). Molecular database plat-
forms (https://www.gisaid.org; https://cov-lineages.org/) allow an intense and
unprecendented real-time surveillance of the pandemic helping to identify new
SARS-CoV-2 variants of concern (VOCs) with the potential to supersede previous
prevalent virus lines due to higher transmissibility or immune escape. In most
countries and regions, different waves of the pandemic were caused or at least
intensely influenced by certain rapidly spreading VOCs, e.g., the third wave by
Alpha (B.1.1.7), the fourth wave by Delta (B.1.617.2) including its numerous sub-
lines and the fifth wave by Omicron (B.1.1.529).

Although felines belong to the most SARS-CoV-2-susceptible animal species as
known from experimental (Shi et al. 2020; Halfmann et al. 2020; Bosco-Lauth et al.
2020; Gaudreault et al. 2020) as well as sequence- or structure-based modeling data
(Fischhoff et al. 2021; for a review see Ekstrand et al. 2021; Dróżdż et al. 2021;
Giraldo-Ramirez et al. 2021), only 124 SARS-CoV-2-infections in cats have been
documented globally until 15 March 2021 (Giraldo-Ramirez et al. 2021, similar:
Dróżdż et al. 2021 and OIE 2021), when already more than 120 million humans had
been infected. Most recently, Islam et al. reported 156 domestic cats infections
worldwide (Islam et al. 2021), while as of 15 January 2021 for the USA alone
only 132 (of 3625 tested) SARS-CoV-infected animals and more than 27 million
human cases were counted (Davis and Innes 2021).
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The first case of SARS-CoV-2 infection in a domestic cat was reported from
Belgium approximately 6 weeks after the first human case in this country in March
2020 (Garigliany et al. 2020). Subsequent domestic cat infections during the first
(or second) wave have been found mostly within 3 months after the onset of the
COVID-19 pandemic in Hong Kong (Barrs et al. 2020), Germany (Schulz et al.
2021a), the USA (Newman et al. 2020; UDSA 2020), Spain (Segalés et al. 2020),
Chile (Neira et al. 2021), France (Sailleau et al. 2020), and the UK (Hosie et al.
2021a). Infected cats were identified 4–6 months after the first documented human
case in Italy (Klaus et al. 2021a; Musso et al. 2020), Russia (OIE 2021), and
Thailand (Jairak et al. 2021), while in some countries it took even longer until the
first feline infections were reported (6 months in Japan [OIE 2021], more than
8 months in Switzerland [Chan et al. 2021] and more than 11 months in Canada
[OIE 2021]) and South Korea (Han et al. 2021).

Similarly, in later pandemic waves it took at least 3 months until the respective
VOC was detected in domestic cats after the first human case in the respective
country, e.g., Alpha (B.1.1.7) in the USA (Hamer et al. 2021a), Italy (Zoccola et al.
2021), the UK (Ferasin et al. 2021), France (Krafft et al. 2021), and Germany (Keller
et al. 2021) or Delta (B.1.617.2) in Harbin, China (Kang et al. 2021). Alpha and
Delta genome sequences were also reported from Thailand and the USA as well as
from Belgium, respectively (Islam et al. 2021).

In conclusion, the comparatively very low number and delayed detection of
SARS-CoV-2 infections in domestic cats suggest that cats are not of major impor-
tance for the ongoing COVID-19 pandemic. Interestingly, so far all described pet cat
infections detected by RT-PCR were linked to a human index case including reports
showing the same viral strain in human and pet cat (Garigliany et al. 2020; Zoccola
et al. 2021; Barrs et al. 2020; Han et al. 2021); up to now, cat-to-human “re-
spillback” transmission of SARS-CoV-2 is extremely rare and has not been reported
prior to July 2022 (Dróżdż et al. 2021; Giraldo-Ramirez et al. 2021; Maurin et al.
2021), when a suspected (and NGS-corroborated) cat-to-human Alpha SARS-CoV-2
transmission from a sneezing pet cat to a veterinarian was published having taken
place in Thailand in August 2021 (Sila et al. 2022).

Interestingly, during a country-wide SARS-CoV-2 outbreak in Dutch mink farms,
mink-to-(stray) cat transmission has been shown resulting in an estimated 12%
chance of cats being infected by minks (van Aart et al. 2021) and indicating that
cross-species animal-to-animal transmission might be relevant not only in experi-
mental settings, but also in natural situations. Similarly, one of 24 farm cats (4.2%)
from two COVID-2 affected Dutch mink farms were SARS-CoV-2 PCR positive,
while seven of them seroconverted (29.2%) (Oreshkova et al. 2020). Moreover, in
Danish mink farms SARS-CoV-2 was detected in a single domestic farm cat, but not
in 30 stray cats (Boklund et al. 2021), indicating the possibility of mink- or- human-
to-cat transmission in a similar setting.

The first documented natural SARS-CoV-2 infections in nondomestic animals
(being also the first animal infection in the USA) happened in two Malayan
(Panthera tigris jacksoni) and Amur (Panthera tigris altaica) tigers, respectively,
and in three lions (Panthera leo krugeri) in March 2020 in the Bronx Zoo, New York
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(McAloose et al. 2020), about 2 months after the first human case had been detected
in the USA. All except one big cat of this outbreak were symptomatic. Whole
genome sequence data suggested at least two independent SARS-CoV-2 introduc-
tions from zoo staff to the animals. Since then, more than 45 SARS-CoV-2 infections
in zoo-kept Panthera, Puma, and Prionailurus spp. were described (Giraldo-
Ramirez et al. 2021; OIE 2021; Islam et al. 2021), e.g., in pumas in South Africa
and the USA, in a lynx in Croatia, in a fishing cat (Prionailurus viverrinus) in the
USA (www.aphis.usda.gov), in three snow leopards (Panthera uncia) in the USA, in
lions in Croatia, Colombia, Estonia, Singapore, South Africa, Spain (Fernández-
Bellon et al. 2021), Sweden, and the USA, in tigers in Indonesia, Sweden, the UK,
and the USA (for all: OIE 2021; Islam et al. 2021). Infections by Delta (B.1.617.2)
variants including possible lion-to-lion transmission events were recently described
in 12 Panthera leo persica from zoos and safari parks in Tamil Nadu (Mishra et al.
2021), Uttar Pradesh, and Rajasthan/India (Karikalan et al. 2021). In nearly all
reported SARS-CoV-2 infections of big cats a human-to-animal transmission was
proven or at least suspected; most of the animals were symptomatic, primarily with
respiratory symptoms, but also more systemic signs, e.g., loss of appetite and
lethargy (Giraldo-Ramirez et al. 2021). Alpha genome sequences were also
documented from a lion, a leopard, and three tigers from the Czech Republic and
the USA, respectively (Islam et al. 2021). Until December 2021, no SARS-CoV-2
infections affecting free-ranging wildlife big cats have been reported. Very recently,
a systemic SARS-CoV-2 Delta variant infection affecting brain, spleen, lymph
nodes, and lungs of a free-ranging non-captive leopard (Panthera pardus fusca)
probably killed by another carnivore has been reported from Uttar Pradesh/India
(Mahajan et al. 2022).

Several seroprevalence studies have been carried out to evaluate the burden of
SARS-CoV-2 infections in pet cats. Three of the first studies were performed in
China including the city of Wuhan from where the COVID-19 pandemic started.
Deng et al. found no SARS-CoV-2 antibodies in 66 pet and 21 stray cats sampled
between November 2019 and March 2020 (Deng et al. 2020a) confirmed by a
subsequent study from the same group finding no SARS-CoV-2 antibodies in
423 cats from 20 Chinese cities (including 48 from Wuhan and 42 from the province
of Hubei) sampled between February and April 2020 during the first wave (Deng
et al. 2020b); a strictly Wuhan-based study performed between January and March
2020 yielded a seroprevalence of 14.2% in 102 cats; 3 of 15 (20%) pet cats from
COVID-19 families were seropositive, six of 46 (13%) cats from shelters and six of
41 (14.5%) from animal hospitals, respectively (Zhang et al. 2020). The three cats
with the highest titers were patient-owned suggesting potential direct human-to-cat
transmission rather than cat-to-cat transmission.

Serological studies in cats were also conducted in other hotspots during the first
pandemic wave, esp. in Northern Italy, yielding similar or even lower seroprevalence
rates, e.g., 0% among 24 cats in Lombardy (Klaus et al. 2021a); 0.95% in 105 stray
and shelter cats from Lombardy (Spada et al. 2021) 5.8% among 191 cats mostly
from Lombardy (Patterson et al. 2020) with a positivity rate of 4.5% (1/22) and 2.6%
(1/38) in COVID-19 positive and negative households, respectively; 16.2% among
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68 cats from all over Italy (with all positive-tested pet cats living with COVID-19
positive owners; seropositivity rate in these animals was 20.4%) (Colitti et al. 2021);
0.4% in 500 cats from the Netherlands (Zhao et al. 2021); 0.69% in 920 cats from
Germany (Michelitsch et al. 2020); 0.76% in 131 cats from Croatia using micro-
neutralization assays (Stevanovic et al. 2021); 3.3.%, 4.2%, 4.2%, and 6.4% in
domestic cats in 331, 333, 1136, and 360 domestic cats from the UK, Italy, Germany,
and Spain (Schulz et al. 2021b); 3.5% in 114 stray cats from Zaragoza/Spain
(Villanueva-Saz et al. 2021); 8% in 239 cats from Minnesota/USA (Dileepan et al.
2021).

Studies covering a longer period of the pandemic or later waves found similarly
low or even lower seroprevalence rates, e.g., 0% in 99 stray cats from Lodi/Italy
sampled throughout the first year of the pandemic until end of 2020 (Stranieri et al.
2021), 0% in 80 domestic cats during the second wave in Thailand (Jairak et al.
2022); 0.42% (4/956) in cats from 48 US states sampled between March and
November 2020 (Barua et al. 2021); 0.8% (2/240) in shelter cats in the Netherlands
during the second wave (van der Leij et al. 2021); 1.36% in 1173 cats in second wave
in Germany (Michelitsch et al. 2021), double as high as the seropositivity rate
detected by the same group in the first wave (Michelitsch et al. 2020); and 1.79%
in 279 domestic cats in Poland during the second and third wave (Pomorska-Mól
et al. 2021). The constantly low seroprevalence rates indicate that neither domestic
pet nor stray cats are heavily affected by the SARS-CoV-2 pandemic or by “re-
spillback” effects.

In contrast, in studies performed in households with confirmed human COVID-
19 cases, the seroprevalence was usually higher than in random or convenient
sample studies, e.g., 23.5% (8/34) in Eastern France being significantly higher
than in pet cats from households with unknown COVID-19 status (6.3%; 1/16)
(Fritz et al. 2021); 17.1% (7/41) to 31.7% (13/41) in Peru (Jara et al. 2021); 30.1%
(4/11) in Utah and Wisconsin/USA (Goryoka et al. 2021); 40% (4/10) in Brazil
(Calvet et al. 2021); and 43.8% (7/16) in Texas/USA (Hamer et al. 2021b). The only
exception from this trend is a study from France among a cluster of COVID-19
patients from a veterinary campus living in close proximity with their pets, where no
SARS-CoV-2 antibodies could be detected in nine cats (Temmam et al. 2020). Most
interestingly, seroprevalence in 44 stray cats from Dutch SARS-CoV-2-affected
mink farms (22.7%) was significantly higher than in a convenience sample of cat
sera from the Netherlands (0.4%) (Zhao et al. 2021).

As expected, SARS-CoV-2 viral prevalence in cats as detected by RT-PCR was
usually even lower than seroprevalence, e.g., 0% in 99 stray cats from Lodi/Italy
sampled during the first pandemic year (Stranieri et al. 2021); 0% in 93 cats from five
different subdistricts of Thailand during the second wave (Jairak et al. 2022); 0.17%
in 569 randomly selected and 1.63% in 184 COVID-19 and/or COVID-19 symp-
tomatic cats, respectively, from different regions of Spain sampled between July
2020 and April 2021 (Barroso-Arévalo et al. 2021); 0.38% in 260 cats mainly from
first wave hotspot areas in Munich/Germany and in Lombardy or Piedmont/Italy
with the only positive cat living in a COVID-19 household (Klaus et al. 2021a);
0.8% in domestic cats from northwestern Iran (Mohebali et al. 2022); 2.4% in
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asymptomatic cats from France sampled from April 2020 to April 2021 (Krafft et al.
2021).

SARS-CoV-2 viral prevalence was higher in some outbreak investigations from
cats living in COVID-19 positive households, e.g. 11.1% (1/9), 12% (6/50), 12.5%
(1/8) and 17.6% (3/17) in studies from Thailand (Jairak et al. 2021), Hong Kong
(Barrs et al. 2020), Spain (Ruiz-Arrondo et al. 2021), and Texas/USA (Hamer et al.
2021b), respectively. However, also instances of zero SARS-CoV-2 RT-PCR posi-
tivity in outbreak settings have been reported, e.g., in 19 cats from Utah and
Wisconsin (Goryoka et al. 2021) and in 9 cats from France (Temmam et al. 2020).

One of the key parameters in epidemiology indicating the transmissibility of a
pathogen and therefore the risk of epidemic transmission is the basic reproduction
number R0. Avalue for R0>1 suggests sustained transmission, while R0<1 indicates
a likely tapering off of an ongoing epi- or pandemic. Using experimental and
household observational data the SARS-CoV-2 reproduction number R0 in cats
was calculated to be 2.3–3.3 (Gonzales et al. 2021), while R0 of the ancestral
SARS-CoV-2 strain in humans was estimated to be 2.5–3.8 (Liu and Rocklöv
2021; Anderson et al. 2021). For subsequent variants dominating the human pan-
demic, e.g., Alpha, Delta, and Omicron, significantly higher R0 values have been
estimated (Davies et al. 2021; Liu and Rocklöv 2021; Nishiura et al. 2021).

28.6.3 Disease in Cats

After experimental (mostly intranasal and/or oral) infection cats, esp. when older
than 4 months, remained basically asymptomatic exhibiting generally mild-to-mod-
erate pathological changes mainly in the respiratory tract in several studies
(Gaudreault et al. 2020; Shi et al. 2020; Bosco-Lauth et al. 2020; Bao et al. 2021;
Patania et al. 2021). Juvenile cats might be more susceptible and prone to more
severe overt disease as indicated in one study (Shi et al. 2020). Viral replication was
found predominantly in the upper respiratory tract, while SARS-CoV-2 RNA could
be detected in a wide range of tissues corresponding with the wide distribution of
ACE2 in many organs (e.g., lymph nodes, liver, heart, kidney) (Gaudreault et al.
2020; Meekins et al. 2021).

Regarding natural infections observed in animals, a selection bias is to be
expected with a focus on testing symptomatic animals or animals with close contact
to COVID-19 human patients therefore probably overrepresenting the tip of the
iceberg in the clinical spectrum of SARS-CoV-2 infection. However, even in a
review of the first 124 SARS-CoV-2 reports in cats, the majority of cats with
available clinical information were completely asymptomatic, i.e., 54%
(corresponding to 38/70) (Giraldo-Ramirez et al. 2021). The wider clinical spectrum
of symptomatic pet cats in this review comprised mainly respiratory signs (sneezing
[41%], dyspnea [13%], nasal or ocular discharge [both 9%]), but also digestive
(diarrhea [6%], emesis [3%]), systemic (lethargy [38%], loss of appetite [16%], fever
[6%]), and cardiovascular (congestive heart failure [25%], ventricular arrhythmia
[13%], hypertrophic cardiomyopathy [9%]) symptoms (Giraldo-Ramirez et al.
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2021). Some of the more severe symptoms in naturally vs. experimentally infected
cats might be due to preexisting comorbidities (Meekins et al. 2021) including very
few fatal outcomes complicated by underlying coinfections or severe systemic
disease (Segalés et al. 2020; Giraldo-Ramirez et al. 2021). Moreover, myocarditis
has been described in SARS-CoV-2 infected pet cats, most of them associated with
the Alpha variant (Ferasin et al. 2021; Chetboul et al. 2021). Usually, the disease is
self-limiting in naturally infected domestic cats.

In big cats the data situation is different. For obvious reasons no experimental
data are available. In contrast to the published evidence involving naturally infected
domestic cats, the infections reported in captive big cats were usually symptomatic,
with coughing (97%), sneezing (79%), and loss of appetite (51%) being the most
prevalent clinical signs (for a review Giraldo-Ramirez et al. 2021; Maurin et al.
2021; see also case and outbreak reports in McAloose et al. 2020; Mishra et al. 2021;
Fernández-Bellon et al. 2021). However, these findings might be biased due to the
symptom-driven diagnostic work-up of the diseased zoo animals. Disease was
usually self-limiting, however, sometimes with a prolonged course of infection;
deaths due to COVID-19 were also reported for at least two lions (Mishra et al.
2021).

28.6.4 Disease in Humans

SARS-CoV-2-caused COVID-19 is a systemic disease affecting many different
organ systems due to the abundance of the SARS-CoV-2 receptor ACE2 in the
respective tissues (for a review see Synowiec et al. 2021). Accordingly, many
different short-term symptoms and long-term effects of the disease have been
described.

The major organ system affected is the respiratory system, but direct viral as well
as indirect host immune response effects may cause cardiovascular, gastrointestinal,
renal, neurological, ocular, cutaneous, musculoskeletal, hematological, and endo-
crine symptoms (Mehta et al. 2021). In general, COVID-19 tends to be a mild to
moderate disease in 80–85% of infected humans (including basically asymptomatic
people); severe disease is often associated with elder age over 65 years,
comorbidities including diabetes, hypertension, cardiovascular, or respiratory disor-
ders, or other chronic conditions, e.g., obesity. However, severe and lethal infections
may also be observed in previously healthy and young patients. The global gross
case fatality rate (CFR) may be calculated as about 1.7% using data from WHO
(January 18, 2022), the infection fatality rate (IFR) was estimated to be 0.68% in
2020 (Meyerowitz-Katz and Merone 2020); IFRs and CFRs, however, largely
depend on many different parameters including test policies and differ between
countries, populations, and over time (Anderson et al. 2021; Levin et al. 2020).

During the first wave of the pandemic caused basically by the ancestral SARS-
CoV-2 Wuhan strain, the most common initial clinical manifestations of COVID-19
included fever (82%), cough (61%), myalgia and/or fatigue (36%), shortness of
breath (26%), headache (12%), sore throat (10%), and gastrointestinal symptoms
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(9%) (Yazdanpanah et al. 2021). According to the report from WHO-China-Joint
Mission on COVID-19, the most prevalent respiratory and systemic symptoms
during the first Corona wave in China comprised fever (87.9%), dry cough
(67.7%), fatigue (38.1%), sputum production (33.4%), difficulty breathing
(18.6%), sore throat (13.9%), chills (11.4%), nasal congestion (4.8%), and hemop-
tysis (0.9%) (WHO-China Joint Mission 2019). Of special interest in the course of
and at different time-points during the pandemic became – among a plethora of other
symptoms – mostly self-limiting hyp- or anosmia (in nearly half of the patients)
(Karamali et al. 2022), cardiac arrhythmias (in about 5–10% of hospitalized patients)
(Pandat et al. 2021), thromboembolic events (in 5–17% of patients) (Gorog et al.
2022). Depending on the human population (e.g., vaccination status, age distribu-
tion, underlying diseases) and the predominant variant (e.g., Alpha, Delta, Omicron)
the distribution of clinical symptoms and entities may differ. Additional concerns
arise from the Pediatric Multisystem Inflammatory Syndrome temporally associated
with COVID-19 (PIMS-TS or PIMS) or Multisystem Inflammatory Syndrome in
Children (MIS[-C]) (Hoste et al. 2021; Case and Son 2021) as well as from long
COVID-19 entities including post-COVID-19 (Jennings et al. 2021).

28.6.5 Public Health Importance

As known from experimental data, domestic cats can transmit SARS-CoV-2 to
co-housed cats via close contact and to a lesser degree via aerosols (Bao et al.
2021; Shi et al. 2020; Halfmann et al. 2020; Gaudreault et al. 2020). Interestingly,
with respect to transmission by close contact, SARS-CoV-2 RNA has been detected
on fur and/or bedding swabs from cats in studies from Switzerland (Klaus et al.
2021b), Spain (Barroso-Arévalo et al. 2021), and the USA (Hamer et al. 2021a)
indicating environmental contamination as a possible source for cat-to-cat transmis-
sion. Importantly, in experimental settings, previously SARS-CoV-2 infected cats
could be successfully reinfected, but did not transmit SARS-CoV-2 to other
co-housed naïve sentinels (Gaudreault et al. 2021).

In contrast to intraspecies transmission, situations with cats as inter- or cross-
species SARS-CoV-2 spreaders have been described so far only in a single case of
cat-to-human transmission involving a sneezing pet cat and its veterinarian during
a medical procedure in Thailand (Sila et al. 2022), suggesting only a very low risk
for cat owners to attract COVID-19 from their pet. Importantly, also in the large
SARS-CoV-2 outbreaks on mink farms in Denmark and the Netherlands, no cases
of cat-to-mink transmission were suspected, while all SARS-CoV-2 infected
domestic pet and stray cats with farm contact were probably infected by minks
as indicated at least in some cases by whole genome-based viral typing (van Aart
et al. 2021).

In contrast to the sustained human-to-human transmission observed over time,
cat-to-cat transmissibility is reduced after serial passaging of the virus in co-housing
experiments (Bao et al. 2021) suggesting limited transmission in the cat population
after viral entry, e.g., from humans. More disturbing, however, is the observation that
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despite a narrow bottleneck of 2–5 virions expected to help slowing down the pace
of viral adaptation and shown to leave SARS-CoV-2 consensus sequences largely
unchanged over time SARS-CoV-2 (Braun et al. 2021; Bao et al. 2021) variants
involving amino acid mutations such as D614G, D138Y, or H655Y also found in
VOCs known from human infections may develop very rapidly and even get fixed in
infected cats (Bashor et al. 2021; Braun et al. 2021). These findings illustrate that
reverse zoonosis can result in the emergence of new SARS-CoV-2 variants. There-
fore, monitoring of SARS-CoV-2 evolution in animals is important, even in cases
where transmissibility to humans seems to be very low (Bashor et al. 2021; Davis
and Innes 2021).

28.6.6 Public Health Measures

According to the high susceptibility of cats for SARS-CoV-2 and their very low
potential as SARS-CoV-2 transmitters to humans (Ekstrand et al. 2021), public
health recommendations primarily target humans, e.g., infected cat owners or zoo
staff, to prevent human-to-cat transmission. In comparison, “One Health/One Med-
icine” aspects to avoid (i) cat-to-cat transmission (ii) cross-species “spill-over” to
other animals; or (iii) cat-to-human “spill-back” effects are only in second line of
current recommendations.

Several public health and veterinary public health institutions as well as animal or
pet welfare organizations have issued guidelines and recommendations, e.g., the US
Centers for Disease Control and Prevention (https://www.cdc.gov/coronavirus/
2019-ncov/daily-life-coping/animals.html), the World Organization for Animal
Health OIE (https://www.oie.int), the American Veterinary Medical Association
(AVMA) (https://www.avma.org/resources-tools/animal-health-and-welfare/
covid-19), or the European Advisory Board on Cat Diseases (ABCD) (http://www.
abcdcatsvets.org/sars-coronavirus-2-and-cats/).

Most documents recommend that (i) SARS-CoV-2 infected people should restrict
contact with mammalian animals, including pet cats, and apply good hygiene
practices when having to care for their pets (e.g., wearing a mask, handwashing,
avoiding kissing their pets, or sharing food, towels, or the bed with them); (ii) cats
from SARS-CoV-2-infected households should be kept indoors; (iii) animals with
suspected or confirmed SARS-CoV-2 infection should remain separated from other
animals and humans; (iv) pet owners should monitor their pets to detect any health
problems suggestive for SARS-CoV-2 infection; (v) pet owners should not abandon
their animals or compromise their welfare during the COVID-19 pandemic (Huang
et al. 2020; Hosie et al. 2021b).

On a more general “One Health/One Medicine” scale, it is of utmost importance
to establish both national and international surveillance systems to closely monitor
the development and occurrence of SARS-CoV-2 and other agents of public health
relevance in animals with respect to possible “spill over” and “spill-back” effects
thus contributing substantially to the urgently needed global pandemic preparedness
efforts (Giraldo-Ramirez et al. 2021).
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28.7 Cross-References

▶Animal Bites and Zoonoses: From A to Z – Alligators to Zebras
▶ Severe Acute Respiratory Syndrome Coronaviruses-2 (SARS-CoV-2)
▶Toxoplasmosis: A Widespread Zoonosis Diversely Affecting Humans and
Animals
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Abstract

Rodents are the most abundant order of living mammals, distributed on every
continent except Antarctic and represent 43% of all mammalian species. Beside
causing food losses and infrastructural damage, rodents can harbor pathogens that
may cause serious problems to human and animal health. Unfortunately, rodent-
associated problems are not an issue of the past as some may have thought, even
not in the developed world. This chapter describes four factors that determine the
risk and severity of human infection by zoonotic pathogens of rodents: human
behavior, human health condition, rodent ecology & behavior, and pathogen
ecology & persistence. It provides an overview of these factors, their interrelation
and also some directions for further research. Main conclusion of this chapter is
that although science has come a long way already and we have won some small
victories over the rodents, the game of cat (i.e., humans) and mouse is far from
being settled.
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29.1 Introduction

The order of Rodentia is the most abundant and diversified order of living mammals
and represents in total about 43% of all mammalian species (Wilson and Reeder
1993; Huchon et al. 2002). Rodents are distributed on every continent except
Antarctica and include many of the most abundant mammals. For many centuries,
opportunistic rodent species have been considered as serious pests because of the
damage they cause to crops, stored produce or infrastructure and the role they play in
the transmission of pathogens to humans and livestock. Improved public sanitation
conditions like safe drinking water, the introduction of sewers and the development
of efficient anticoagulant rodenticides in the 1950s resulted in an improved public
health situation and created the illusion that rodent-associated problems in the
developed world had become an issue of the past.

More recently, however, the concern about rodents in both the developing and
developed world has grown again because of various reasons. These reasons are the
following:

• The distribution and abundance of various rodent species may be significantly
affected by changes in land use (e.g., reforestation projects, urbanization).

• Climatic change may improve living conditions for certain rodent populations.
• Growing outdoor leisure activities increase the exposure of humans to rodents

and their excrements and hence the transmission risk of rodent-borne pathogens.
• In some countries the government has receded from rodent control and put it out

to contract to private companies. This has led to a serious lack of insight in the
spreading and abundance of rodent populations, which is important to monitor the
potential introduction and spread of rodent-borne pathogens.

• The human world population is growing rapidly and thus more food is needed.
Rodents are responsible for huge pre- and postharvest losses (Meerburg et al.
2009b; Htwe et al. 2012).

• Environmental concerns, toxicological safety regulations, and budget reductions
have diminished rodent surveillance and rodenticide-based control in many
countries.

• The increasing extent of resistance of rodents against second-generation rodenti-
cides has reduced the efficacy and flexibility of rodent control (Pelz 2007; Buckle
et al. 2013; Endepols et al. 2012; Meerburg et al. 2014).

• Rodents still play an important role in spreading (re-)emerging zoonotic diseases
(Meerburg et al. 2009a).

29.2 Rodents: Both Reservoirs and Carriers

Rodent presence can have serious implications for public health and be potentially
hazardous as they amplify pathogens from their environment by forming reservoirs
of zoonotic disease (Webster and Macdonald 1995; Gratz 1994). With reservoirs it is
meant that rodents can harbor disease-causing organisms and thus serve as potential
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sources of disease outbreaks, but always via a vector (tick, sand-fly etc.). Besides as
reservoirs, rodents can also act as carriers, which means that rodents that show no or
limited disease symptoms but harbor the disease-causing agent are capable of
passing it directly onto humans (Meerburg et al. 2009a).

Two main transmission routes of pathogens can be distinguished (Meerburg et al.
2009a): the direct route (when rodents are carriers) or the indirect route (when
rodents function as reservoir and transmit a pathogen through means of a vector),
see Fig. 1. In the latter, this vector is often an arthropod, but can also occasionally be
other animals, such as livestock. Rodents that are (either by accident or on purpose)
ingested by livestock can transfer pathogens. When food originating from this
livestock is not thoroughly cooked, this may lead to human morbidity (Meerburg
et al. 2004).

If we now look at the risks and severity that are imposed by rodents to human
health, there are several factors that are of importance (Fig. 2).

The first one is human behavior. People with frequent outdoor leisure activities or
which fulfil specific occupations (e.g., in the military, animal trapping, or forestry) or
those that live in degraded environments will be more exposed to rodent-borne
zoonoses than others (Clement et al. 1997; Muliæ and Ropac 2002; Hukic et al.
2010; Sauvage et al. 2007; Bonnefoy et al. 2008). Exposure is the key word here,
thus, for example, also people that keep rodents as pets may experience higher risks
of zoonotic infection. The risk of keeping pet rodents will be discussed more in detail
later in this chapter.

It is good to understand that especially for commensal rodents human behavior
and rodent ecology and behavior are often strongly linked. If humans dispose their
garbage in a wrong way, this will provide opportunities for growth of commensal
rodent populations. Moreover, following the widespread closures of food-related
businesses due to efforts to curtail the spread of the SARS-CoV2 pandemic, public
health authorities reported increased sightings of rats in close vicinity of people
(Parsons et al. 2020), although the signals about an increasing or decreasing number
of rat reports differs between countries.

Fig. 1 The two main
transmission routes, the direct
route (left) and the indirect
route (right). (Reproduced
from Meerburg et al. 2009a)
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The second factor is the human health condition. Generally, zoonoses pose
unique transmission and disease risks if people are not in good health, such as
immunocompromised persons, neonates, the elderly, or pregnant women (Mani and
Maguire 2009; Hemsworth and Pizer 2006) or may effect persons in specific age
groups. As an example Streptobacillus moniliformis may be mentioned, the primary
cause of rat bite fever in North America. Children under 12 years of age are mainly
infected, and demonstrate an acute syndrome of fever, rash, and polyarthritis. Some
years ago, a fatal case-report was reported, a 14-month-old-boy, who was exposed to
filthy living conditions and whose family had pet ferrets. Presumably, the boy was
bitten by rodents as autopsy revealed a possible bite mark (Banerjee et al. 2011).

Also aspects such as vaccination coverage may influence the factor human health
condition. From a number of studies, it is known that wild rodents can be reservoirs
for orthopoxviruses (Tryland et al. 1998; Kinnunen et al. 2011). More recently, pet
rats were discovered as a new potential source of local outbreaks with cowpox.
However, smallpox-vaccinated patients tend to develop less severe reactions and
heal more quickly (Vogel et al. 2012). Thus, there is a direct link between actions of
public health services (vaccination) and the recovery rate (severity of infection) of
infected persons.

A third factor of importance is rodent ecology and behavior. As mentioned in the
introduction, rodent ecology may differ over the years, depending on climatic
factors, feed abundance, and predation (Witmer and Proulx 2010). Moreover, dif-
ferences in the ecology and behavior of rodent species may emerge depending
whether they are in a rural or urban environment (Feng and Himshworth 2014).

Human 
Risk

Human 
behaviour

Human 
health 

condition

Rodent 
ecology & 
behaviour

Pathogen 
ecology & 

persistence

Fig. 2 Four factors determine
the risk and severity of human
infections by zoonotic
pathogens of rodents: human
behavior, human health
condition, rodent ecology &
behavior, and pathogen
ecology & persistence
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Unfortunately, the knowledge about behavior of rodent pest species is still quite
limited. Rodent management could become more efficient and effective when
concentrating efforts on areas where rodents perceive the least levels of predation
risk (Krijger et al. 2017).

During a study in Namibia, mice entered buildings during the post-harvest stage,
which may represent a period of food shortage for these mice in the field (Monadjem
et al. 2011). If these species are coincidently contracted with zoonotic pathogens,
this may increase the risk of human infection. In a study from Cambodia, it was
demonstrated that the rainy season is favorable for transmission of leptospires in
rodents, particularly in rain-fed fields (Ivanova et al. 2012). Here, the human risk of
contracting Leptospira spp. is determined strongly by the ecology of the rodents: in
rice-fields, forest, secondary forests, and their interface with agricultural fields the
potential of humans for contracting leptospirosis infection is the highest (Ivanova
et al. 2012).

But the link between rodent ecology and human health risks is not depending
solely on one rodent species. Also the presence of other non-reservoir rodent species
is important. In a recent study from Panama it was demonstrated that hantavirus
prevalence in wild reservoir (rodent) populations and reservoir population density
increased when small-mammal species diversity was reduced (Suzán et al. 2009).
These authors thus claim that high biodiversity is important to reduce transmission
of zoonotic pathogens among wildlife hosts (Suzán et al. 2009). Also host relation-
ships form part of the rodent ecology and there can be significant differences in such
relations within the same rodent species. In a study where host-tick relationships of
the yellow-necked mouse (Apodemus flavicollis), a critical host in the maintenance
of the zoonotic disease tick-borne encephalitis, were investigated it was demon-
strated that the transmission potential was not evenly distributed among the yellow-
necked mice population. The authors found that 20% of hosts most infested with
ticks were accountable for 80% of the transmission potential, and that these hosts
were identified as the sexually mature males of high body mass (Perkins et al. 2003).
This leads to the impression that control efforts targeted at this host group would
reduce the transmission potential significantly.

In the past, seasons of exceptionally high rainfall were thought to increase
rodent populations (because plant growth would lead to abundant seeds and
insects) and thus outbreaks of some rodent-borne diseases (Engelthaler et al.
1997; Brown and Ernest 2002). However, we now start to discover that such
relationships between rodent population dynamics and precipitation are complex
and non-linear. This was also the main conclusion after some scientists studied the
El Niño phenomenon in deserts of southwestern North-America (Brown and
Ernest 2002). In agricultural contexts, it is also difficult to predict exactly the
breeding ecology of species. A recent study from the Philippines compared two
rodent species R. argentiventer and R. tanezumi during four cropping seasons (two
dry and two wet). The expectation was that R. tanezumi breeding would occur
throughout the season, whereas the breeding of R. argentiventer would be strongly
cued to the generative stage of rice crops (Htwe et al. 2012). However, it was found
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that their breeding ecology was exactly similar, with the onset of the breeding
season at the tillering stage of the rice crops. The conception of adult females was
highest during booting and ripening of the rice and the highest litter size occurred
at booting and ripening of the rice (Htwe et al. 2012). Such information is essential
in order to optimize the management of rodents in order to reduce harvest losses
and pathogen transmission risks.

The fourth factor is pathogen ecology and persistence. Many of the mechanisms
that mediate pathogen ecology and persistence only start being uncovered.
Concerning hantaviruses in rodents, several host factors, including sex steroids,
glucocorticoids, and genetic factors, are reported to alter host susceptibility and
may contribute to the persistence of hantaviruses in rodents (Easterbrook and Klein
2008). Moreover, because of the recent discovery of structural and non-structural
proteins in humans that suppress type I interferon responses, it is now thought that
immune responses of rodent hosts could be mediated directly by this virus
(Easterbrook and Klein 2008). In laboratory rats it was observed that Leptospira
interrogans serovar Copenhageni initially disseminates extensively throughout the
host, prior to clearance from all tissues except the kidneys, suggesting that the
kidneys are immune privileged sites and that this is not caused by tissue tropism
(Athanazio et al. 2008). In a study in black rats (Rattus rattus) in Madagascar, an
important difference in plague resi stance between rat populations from the plague
focus (central highlands) and those from the plague-free zone (low altitude area)
was confirmed to be widespread (Tollenaere et al. 2010). Moreover, these authors
discovered that sex-influenced plague susceptibility, with males slightly more
resistant than females (Tollenaere et al. 2010). It is difficult whether this phenom-
enon is caused by rodent ecology, pathogen ecology, or a combination of both.
This is also the case with other findings. In Belgium, a close association between
the distribution of hantavirus-infected bank voles and wet habitat types was found
(Verhagen et al. 1986). In another, more recent, study from this country, a direct
relation between climate and the incidence of human cases of nephropathia
epidemica (NE) due to Puumala virus (PUUV) infection was found. High summer
and autumn temperatures, 2 years and 1 year respectively before NE occurrence,
relate to high NE incidence (Tersago et al. 2009). In the United States, human cases
of Hantavirus Pulmonary Synodrome (HPS) were clustered seasonally and tem-
porally by biome type and geographic location. In this study, exposure sites were
most frequently found in pinyon-juniper woodlands, grasslands, and Great Basin
desert scrub lands, at elevations of 1800 m to 2500 m (Engelthaler et al. 1997).
This might be caused by presence of rodent reservoir hosts in these areas, but
perhaps also because of favorable environmental conditions for pathogen survival.
Pathogens do not only persist in the host itself, but may also survive for longer
periods of time throughout the environment. For example, Yersinia pestis biotype
Orientalis remains viable and fully virulent after 40 weeks in the soil and is then
able to continue its role in plague epidemiology (Ayyadurai et al. 2008). Moreover,
if factors such as pH, viscosity, and salt concentration are optimal, Leptospira spp.
are thought to be able to survive in fresh water under low-nutrient conditions for
over 100 days (Trueba et al. 2004).
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29.3 Conclusion

It is clear that for eradication strategies, more work has to be done on the pathogen-
esis of the various zoonotic pathogens which can be transferred by rodents. Espe-
cially the further development of genetic tools could lead to a better understanding of
the virulence and survival mechanisms that are used by pathogens to ensure their
persistence in different ecological niches and host reservoirs.

Often, there is a relation between the different factors and complex relationships
between pathogen prevalence and rodent density appear likely. In North-Western
Europe, the main disease-causing hantavirus species is the Puumala virus (PUUV).
The reservoir species for PUUV is the bank vole (Myodes glareolus), which exists in
specific habitats. The risk for PUUV transfer from the bank vole to the human
population via excretion of the virus in the environment is dependent on a myriad of
biotic and abiotic risk factors, either rodent-, virus-, or human-related, that vary in
time and space. In a study from Finland, the effect of PUUV infection on the winter
survival of bank voles was investigated (Kallio et al. 2007). These authors demon-
strate that PUUV infected bank voles had a significantly lower overwinter survival
probability than antibody negative bank voles. Thus, the pathogen is able to influ-
ence the host population dynamics. During a study on the ecology and demographics
of hantavirus infections in rodent populations in the Walker River Basin of Nevada
and California, it was found that antibody prevalence could vary within repeatedly
sampled sites from 0 to 50% over the course of several months (Boone et al. 1998).
In Tanzania, an African rodent (Mastomys natalensis) is thought to be the principal
source of human infections with Leptospira spp. In a study where the dynamics of
infection were modelled and in which the climatic conditions in central Tanzania
were included, a strong seasonality was visualized in the force of infection on
humans with a peak in the abundance of infectious mice between January and
April in agricultural environments (Holt et al. 2006). In urban environments, how-
ever, dynamics were predicted to be more stable and the period of high numbers of
infectious animals runs from February to July (Holt et al. 2006). In countries in
Northern-Europe (Germany, Denmark), there are also regional differences visible in
the level of encountered Leptospira spp. infected-rats (Runge et al. 2013; Krøjgaard
et al. 2009). Why these differences occur, is not yet fully understood.

As mentioned before, the risk of transmitting zoonotic pathogens to humans is
largest if the exposure risk is maximal. Handlers and owners of pet rodents are often
in direct contact with them and may experience significant risks. Some years ago,
there was an outbreak of 28 cases of multidrug-resistant S. enterica Serotype
Typhimurium in the United States. After the outbreak, 22 patients were interviewed.
Of them, 13 (59%) had had contact with rodents purchased from retail pet stores
(Swanson et al. 2007), while 2 patients (9%) acquired salmonellosis through sec-
ondary transmission from a primary patient who had been exposed to rodents.
Moreover, 7 patients (32%) had no identified rodent exposure. Matching isolates
were obtained from one submitted urine specimen and 27 stool specimens from
patients (Swanson et al. 2007). These authors warn that consumers and animal
workers should be aware that rodents can shed salmonellae and should expect rodent
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excrements to be potentially infectious. Thus, handling of pet rodents may result in
health risks, especially for children. When handling pet rodents, their cages, or
bedding, the hands should be thoroughly rinsed with water and soap. Animal
vendors should be aware if substantial diarrhea-associated complications or death
occurs among rodents intended for sale (Swanson et al. 2007).

Some years earlier, an human infection with Lymphocytic Choriomeningitis
Virus (LCMV) in the United States was found by the CDC to be associated with
pet rodents (hamsters and guinea pigs). Here, the risks extended also beyond the
owners of these pets. In this particular case, LCMV was responsible for the death of
three immunocompromised persons (organ transplant recipients) who received these
organs from pet rodent owners (Anonymous 2005). More recently, workers at a
rodent breeding facility in the United States were confronted with a LCMV infection.
In total, 52 current and former employees of the facility were tested, and 13 of them
(25%) demonstrated a recent LCMV infection (Anonymous 2012).

Exotic rodents may introduce pathogens that were previously unknown to con-
tinents. For example, in 2003 a monkeypox outbreak in pet distribution facilities in
the USA occurred after import of infected African prairie dogs (Anonymous 2003).
In total, monkeypox was confirmed in 35 persons, of which none died, but the
outbreak required vaccination of 30 persons with smallpox vaccine.

Commercially-traded wild prairie dogs were also responsible for an outbreak
caused by Francisella tularensis type B in Texas. Antibodies to this pathogen were
found in one person that was exposed, thus leading to the first evidence of tularemia
transmission from prairie dog to human (Avashia et al. 2002). Problematic was that
in the period June–July 2002, more than 1000 prairie dogs were distributed from the
facility where the pathogen emerged, to locations in 10 other US states and 7 other
countries (Avashia et al. 2002). These had to be traced back and were all euthanized.
However, this case underlines the health risks to humans who handle wild-caught
animals and underscores the speed of transportation of exotic species and their
pathogens over the globe (Avashia et al. 2002).

A human cowpox virus infection is an uncommon and potentially fatal skin disease,
which is confined to major parts of Europe. Patients may sporadically contract the
pathogen by contact with infected cows, cats, or small rodents. However, recently there
is also a report from Germany (Munich), where 8 patients were infected by pet rats they
had purchased at a local supplier (Vogel et al. 2012). Thus, pet rats can be considered as
a novel potential source of local outbreaks of human cowpox virus infections.

Also, dermatophytes can be transferred to humans by rodents. In Switzerland, for
example, 9 isolates of the fast-growing dermatophyte species Arthroderma benhamiae
were isolated from 8 children and 1 adult. Eight of the 9 patients had had previous
contact with rodents, mostly with guinea pigs (Fumeaux et al. 2004). In another study,
where the frequency and types of dermatophytes among both Guinea pigs and rabbits
were determined (Kraemer et al. 2012), Trichophyton mentagrophyteswas determined
to be the most common dermatophyte in pet Guinea pigs and rabbits, but asymptom-
atic carriers were regularly observed only in Guinea pigs. Consequently, pet guinea
pigs carrying dermatophytes can be considered as a serious zoonotic risk for their
owners, especially children (Kraemer et al. 2013).
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An Australian patient who experienced an infection with Streptobacillus
moniliformis, the causative agent of rat-bite fever, obtained this pathogen not because
she was bitten by rats, but because she had had contact with her pets, including
cuddling and kissing them (Papanicolas et al. 2012). This is a risk as S. moniliformis
forms part of the commensal flora of the rat’s oropharynx (Elliott 2007).

But not only handling or keeping pet rodents can impose a risk. Also commensal
rodent species (species that live in or around a house or a farm) may lead to health
risks. The risk of bites by rats inflicted in urban environments (often in substandard
dwellings) and the spread of infection to humans is substantial. In the United States,
there a hundreds of rat bite reports each year, while the number may even be
underreported by a factor of at least ten (Bonnefoy et al. 2008; Hirschhorn and
Hodge 1999). Next to rat bites, ectoparasites that are associated with these rodents
can spread additional infectious organisms. The rodents are sometimes also carrying
endoparasites or other pathogens which may contaminate the local environment.
A literature review on helminths in rodents in South East Asia showed that the
highest helminth species richness was found in Rattus tanezumi, Rattus norvegicus,
and Rattus argentiventer, which are found in more human-dominated habitats such
as agricultural areas or human settlements (Chaisiri et al. 2010). In a study in Tokyo,
Japan, 17% of the brown rats (Rattus norvegicus) from urban areas carried lepto-
spires in their kidneys and cases in human patients could directly be linked to these
rats via DNA-analysis (Koizumi et al. 2009). Moreover, rodents in agro-ecological
surroundings can be infected with Salmonella spp. and Campylobacter spp. and
transfer these bacteria to livestock or amplify their number in the farm environment
(Meerburg and Kijlstra 2007). In this way, a resident infected rodent population
could lead to continuously returning infections in the farm environment, with all the
negative consequences for both livestock and farmers. The exact risk dimension of
livestock-pathogen-human-wildlife interactions is not yet known for many patho-
gens. Two pathogens may serve as an example here: Coxiella burnetii, the causative
agent of Q-fever, and Hepatitis E virus (HEV). Concerning Coxiella burnetii, it has
been implicated in many studies that rodents function as reservoirs for Q-fever, but
their exact role in pathogen maintenance, geographic spread, and transmission still
remains to be clarified (Meerburg and Reusken 2011; Webster et al. 1995). Prob-
lematic in determining the exact contribution of rodents is that basic wildlife and
domestic cycles of C. burnetii infection can operate independently, but will overlap
in many instances as many areas in the world are occupied by both domestic and
wild animals (Meerburg and Reusken 2011), which makes it hard to unravel their
exact contribution. In a recent study from Japan (Kanai et al. 2012) in which wild
Rattus norvegicus were caught near a pig farm where HEV was present, it was
demonstrated that in these rodents there was a relatively high prevalence (17.9%).
Consequently, these authors conclude that R. norvegicus may be a carrier of swine
HEV in endemic regions, but that the HEV contamination risk due to rats in human
habitats remains unclear (Kanai et al. 2012).

Consequently, there remains much work for scientists to be done. Concerning the
factor human behavior, the use of Geographical Information System (GIS) technology
could prove to be a useful tool for the identification of endemic foci and high-risk areas
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for numerous pathogens that are transmitted by rodents. Such technology was recently
tested in a study in Cyprus (Psaroulaki et al. 2010), where rats were used as disease
sentinels and tested for seropositivity on six microbial agents. In the Philippines, dogs
were responsible for human schistosomiasis infection, but the authors claim that rats
could be useful as schistosomiasis sentinels to monitor infection levels in the envi-
ronment (Carabin et al. 2014). By optimizing this technology, more information could
be acquired about possible outbreak areas, which facilitates informing the general
public by public health officials.

When considering the factor human health condition, one should remember that
the world population will increase the coming decades and also that the average age
of the world population will increase. Thus, the number of people that may experi-
ence significant health effects when infected by zoonoses is growing. We do not yet
know the exact dimension of the problem, but it is something to keep in mind.

High resolution remote-sensing could also prove useful to monitor the factor
rodent ecology and behavior. This was recently done in Kazakhstan, where great
gerbil burrow systems were observed by means of satellite images (Addink et al.
2010). The occupancy rate of these burrows is a strong indicator for the probability
of a plague outbreak. By monitoring the density of great gerbil burrow systems, or
locating new or expanding foci, a direct contribution could be made to surveillance
and control efforts (Addink et al. 2010). Of course, with such techniques it is not
possible to monitor the ecology and behavior of all rodent species. To gain more
insight into the population dynamics and habitat preferences of rodents, field studies
will remain necessary. By collection of small mammals in several habitat types, an
action which was recently undertaken in Albania (Rogozi et al. 2012), one can gain
more knowledge of the reservoir ecology in a country, and thus acquire more
possibilities for reliable risk assessments for rodent-borne diseases. Moreover, also
rodent identification via molecular methods, e.g., molecular barcoding using short
genetic markers (Galan et al. 2012) may be useful as this will lead to a quicker and
more accurate species identification. The previous will also prove its worth, if rodent
dynamics and ecology will change in the future because of climatic change. The use
of digital monitoring techniques, e.g., traps that are directly linked to GSM, Wifi, or
other types of networks, will provide data that is very relevant for control of
commensal rodents.

Concerning the factors pathogen ecology and persistence, there are also new
opportunities. Fecal samples of wild rodents that were collected in California and
Virginia were surveyed in order to obtain an initial unbiased measure of the viral
diversity in the enteric tract (Phan et al. 2011). Viral RNA and DNAwere randomly
amplified. Phylogenetic analyses of full and partial viral genomes revealed many
previously uncharacterized viral species, genera, and families, and close genetic
similarities between some rodent and human viruses even reflected past zoonoses
(Phan et al. 2011). In another recent study, a comparative approach was used to study
microparasite species richness across rodent species according to the latitude where
they occur (Bordes et al. 2011). The results demonstrated that virus species richness
increased toward tropical latitudes, and that rodent litter size seemed to decrease
when microparasite species richness increased independently from the latitude. The
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authors thus claim that rodent species in the tropics harbor higher parasite species
loads effectively, at least in terms of species richness for viruses, and that parasite
species richness influences rodent life-history traits (Bordes et al. 2011). This
information is also important for reliable risk assessments.

Finally, we may conclude that humankind has come a long way. We increased our
knowledge and understanding and have gained some small victories over the
rodents. However, there is no definitive victory over them yet, and although they
are not able to defeat the cats (in this case the humans), they do still pretty well in
avoiding capture. Let’s hope that further scientific progress will lead to a better
understanding about rodents and their risk for public health and that the contest
between cat and mouse may end in a favorable way for humankind.
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Abstract

With a worldwide population of over 37 million, camels are an important source
of meat, milk, and labor in many regions of the world, mainly in Africa and Asia.
The one-humped camel, also known as dromedary (Camelus dromedarius),
accounts for approximately 95% of the whole population of camelids and is
distributed in at least 47 countries of the world. Despite being extremely resistant
to harsh environmental conditions, camels can get infected with several zoonotic
pathogens, thus posing a public health’s risk. In this chapter most important
parasitic, bacterial, viral, and fungal zoonoses related to camels are discussed.
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30.1 Introduction

One-humped camels, also known as dromedary (Camelus dromedarius) are specif-
ically adapted to live in hot, arid areas of the world, notably the Middle East, Africa,
and India. With a worldwide population of over 37 million, camels are an important
source of meat and milk in many marginal, desert areas of the world where they
survive under harsh conditions, with a considerable feral population in Australia
(Camel-Scan 2019; Diall et al. 2022; FAOSTAT 2019) (Fig. 1).

Although compared with other animal species (e.g., dogs), the domestication of
the dromedary camel took place rather late in human history, approximately
3000 years ago (MacHugh et al. 2017), nowadays this livestock species is distributed
in at least 47 countries, playing a crucial role in their economy; for example, in the
year 2019, camels produced about 3,111,462 tons of milk and 653,135 tons of meat
(FAOSTAT 2019). Unique physiological peculiarities of dromedaries in their circu-
latory system, respiratory system, water economy mechanism, heat tolerance, etc.
enable them to survive almost 1 week with little or no food and water (Ouajd and
Kamel 2009), making them suitable also for trade and trafficking over longer
distances in arid areas. Indeed, they are utilized since ancient times for transportation
of people, goods, warfare, and as draft animals including in agriculture and in local
industry. Furthermore, they provide food (meat and dairy products) with great
nutritional value, wool and leather in regions of the globe where the common
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Fig. 1 Map of dromedary camel population by 47 countries in 2019. (Camel-Scan 2019;
FAOSTAT 2019)

930 A. Sazmand and A. Nourian



ruminant livestock species (cattle, sheep, and goats) cannot be used for these
purposes. Therefore, as they are important food sources in semi-arid and arid
zones, the picture of camelids transformed from “ship of the desert” to a “food
security livestock” species. One evidence is that between the years 2009 and 2019,
the world’s camel population increased by 29% compared to only 7%, 12%, 19%,
and -12% for cattle, sheep, goats, and pigs, respectively (FAOSTAT 2019). This
trend recognizes the economic value of this livestock species as a food source,
consequently implying the need for research on its pathogens and their zoonotic
implications. This is also emphasized by the expansion of the human population in
some developing countries by at least double their current size. It has been estimated
that the world human population will reach 9.7 billion in 2050, mainly in developing
countries of the southern hemisphere (United Nations 2019), which will parallel an
increased need for food resources in these areas, including camel meat and milk.
Overall, this could make camels an increasingly important source for zoonotic
disease transmission to humans, especially in resource-poor communities with
improper sanitation and medical access.

30.2 Public Health Impact of Camels

Adult camels are large animals standing about 2 m at the shoulders and weighing up
to 600 kg. They may kill or injure humans by bites, falls from their backs, kicks, or
collisions with motor vehicles; however, the relative magnitude of each mechanism
has never been extensively studied. Furthermore, the incidence of camel-related
injuries is not known worldwide but scant information is available, such as the study
of Abu-Zidan et al. in Al-Ain city, United Arab Emirates, where the incidence of
hospitalized camel-related injured patients in the city was estimated as 6.88 per
100,000 population per year (Abu-Zidan et al. 2012b). In Saudi Arabia more than
600 camel–vehicle collisions occur each year, out of which the fatality rate is 0.25;
about six times that of all types of traffic accidents in the country (Al-Ghamdi and
AlGadhi 2004).

Camel bite injuries occur more often during the rutting season (November–
March) when they behave unpredictably. Injuries are usually severe and are includ-
ing penetrating and crushing injuries by the camel jaw and blunt injuries when
patients are picked up and thrown away (Abu-Zidan et al. 2012a). The head and neck
sustain frequent and severe injuries which may involve facial wounds, skull frac-
tures, intracranial bleeding, and cervical neurovascular injuries (Balac et al. 2019).
Patients who sustain camel bites are prone to infection with Staphylococcus,
Aeromonas, Pasteurella, and Actinobacillus species. Infection rates from camel
bites have been reported to be as high as 86%. Furthermore, patients are at risk for
tetanus and rabies (Calleo et al. 2018). Other causes of deaths associated with camels
involve kicking, stomping, kneeling or sitting on a victim, or biting and shaking and
throwing. Lethal mechanisms include hemorrhage from vascular injuries and inter-
nal organ disruption, crush asphyxia, and blunt craniospinal injuries (Gilbert and
Byard 2021).
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While direct impact of camels on human health is obvious, the zoonotic health
risks of camels to humans are indirect and much less visible. As stated before, camels
are extremely resistant to harsh environmental conditions; however, dromedaries can
get infected with several zoonotic pathogens, thus posing a public health’s risk.
Literature review on camel-borne zoonotic diseases revealed that the majority of
publications within 1970 and 2018 focused on four pathogens, i.e., Middle East
respiratory syndrome (MERS), hydatidosis, brucellosis, and Rift Valley fever (Zhu
et al. 2019). In this chapter 14 most discussed parasites (Echinococcus granulosus
sensu lato, Toxoplasma gondii, Cryptosporidium spp., Trypanosoma spp.,
Balantidium coli, Sarcoptes scabei), bacteria (Brucella spp., Mycobacterium tuber-
culosis complex, Yersinia pestis), viruses (Middle East respiratory syndrome,
Crimean–Congo hemorrhagic fever, Rift Valley fever, West Nile virus), and ring-
worm causing fungi related to zoonoses will be addressed.

30.3 Major Zoonotic Pathogens of Camels

30.3.1 Parasites

Relatively few parasites of camels are specific for this host species (Schuster 2018),
whereas many others that infect camels are (i) non–zoonotic but with a large host
range, or, (ii) of zoonotic concern. Camel echinococcosis is the most studied
zoonotic parasitic infection affecting humans but Toxoplasma gondii, Cryptosporid-
ium spp., Fasciola spp., Trichinella spp., and Linguatula serrata originating from
camels are also considered as major public health risks (Zhu et al. 2019).

Transmission of zoonotic parasites includes different routes of infection such as
fecal contamination (e.g., Cryptosporidium spp., Giardia duodenalis, Balantidium
coli, Blastocystis spp., Enterocytozoon spp., or consumption of raw or undercooked
infected tissues and milk (e.g., Toxoplasma gondii, Trichinella spp., Linguatula
serrata). In addition, camels serve as reservoir hosts for Trypanosoma spp. or may
be infected by gastropod–borne trematodes (e.g., Fasciola spp., Dicrocoelium
dendriticum and Schistosoma spp.) or metacestode larvae of zoonotic tapeworms,
such as Echinococcus granulosus sensu lato (Sazmand and Joachim 2017; Sazmand
et al. 2019b). Moreover, camels are blood source for several hematophagous ecto-
parasites, such as ticks and fleas, which ultimately transmit zoonotic viral and
bacterial pathogens (e.g., Crimean–Congo hemorrhagic fever virus, Coxiella
burnetii, Rickettsia spp., Bartonella spp., and Yersinia pestis) (Bahari et al. 2021;
Sazmand et al. 2019a; Wernery et al. 2014).

30.3.1.1 Echinococcus granulosus sensu lato
Cystic echinococcosis (CE) is a major zoonotic infection worldwide caused by larval
stage of the tapeworm Echinococcus granulosus sensu lato. It causes considerable
medical costs and economic losses in endemic areas (Deplazes et al. 2017). More
than one million people are affected with echinococcosis at any one time, and it is
estimated that echinococcosis to be the cause of 19,300 deaths and around 871,000
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disability-adjusted life-years (DALYs) globally each year. Annual global costs
associated with CE including treating cases and losses to the livestock industry are
estimated to be 3 billion USD (WHO 2015). These costs might comprise 0.01% to
0.04% of nation’s gross domestic product (GDP) in low- and middle-income coun-
tries (Harandi et al. 2012). Transmission typically occurs between canid definitive
hosts and intermediate hosts such as human through the ingestion of parasite eggs
shed in the feces of infected definitive hosts in the environment or dog’s coat
(Thompson 2017).

Among species and genotypes of Echinococcus (Vuitton et al. 2020), G6 geno-
type of E. canadensis that was formerly known as “camel strain” is particularly well
adapted to camels but dromedaries are also important in the epidemiology of
E. granulosus sensu stricto (G1–G3) and E. ortleppi (G5) (Sazmand et al. 2019b).
Interestingly, it has been suggested that E. canadensis may have an affinity for the
brain in humans (Sadjjadi et al. 2013; Shirmen et al. 2018). A recent article estimated
that 23.75% of camels across the world harbor hydatid cysts (Anvari et al. 2021). In a
study from Africa where pooled CE prevalence in different intermediate host species
was compared, camels had the highest prevalence (Ohiolei et al. 2020). Cysts are
commonly found in the lungs and, to a lesser extent, the liver of camels resulting in
carcass condemnation and, subsequently, great economic losses. In Iran where CE is
endemic, the annual monetary burden of CE has been estimated at 232.3 million
USD, out of which the economic loss due to condemnation of infected camel livers
amounts to approximately 600,000 USD (Harandi et al. 2012).

Major obstacles in controlling CE include the inability of local authorities and
owners in poor environments to handle the costs of deworming treatment of dogs, to
maintain proper abattoirs, to control stray dog populations, to vaccinate lambs, and
the lack of public education (Otranto et al. 2017).

30.3.1.2 Cryptosporidium spp.
A wide range of gastrointestinal protozoan parasites such as Eimeria spp.,
Cystoisoispora orlovi and camel-specific Sarcosystis species develop exclusively
in camels (Sazmand et al. 2012; Hamidinejat et al. 2013; Dubey and Schuster 2018);
however, there are scientific data about infections of camels with several species of
protozoan parasites of zoonotic importance including Cryptosporidium spp. (Phy-
lum: Protozoa; Subphylum: Sporozoa; Class: Gregarinomorphea; Subclass:
Cryptogregaria; Order Cryptogregarida; Family: Cryptosporidiidae).

Cryptosporidium spp. are highly successful parasites causing diarrhoeal disease
in both people and animals worldwide. Due to their large host range, high oocyst
output from infected individuals, water- and food-borne transmission routes, and low
infectious dose from as low as one oocyst these protozoan parasites are responsible
for >eight million cases of food-borne illness annually (Innes et al. 2020). Consid-
ering the fact that one infected neonatal calf sheds around 40 billion infectious
oocysts in feces during the acute infection, we can understand the massive environ-
mental contamination and a huge risk for other vulnerable hosts such as humans
(Nydam et al. 2001). In children younger than 5 years, Cryptosporidium is respon-
sible for 12,868,500 DALYs considering both acute effects of diarrhea and
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associated growth faltering (Khalil et al. 2018). Outbreaks of cryptosporidiosis
associated with contaminated water supplies can result in significant economic and
health impacts. Costs associated with two outbreaks in Wisconsin and Ireland were
estimated as high as 96.2 million and 22.44 million USD, respectively
(Chyzheuskaya et al. 2017).

At least 48 Cryptosporidium species are considered valid and > 100 genotypes
yet to be formally described, due to lack of biological and/or genetic data (Ježková
et al. 2021). Over 20 species and genotypes have been reported in human patients
(Feng et al. 2018). In dromedary camels so far, infection with C. parvum subtype
IIaA17G2R1, a common zoonotic subtype reported in humans and animals world-
wide, which is genetically related to the C. hominis of the If subtype family,
C. andersoni, Cryptosporidium rat genotype IV and Cryptosporidium camel geno-
type have been confirmed (Baroudi et al. 2018; El-Alfy et al. 2019; Gu et al. 2016;
Zahedi et al. 2018). Furthermore, natural infection of closely related species
Camelus bactrianus (two-humped camel) with C. occultus, C. ubiquitum,
C. bovis, and C. muris (Cao et al. 2020; Wang et al. 2021) suggests that dromedaries
might also get infected with a wider range of species and genotypes than we know
today. There is only one documentation on zoonosis linked with camels from Iran
where 24 of 100 people in long-term contact with camels were found infected with
Cryptosporidium spp. (Sazmand et al. 2012). Although C. parvum and C. andersoni
identified in camels are potentially infectious for humans, no confirmed direct
association between camels and human infections have been reported, in contrast
to other livestock such as cattle (Lal et al. 2016) warranting further investigations.

30.3.1.3 Toxoplasma gondii
Due to its exceptionally wide range of warm- and cold-blooded hosts, T. gondii is
one of the most successful zoonotic parasites on earth. One third of the world’s
human population are infected with this cosmopolitan food– and waterborne para-
site, albeit with high heterogeneity between countries and regions (Djurkovi-
ć-Djaković et al. 2019). In the USA alone, toxoplasmosis accounts for 32,700
DALYs annually, being also responsible for 8% of foodborne–illnesses hospitaliza-
tions with 86,700 confirmed patients and 330 deaths (Scallan et al. 2015; Scallan
et al. 2011). Like other livestock, camels acquire T. gondii infections through
ingestion of sporulated oocysts shed by cats or wild felids in the environment
(Hamidinejat et al. 2013). Antibodies against T. gondii in sera of dromedaries from
different countries have been determined using various techniques, reporting
seroprevalences as high as 67% (Dubey 2021; Gebremedhin et al. 2014; Nourian
1992). It has been estimated that 36% of camels in Africa have anti-T. gondii
antibodies (Tonouhewa et al. 2017). Our knowledge about clinical and congenital
toxoplasmosis in camels, however, is limited to few reports and the significance of
infection is probably underestimated (Hagemoser et al. 1990; Ishag 2003; Ishag and
Majid 2008; Riley et al. 2017). Toxoplasma gondii cysts have been isolated from
camel meat (Gebremedhin et al. 2014) but predilection sites of Toxoplasma cysts
have not been comprehensively investigated in this host species. The rooted habits of
nomadic populations of some African and Asian communities of raw camel liver
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consumption (Bin Saeed et al. 2005; Gebremedhin et al. 2014) could represent a risk
factor for infection of humans, as T. gondii is frequently isolated from the livers of
domestic ruminants and horses (Belluco et al. 2016). In addition, consumption of
camel milk is becoming increasingly popular in recent years, as it is richer in vitamin
C and iron than cow’s milk, with suggested therapeutic effects on type 1 diabetes and
reduction of allergies in children (Boughattas 2017). The implication of
unpasteurized camel milk as a source of human toxoplasmosis (Medani and
Mohamed 2016) suggests that consuming raw milk or dairy products derived from
it (e.g., Shubat, a beverage of fermented camel milk, sparkling white with a sour
flavor, popular in Central Asia) could be a risk for human health. Little is known
about the genetic characteristics of T. gondii genotypes infecting camels. Some
surveys showed the occurrence of all three conventionally defined clonal lineages
(Types I, II and III) in camel meat and milk (El-Alfy et al. 2019; Elfadaly et al. 2017;
Tavakoli Kareshk et al. 2018). All of these types have also been isolated from human
patients (Ajzenberg et al. 2009). Since the conventional nomenclature of Toxo-
plasma isolates does not sufficiently delineate the plethora of existing genotypes
(Shwab et al. 2014), multilocus PCR-RFLP genotyping should be applied to eluci-
date potential links with disease manifestations in people consuming meat and dairy
products of camels.

30.3.1.4 Trypanosoma spp.
Camels are affected by several Trypanosoma species (Roettcher et al. 1987).
Trypanosoma evansi, the etiologic agent of “Surra” is the more prevalent trypanosome
species of camels (Desquesnes et al. 2013). It was the first trypanosome to be described
and identified as the causative agent of mammalian trypanosomosis. The earliest report
on T. evansiwas published by Griffith Evans who associated it with an endemic disease
in equids in the Dera Ismail Khan district of Punjab in Pakistan (Evans 1880). While
T. evansi is the more prevalent trypanosome species of camels, T. brucei, T. congolense,
and T. vivax are found at lower infection rates (Al Malki and Hussien 2022; Birhanu
et al. 2015; Dirie et al. 1989; Mossaad et al. 2017). However, in a recent report that
described T. vivax for the first time in dromedaries of central desert of Iran this infection
was more prevalent than T. evansi (Asghari and Rassouli 2021).

Due to a partial loss of T. evansi mitochondrial DNA, which occurred during its
segregation from T. brucei (Lai et al. 2008) and acquiring the capacity for mechan-
ical transmission by virtually all biting flies its geographical distribution is poten-
tially unlimited. Trypanosoma evansi affects a wide range of domestic and wild
mammals in Africa, Asia, and South America (Desquesnes et al. 2022; Sazmand
et al. 2022), and recent outbreaks of infection among camelid populations on the
Canary Islands, in mainland Spain, and France demonstrated the potential of the
parasite to spread rapidly even in non–endemic areas (Gutierrez et al. 2010). In
dromedaries, the infection may cause significant morbidity and great impairment of
productivity and mortality (Sazmand et al. 2016; Sazmand et al. 2011). It is assumed
that the spread of T. evansi among camels with the consequence of fatal anemia
weakened the Arab–African Muslim forces in their prolonged battle against Chris-
tendom, as they relied heavily on camels and equids for transport and economy
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(Clarence-Smith 2013). Trypanosoma evansi has its highest prevalence in camels
compared to other animal hosts such as buffaloes, cattle, dogs, equids, and small
ruminants (Aregawi et al. 2019), but in contrast to other livestock species, the
economic burden of this infection has not been evaluated in camels (Reid 2002).
Human cases of T. evansi infection have been reported from India, Sri Lanka, Egypt,
Thailand, and Indonesia (Joshi et al. 2005; Sawitri et al. 2019; Sengupta et al. 2022;
Truc et al. 2013; Van Vinh Chau et al. 2016). For a decade it was hypothesized that
human susceptibility to T. evansi could be linked to insufficient or missing levels of
human trypanocide apolipoprotein L1 (APOL1), a trypanocidal component of nor-
mal human serum (Vanhollebeke et al. 2006). However, report of infection in a
patient with no previous immunological risk, 2 wild–type APOL1 alleles and a
normal serum APOL1 concentration confirmed that T. evansi is a true zoonosis with
a risk of infection for the general population (Van Vinh Chau et al. 2016).

30.3.1.5 Balantidium coli
Balantidiasis caused by B. coli is a zoonotic disease with domestic and wild pigs,
non-human primates and humans as reservoirs. Cysts of this large ciliated protozoan
live in cecum and colon of the hosts, are shed in feces, and transmitted to susceptible
hosts via fecal-oral route. Balantidium coli is the only ciliated protozoan that is
pathogenic for humans, being most common in the Philippines, but is also reported
in Central and South America, Papua New Guinea, and parts of Western Asia
(Chalmers 2014). Although the worldwide prevalence is estimated at 0.02 to 1%, it
varies widely by geographic location as, for instance, in New Guinea and Altiplano
area of Bolivia, infection rates of as high as 28% and 29% have been reported
(Schuster and Ramirez-Avila 2008). Indeed, human populations living in close prox-
imity to domestic pigs are naturally resistant and mostly without any clinical mani-
festation, though a case fatality rate of 30% has been reported in acute balantidiasis
with intestinal perforation or fulminating hemorrhagic dysentery and shock (Schuster
and Ramirez-Avila 2008). Rare cases of balantidial appendicitis, and extension to
extraintestinal sites causing, for example, urinary tract infection and vaginitis, and lung
infections, have been reported (Chalmers 2014). Because of the pleomorphism of
balantidial trophozoites and the host range, taxonomy of this genus is controversial.

In absence of pig raising, such as in Middle-Eastern countries, camels play a
major epidemiological role in the transmission of B. coli (Cox 2005). As for other
mammalian hosts (Nakauchi 1999), balantidia from camels, provisionally named
Balantidium cameli (Hegner 1934), are now referred to as B. coli. The infection is
widespread in camel populations and infection rates up to 53% have been reported
from Algeria, Bahrain, Egypt, India, Iran, Iraq, Nigeria, and Saudi Arabia (Ahmed
et al. 2020a; El-Khabaz et al. 2019). Infected camels can shed very large number of
cysts and trophozoites e.g., 15,000 per gram (Tajik et al. 2013), therefore, may have
a significant role in transmission of the infection to people in contact with them.
There is only one documentation on zoonosis linked with camels from Iraq where
10 of 25 camel breeders and 50% of their camels were found infected with B. coli
(Hussein et al. 2016). Recent studies on the genetic diversity of Balantidium spp. and
Balantidium – like cyst – forming ciliates, such as Buxtonella, suggest that genetic
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analyses are needed to explain the real spectrum of intestinal ciliates as the cysts are
morphologically indistinguishable. Buxtonella sulcata, another ciliate with world-
wide distribution, is mainly found in the cecum of cattle but also of camels (Taylor
et al. 2016). Finding of Buxtonella-like ciliates in primates opened the hypothesis
that Buxtonellamay also be a pathogen in humans (Pomajbíková et al. 2013), and the
possible transmission from camels to humans should be further investigated.

30.3.1.6 Sarcoptes scabei
Camels can be infested by a wide range of external parasites such as mites and tick
that irritate, injure, or debilitate them. Camel mange caused by Sarcoptes scabiei var.
cameli is a worldwide major threat to camel health and production. It is extremely
contagious and the infestation rate can reach up to 83% in camels, causing loss of
condition, decreased work tolerance, and, in extreme cases, death (Al-Rawashdeh
et al. 2000; Wernery et al. 2014). Initially camels rub the affected areas against
inanimate objects or against one another causing erythema with numerous papules
and nodules. With advancement of the infection alopecia to complete baldness
patches are observed, and in severe cases the skin is thickened, wrinkled, and thrown
into folds, is covered with thick crusts, and shows extensive fissuring and cracking.
In terminal stages of the disease, camels decrease their food and water intake and
become emaciated. There is marked edema of the legs, especially on the footpads,
and the skin becomes soft, and pits on pressure. Urination and defecation are not
affected, but the animals are unable to work or to walk for long distances and
eventually die (Nayel and Abu-Samra 1986).

Sarcoptic mange is considered second only to Surra trypanosomosis in terms of
losses in camels (Pegram and Higgins 1992). Overcrowding, temperature, and the
skin microclimate have been suggested as important factors in the epizootiology of
the disease in Sudan (Nayel and Abu-Samra 1986). Furthermore, camels older than
2 years, female camels, and winter season were found to be the higher risk of
exposure in Egypt (Ahmed et al. 2020b). Transmission of S. scabiei var. cameli to
humans, particularly camel attendants and riders, is well–known since ancient times
(Tadjbakhsh 1994). Although S. scabiei of camels’ origin cannot multiply in the
human host, it causes pseudoscabies that usually takes place during milking, han-
dling, or riding. In herdsmen, the lesions are observed mainly in the interdigital
spaces of the hands, the flexor surface of the wrists, the forearms, the elbows, and
axillary folds. In the case of camel riders, the lesions occur between the thighs.
Treatment of both animals and the camel handlers can help in controlling this
zoonotic problem (Schillinger 1987).

30.3.2 Viruses

30.3.2.1 Middle East Respiratory Syndrome (MERS)
The highly lethal Middle East respiratory syndrome (MERS) was initially reported
in April, 2012 (WHO 2021a). The causative coronavirus, MERS-CoV was first
isolated from a man with severe pneumonia in Saudi Arabia, which was died of
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multiple organ dysfunctions (Zaki et al. 2012). The virus which is enlisted in the
WHO blueprint list for highly concerned pathogens (WHO 2020b), is circulating
among societies, and several outbreaks of the disease have been occurred in the
Middle East (WHO 2019) and South Korea (Kim et al. 2017). By the end of July
2021, a total of 2578 laboratory-confirmed human cases have been reported globally
including 888 deaths, majority of which have been occurred in Arabian Peninsula
(WHO 2021b). The clinical manifestation of the disease may range from mild to
severe, which the latter usually occurs in individuals older than 65 years. The
infection is mainly limited to the respiratory tract; however, also, the viral particles
have been detected in the kidney of one autopsied human body (Memish et al. 2020).
MERS-CoV is a zoonotic virus with dromedary camels being considered as the host
reservoir for the pathogen (Drosten et al. 2014). Experimentally infected camels
could shed the virus through nasal secretions with rhinorrhea as the only clinical sign
of the disease (Adney et al. 2014). Although nosocomial transmission of MERS-
CoV in health-care facilities has been proposed to be responsible for almost half of
the cases reported to WHO (Hui et al. 2018), humans may acquire the infection
through direct or indirect contact with infected patients or camels (Azhar et al. 2014;
Conzade et al. 2018). Infected camels may shed the pathogen via nasal and eye
discharge and feces. People may also get the infection through consumption of
various raw or undercooked camel products such as milk, meat, urine, and blood.
Individuals with underlying medical conditions are at high risk of severe illness
(WHO 2018b). To prevent further outbreaks of the disease, it is crucial to maintain
good hygiene, especially among individuals working in health care and people in
contact with camels. The genome of MERS or MERS-like coronaviruses have been
detected in viscera or droppings of bats in Switzerland, Italy, and South Korea
(Hardmeier et al. 2021; Kim et al. 2016; Moreno et al. 2017), implicating the
potential role of bats in the spread of the pathogen to other parts of the planet.

30.3.2.2 Crimean-Congo Hemorrhagic Fever
Crimean-Congo hemorrhagic fever (CCHF), an important tick-borne zoonotic
disease is caused by a virus from genus Nairovirus of the family Bunyaviridae
(OIE 2021), which has been detected in arid regions of Eastern Europe, throughout
the Mediterranean, northwestern China, central Asia, Africa, the Middle East, and
the Indian subcontinent (Hoogstraal 1979; Wernery et al. 2014). The virus is
chiefly spread by ticks of genus Hyalomma, and circulates in a tick-vertebrate-
tick cycle, however also, vertically and horizontally within the arthropod vector
(OIE 2021). The presence of pathogen has been confirmed in a wide range of wild
and domestic animals such as sheep, goats, cattle, camels, horses, pigs, dogs,
hedgehogs, chicken, ostriches, and vectors including ticks and biting midges of
the genus Culicoides (Causey et al. 1970; Hassanein et al. 1997; Khamassi Khbou
et al. 2021; Mostafavi et al. 2013; Schwarz et al. 1996). Animals usually act as
reservoirs with no obvious clinical signs of the disease, hence, the infection has
little if any considerable effect on the animal health and animal production
industry; however, the virus can cause a lethal disease in humans (OIE 2021),
with the case-fatality ratio of as high as 73% (Schwarz et al. 1997). Despite many
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investigations, the pathogenesis of CCHF is not fully understood. The main cells
affected are endothelial and immune cells, and the main organs with histopatho-
logical changes are liver and spleen (Akıncı et al. 2013). Human can be infected by
tick bite or through contact with tissues, blood, and body fluids of infected animals
or other individuals (Bente et al. 2013). The sexual route of viral transmission
among people has also been suggested (Ergonul and Battal 2014). The presence of
the CCHFV has been confirmed in the camels of different countries. While the
importance of CCHFV for camels is not elucidated yet, it has been shown that
CCHFV strains in some regions are specifically associated with camels and camel
ticks (Camp et al. 2021; Khalafalla et al. 2021). In one study on the UAE camels,
CCHFVantibodies were detected in the serum of 67% of animals, and the majority
of infesting ticks were Hyalomma dromedarii (Camp et al. 2020). In a study from
Iran, antibodies against CCHFV were found in 5.3% of camels and genome of the
virus was detected in 10.2% of ticks collected from camels (Champour et al. 2016).
As the CCHFV is widespread in many regions of the world (Msimang et al. 2021),
it is suggested that exposure to the virus in people who work in camel-related
settings is more common than generally assumed, therefore, public education on
the risk factors associated with the infection are needed to control the disease.
Besides, the detection of CCHFV RNA in ticks of migratory birds from different
countries of Asia, Africa, and Europe (Leblebicioglu et al. 2014; Mancuso et al.
2019; Palomar et al. 2013), as well as finding the CCHFV reactive antibodies in
migratory bats of Africa (Müller et al. 2016), indicate the very possibility of
CCHFV transportation to other countries and continents by these flying animals.

30.3.2.3 Rift Valley Fever
Rift Valley fever (RVF) is an arthropod-borne viral zoonosis which is endemic in
sub-Saharan African countries and the Arabian Peninsula (Khalafalla 2016). The
causative virus belongs to the genus Phlebovirus from the family Bunyaviridae
(Flick and Bouloy 2005). RVFV affects ruminants (e.g., cattle, sheep, and goats),
camels, and humans. The virus can produce an acute to peracute disease in animals;
however, the infection in camels is mostly manifested by abortion. Both New World
and Old World camelids can become infected. The presence of serum RVFV-specific
antibodies in blood serum of up to 57% of camels have been documented (Britch
et al. 2013), and the virus has been isolated from camels (Faye et al. 2014). In at least
one outbreak in Mauritania, in which 13 people died, dromedary camels played a
major role in the epidemiology and transmission of RVF to humans (El Mamy et al.
2011). The disease has also been detected in young llamas and alpacas of
South Africa (Wernery et al. 2014). RVF epidemics have been occurring for more
than 70 years in southern and eastern Africa before 2000 in which for the first time,
the virus infected humans and animals out of Africa in Saudi Arabia and Yemen
(Shoemaker et al. 2002). In one study in the UAE, out of 1119 dairy dromedary
camels, four adults (0.35%) were seropositive with ELISA (Wernery et al. 2008).
The disease causes serious economic costs to animal owners through loss of pro-
duction and death. The infection may even lead to 100% abortion in animals. It is
believed that RVF outbreaks usually occur following heavy raining, which indicate
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the appearance of a very high population of vectors, mainly the mosquitoes of
Anopheles, Culex, Aedes, and Mansonia genera (Wernery et al. 2014). Humans
can get the infection mainly through contact with infected animal carcasses
(Hoogstraal et al. 1979) with a fatality rate of approximately 1% (WHO 2018a). In
most cases, the clinical disease in humans is similar to influenza, and may easily be
confused with malaria. The severe disease may be manifested in the forms of ocular,
meningo-encephalitic, and hemorrhagic, the latter being fatal (CDC 2020). No
licensed vaccine is available for human use. However, several vaccines have been
developed for livestock, albeit not for use outside the endemic areas (Faburay et al.
2017). Camels imported from countries with confirmed RVF outbreaks should be
tested for the infection. People should avoid contact with blood, body fluids, and
tissues of infected animals, and all animal products should be cooked before
consuming. Protection against blood-sucking insects especially mosquitoes is of
importance (CDC 2020).

30.3.2.4 West Nile Virus
The zoonotic West Nile Virus (WNV) is a member of the Japanese Encephalitis virus
(JEV) serocomplex, and belongs to the Flavivirus genus of the family Flaviviridae
(Fall et al. 2017). The WNV normally exists in nature circulating between birds and
mosquitos, with Culex spp. as the principal vectors for the pathogen. Human and
other mammals are accidental hosts. The virus was first isolated in 1937 from a
woman in Uganda (Smithburn et al. 1940), after which, it has been detected in all
continents. In infected human, the clinical manifestation ranges from asymptomatic
to encephalitis (and resulted paralysis) and death. The nervous symptoms of WNV
may easily be confused with similar infections such as viral encephalitis and
bacterial meningitis (Rossi et al. 2010). Less than 1% of infected individuals develop
a serious illness (CDC 2021), and the infection is more life-threatening in immuno-
compromised and old people. Among animals, birds are the most susceptible to the
infection; however, serum antibodies against WNV has been frequently detected in
many other animals. For instance, using ELISA method, some personnel and
different birds, mammals, and reptiles from the Yum-Ká zoo in Mexico were
found seropositive for the WNV (Hidalgo-Martinez et al. 2008). Although there
have been several serologically confirmedWNV infection in camels from the Middle
East, North Africa, and Europe (Mentaberre et al. 2013; Touil et al. 2012; Wernery
and Wernery 1990), the virus was isolated for the first time in 2016 from a
dromedary camel calf in the UAE. Pallor of skeletal and myocardial muscles,
massive lung congestion, and colitis were seen at necropsy (Joseph et al. 2016).
The presence of virus in camels may lead to spread of the infection to the neighbor-
ing human and animal populations. It has been proposed that geographic correlation
of seropositive animals with positive veterinarians suggests predictability of the risk
in humans (Venter et al. 2017). While there are several vaccines available for
immunizing horses against WNV, no licensed vaccine exists for use in humans
and camels (Saiz 2020). It is essential to detect new cases in birds and other animals
including horses and camels to provide early warning for veterinary and public
health authorities (WHO 2017).
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30.3.3 Bacteria

30.3.3.1 Brucella spp.
Brucellosis, a contagious disease caused by a zoonotic bacterium of the genus
Brucella, is of greatest concern, not only because it is zoonotic but also due to its
severe economic losses for farmers and ranchers across the world in terms of lost
milk, reduced fertility, stillbirths, and abortions (Tibary et al. 2006; Wernery 2014).
Humans generally acquire the disease through direct contact with infected animals,
by eating or drinking contaminated animal products, or by inhaling airborne agents
(Hekmatimoghaddam et al. 2013). Camels can be infected with different biovars of
either B. abortus and B. melitensis, both of which being the main causative agents of
human brucellosis (Abbas and Agab 2002).

Camel brucellosis is endemic in all camel-rearing countries with exception of
Australia (Gwida et al. 2012). In East Africa, the seroprevalence of brucellosis can
reach to 40% at the herd level; however, in a recent study, B. melitensis was isolated
from lymph nodes of two seronegative camels highlighting the challenges in the
diagnosis and control of camel brucellosis (Dadar and Alamian 2020). Human
infection occurs via the mucous membranes, mostly through consumption of raw
milk but also through cutaneous abrasions (Wernery 2014). Several outbreaks of
human infection linked to consumption of traditionally (Garcell et al. 2016) and even
commercially sold camel milk (Bardenstein et al. 2021) have been reported. Fur-
thermore, B. abortus was detected in the camel liver (Bahari et al. 2021) suggesting
that eating raw or undercooked liver – which is popular in some African and Asian
regions – can be a health hazard. As clinical signs of brucellosis are mild and the
antibody concentrations are low (Gwida et al. 2012), dromedaries might act as silent
carriers of the pathogen. In the absence of standardized serological camel-specific
tests for active and passive case findings, education of the society such as heat
treatment of the milk and avoiding mixed farming of camels with ruminants are
advocated.

30.3.3.2 Tuberculosis
The zoonotic disease, tuberculosis (TB), remains among the most serious important
public health problems of the twenty-first century (Furin et al. 2019). TB is a chronic
granulomatous disease, which is one of the top 10 causes of death worldwide, and
the deadliest infectious disease of humankind. It is estimated that about 25% of the
world’s population is infected with the causative Mycobacterium bacilli (WHO
2020a), belonging to the Mycobacterium tuberculosis complex (MTC). TB has
infected ten million persons worldwide in 2019, and about 1.4 million individuals
were died of the disease in the same year (Fukunaga et al. 2021). The same year,
approximately 140,000 new human cases of zoonotic TB occurred globally.
According to the most recent comprehensive report of the WHO, most people who
become infected with TB are living in South-East Asia, Africa, and the Western
Pacific (WHO 2020a). WhileM. tuberculosis is responsible for the infection in most
human cases, M. bovis, the causative agent of bovine TB also can affect people
through drinking raw milk and inhalation of infectious droplets (Thoen et al. 2006).
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TB infects many vertebrates including camels. Camelids are being considered as a
source of TB, as the infection is detected in many countries around the world, e.g.,
Ethiopia (Gumi et al. 2012), Kenya (Lamuka et al. 2018), India (Ranjan et al. 2018),
UAE (Kinne et al. 2006), Spain (Infantes-Lorenzo et al. 2020), and America (Bush
et al. 1990). Since 1997, Australia is officially free of M. bovis as the most common
cause of TB in camels (Brown 2004).

Although is not clear yet, the principal mode of TB transmission between
camelids is suggested to be via infected aerosols (Twomey et al. 2009). Dissemi-
nated infection of cow and camel with T. bovis highlights the probability of TB
transmission between livestock species (Ahmad et al. 2019). Despite the very low
occurrence of natural cases of TB in the South American camelids (Fowler and
Bravo 2010), llamas and alpacas have shown to be very susceptible to M. bovis in
experimental infections (Stevens et al. 1998), implicating the lack of exposure to the
pathogen in their normal habitats (Wernery et al. 2014). In camelids, the lungs and
associated thoracic lymph nodes are the most frequently affected organs, where
extensive caseonecrotic lesions occur (Wernery and Kinne 2012). Camel farming in
many parts of the world is no longer limited to nomadic conditions; therefore
keeping camels in close proximity to other animals and humans may increase the
risk of zoonotic transmission of the pathogen (Mustafa 1987). To control the disease,
all infected animals should be removed from the herd, and further introduction of
infection to other animals has to be prevented; however, before the infection is
controlled in reservoir hosts, TB will not be eradicated in camels (Thoen et al. 2006).

30.3.3.3 Plague
The deadly zoonotic disease, plague, is an important infectious illness affected many
countries around the world. The disease is caused by bacterium Yersinia pestis,
which is responsible for several devastating pandemics in human history. Based on
the European sources, at least two pandemics have been occurred in Europe, the
second of which was called “Black Death” and killed about one-third of the
continent’s population (Mordechai et al. 2019; Slack 1989). The third pandemic
was occurred in China and spread to other parts of the world (Tan et al. 2002). In
recent history, Africa has faced the vast majority of world plague cases (Nyirenda
et al. 2016), and the last outbreak occurred in late 2017 in the island of Madagascar
with 202 deaths (Mead 2018).

The causative agent of plague is mainly transmitted by rodents’ related fleas.
Rodents are the main reservoirs for Y. pestis, and camels can be infected with the
pathogen. The role of camel in the plague epidemiology has been known for centuries
(Gatt Rutter and Mack 1963). In recent decades, Y. pestis infection in camels has been
reported from several countries such as Libya (Christie et al. 1980), Jordan (Arbaji
et al. 2005), Saudi Arabia (Bin Saeed et al. 2005), Afghanistan (Leslie et al. 2011), and
Kazakhstan (Lowell et al. 2007). The common clinical manifestations of plague in
camels are cutaneous, pulmonary, and septicemic (Wernery et al. 2014). Camels can
become infected following contact with dead rodents or rodent-contaminated carni-
vore carcasses or their excrement (Andrey et al. 2004). Since Y. pestis has been isolated
from Xenopsylla cheopis rat fleas captured near camel pens (Bin Saeed et al. 2005), it
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is assumed that this arthropod may act as vector for plague in camels, which in turn,
can infect humans directly or carry infected fleas close to humans. Infection of camels
with plague has been suspected for a long time (Fedorov 1960), and the role of this
animal species in outbreaks in different countries have been documented although
infection might show no overt symptoms (Stenseth et al. 2008).

Transmission of plague form camels to humans has been reported in in Kazakh-
stan, where from 1907 to 2001, human plague was acquired from camels in
400 instances (Aikimbayew et al. 2003). Several outbreaks of plague in humans
are believed to have been in association with the consumption of raw or undercooked
camel meat or liver in Central Asia (Leslie et al. 2011) and the Middle East (Arbaji
et al. 2005; Bin Saeed et al. 2005). Plague is a re-emerging threat to the modern
world, and prevention is the best defense strategy against the disease. Vaccination is
an efficient tool for protection of human and animals live in high-risk areas.
Although several vaccine candidates exist, no licensed plague vaccine is available
yet (Sun and Singh 2019).

30.3.4 Fungi

30.3.4.1 Ringworm
Superficial fungal infections are zoonotic diseases caused by taxonomically related
fungi known as dermatophytes, which involve the skin, hair, and nails. Infection of
the skin is called ringworm (tinea, dermatophytosis), a ring-shaped skin patch with
worm-like edges. The causative microorganisms are a group of fungi that require
keratin for their growth. Around 40 species of dermatophytes have been described
and are classified in three genera of Trichophyton, Microsporum, and
Epidermophyton (Weitzman and Summerbell 1995). Although zoophilic dermato-
phytes such as Microsporum canis and Trichophyton mentagrophytes are primary
animal pathogens, they can infect human beings, too (Zachary 2017). Generally,
dermatophtes grow in dead and keratinized cells of stratum corneum or growing hair,
and the growth stops when reaching the live tissue (Wernery et al. 2014). These
pathogens produce a number of diverse lesions with characteristic distributions,
including Tinea capitis, Tinea barbae, Tinea corporis, Tinea cruris, Tinea pedis,
and Tinea versicolor (Kumar et al. 2021). Infection can be transmitted to others
through direct or indirect contact with infected humans or animals including camels,
and contaminated fomites (Wernery et al. 2014). In camelids, the infection is more
common in Old World camels under 3 years of age, and is rare in NewWorld camels
(Fowler and Bravo 2010). In affected camel herds, up to 80% of calves may show
clinical signs of the disease. Dermatophytes are more common in warm and humid
environments, and young animals are more susceptible than adults (Wilson 1998).
Mixed infection of T. verrucosum and Nocardia asteroides in dromedary camels has
been reported from Iran (Khosravi et al. 2007). Clinical appearances of camel
dermatophytoses are quite various. The typical clinical features are either small,
round grey-white lesions occurring on the legs, head and neck of young animals, or
generalized lesions similar to of mange (Manefield and Tinson 1997).
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Histopathological manifestations of the lesions are hyperkeratosis, parakeratosis,
and acanthosis in the cornified layer of the skin, stratum corneum, and dermal
inflammation (Zachary 2017). It has been estimated that chlamydospores of
T. verrucosum and T. mentagrophytes can remain viable for up to 4.5 years in skin
debris and fomites (Fowler and Bravo 2010), therefore public knowledge on the
different aspects of the disease and particularly the zoonotic nature of the infection is
important.

30.4 Conclusions

This chapter introduced the main parasitic, bacterial, viral, and fungal zoonotic
diseases of camels as important livestock animals especially in developing countries.
Infective zoonotic agents may be transmitted to humans directly via close contact to
the infected camels, consumption of their products, or indirectly through invertebrate
vectors. The role of camels in the epidemiology of zoonotic diseases is not fully
understood, thus further investigation through transmissible infections between
these animals and humans is warranted. In addition, the knowledge and awareness
of the communities/individuals in close contact with these animals should be raised
through education, in order to lessen the risk of zoonotic infections from animals to
humans and vice versa.

30.5 Cross-References

▶Brucellosis
▶Crimean-Congo Hemorrhagic Fever Virus: An Emerging and Re-emerging Path-
ogen of Public Health Concern

▶Cryptosporidium and Cryptosporidiosis: Trickle or Treat?
▶Cystic and Alveolar Echinococcosis: Fraternal Twins Both in Search of Optimal
Treatment

▶Toxoplasmosis: A Widespread Zoonosis Diversely Affecting Humans and
Animals

▶Vector-Borne Zoonoses
▶West Nile Virus: From Africa to Europe, America, and Beyond
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Abstract

Worldwide, animal bite-related injuries to humans are a common daily occur-
rence. Injuries can range from minor puncture wounds to extensive crush injuries
and even amputations and death. Increasing population, continued spread of
habitation, and the popularity of owning various types of both traditional and
nontraditional pets have made it easier for humans to have contact with various
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types of animals. In general, the oral flora of the biting animal will be concordant
with the bacteria isolated from the wound. These oral flora organisms often
originate from the normal oral residents and environmental flora as well as the
skin and intestinal bacteria of the animals’ food sources and prey.

Keywords

Aerobes · Anaerobes · Animal · Avulsion · Bacteroides · Bite ·
Capnocytophaga · Cat · Dog · Eikenella · Emergency · Fusobacterium · Human ·
Injury · Laceration · Pasteurella · Pet · Puncture · Staphylococcus · Streptococcus

31.1 Introduction

Awide variety of domestic and wild animals are reported to bite people worldwide
each year causing injuries that range from minor infections to debilitating and even
lethal injuries. The increasing population, continued spread of habitation, and
popularity of owning various types of both traditional and nontraditional pets
have made it easier for humans to have contact with various types of animals. It
is therefore not surprising that this increased exposure can consequently result in
more bite injuries.

Most bite wounds are minor injuries that go unreported. Patients often self-
administer first aid and usually do not seek or require medical attention. In rural
areas and non-industrialized settings, medical care is often hard to obtain and not
readily available. In contrast, residents of industrialized countries, especially those in
urban and suburban areas, often seek care when incurring moderate to severe bite
injuries in an emergency department or in a physician’s office. When these injuries
are reported, it is usually from small, limited studies that focus on a specific aspect or
complication of injury or concentrate on unusual or resistant organisms. These small
often retrospective studies form the only basis for the medical decision-making and
treatment of bite wounds that is currently employed worldwide.

Bite wounds can consist of lacerations, evulsions, punctures, scratches, and
crush injuries. Although the majority of patients never seek or do not require
extensive medical care, awareness of the magnitude of the infectious complications
from bites is necessary. The bacteria associated with bite infections may come from
the environment, the victim’s skin flora, or most frequently, the oral flora of the
biter which can also be influenced by the microbiome of their ingested prey and
other food.

The public health implications for animal bite wounds include not only the cost of
therapy but that of resultant physical disability, both acutely and in the long term,
days lost from work or school, costs of hospitalization, and insurance claims.
According to an analysis of homeowners’ insurance claims data in 2021, the average
cost of dog bites per claim was $49,025. This reflects an increase of 39% in the
average cost per claim nationally from 2012 to 2021 (https://www.iii.org/article/
spotlight-on-dog-bite-liability).
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31.2 Animal Ownership/Contact

It is estimated that five million households in the United States own at least 1 pet
(approximately 70 million own at least 1 dog and 45 million own at least 1 cat)
(https://petkeen.com/pet-ownership-statistics/). In addition, based on the 2021–2022
American Pet Products Association’s survey, approximately 12 million households
own freshwater fish, ten million own pet birds, and six million own small animal or
reptiles (https://www.iii.org/fact-statistic/facts-statistics-pet-ownership-and-
insurance).

Based on a survey conducted in 2018, approximately 45% of households in the
United Kingdom had pets (26% with dogs; 18% with cats) (https://www.pfma.org.
uk/pet-population-2018). In a 2021 report, it was estimated that 90 million European
Union households (46%) owned at least 1 pet animal (25% cats or dogs) (https://
europeanpetfood.org/about/statistics/). According to a report in 2011, there is an
estimated 30 million pet cats and 21 million pet dogs in Russia, ranking second only
to the United States on the number of pets per capita (https://apps.fas.usda.gov/
newgainapi/api/report/downloadreportbyfilename?filename¼Pet%20Food%20Mar
ket%20Brief_Moscow_Russian%20Federation_4-21-2011.pdf#:~:text¼According
%20to%20recent%20research%2C%20there%20are%20about%2030,own%20a%
20cat%20and%2035%20percent%20a%20dog). In 2010, the Australian Companion
Animal Council reported 3.4 million dogs in 36% of households and 2.4 million cats
in 23% of Australian households (https://pijaccanada.com/wp-content/uploads/
2017/07/Australian-Companion-Animal-Council-report-2010.pdf).

As more people begin to backpack, enjoy ecotourism, and push habitations into
more rural areas, there is a potential for increased contact with wild animals.
Although no estimates exist for the numbers of these contacts, this growing trend
and exposure could certainly result in a higher incidence of bite injuries.

31.2.1 Dog Bites

The Health Care Utilization Project reported on emergency department visits and
hospital stays related to dog bites for 2008 noted 316,200 emergency department
visits (103.9 per 100,000 population) and 9500 hospital admissions (2.5% of patients
with bite injuries) related to dog bites which had increased to 86.3% since 1993
(Emergency Department Visits and Inpatient Stays Involving Dog Bites 2008).
Children less than 10 years old had a higher rate of emergency department visits
(199.3/100,000 population) than other age groups. Patients residing in rural areas
were more likely to visit emergency departments (119.3/100,000 population) and be
hospitalized than those from urban settings (29.4/100,000 population). Emergency
department visits for dog bites were more common in the Midwest and Northeast
United States and lowest in theWestern United States. Skin and soft-tissue infections
were the cause of 43% of hospitalizations followed by open wounds to the extrem-
ities (22.1%).
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The average cost of a dog bite hospitalization was $18,200 which was about 50%
more than for other injury-related hospital admissions with an average stay of 3.3 days.
Approximately 58% of dog bite admissions required a surgical procedure, most
commonly debridement of an infected wound followed by suturing of wounds, muscle-
and tendon repair-related procedures and incision, and drainage of abscesses. In the
United Kingdom, Hospital Episode Statistics recorded 6450 admissions for dog bites or
“strikes” in a period of 12 months in 2012, a 5.2% rise compared to the prior 12-month
period (https://www.pfma.org.uk/pet-population-2018; https://apps.fas.usda.gov/
newgainapi/api/report/downloadreportbyfilename?filename¼Pet%20Food%20Market
%20Brief_Moscow_Russian%20Federation_4-21-2011.pdf#:~:text¼According%20to
%20recent%20research%2C%20there%20are%20about%2030,own%20a%20cat%
20and%2035%20percent%20a%20dog). The incidence of dog bites worldwide has
been estimated by extrapolating similar above information and using population
statistics to estimate their occurrence (https://www.dogsbite.org/dog-bite-statistics-
study-emergency-visits-involving-dog-bites-ahrq-2008.php).

It has been estimated that one of every two Americans will be bitten in their
lifetime, usually by a dog. Dog bites occur in 4.7 million Americans yearly (Sacks
et al. 1996) and account for 800,000 medical visits, including approximately 1% of
all emergency department visits (Weiss et al. 1998). Most dog bites (85%) are
provoked attacks by either the victim’s own pet or a dog known to the victim and
occur during the warm weather months (Goldstein et al. 1980). Bite wounds that
require attention are often those to the extremities, especially the dominant hand.
Facial bites are more frequent in children younger than 10 years and lead to 5–10
deaths per year, often because of exsanguination (Lockwood 1997).

Larger dogs can exert more than 450 lbs./in.2 of pressure with their jaws, which
can lead to extensive crush injuries. Home insurance companies may decline to
insure homeowners with certain breeds of dogs that are considered to be more
aggressive than others. Even insured owners may not be able to find insurance
again, once a dog has been reported as a biter. These breeds often include chows,
Rottweilers, Dobermans, Akitas, wolf hybrids, bull terriers, pit bulls, and
shepherds.

Patients who present early after an incident often are concerned about crush
injuries, care of disfiguring wounds, or the need for rabies or tetanus immunization
(Goldstein et al. 1980). Between 2% and 30% of wounds will become infected and
may require hospitalization (Goldstein 1992; Brook 1987; Talan et al. 1999).
Patients presenting later than 8 hours after injury usually have established infection.
Infections can range from localized cellulitis or abscess to septic arthritis, osteomy-
elitis, tenosynovitis, and rarely, severe sepsis and septic shock. The distribution of
bite wounds is shown in Fig. 1 (Talan et al. 1999). Fatal infections may occur in
certain compromised hosts, as in patients with asplenia and cirrhosis or on steroids
which may be due to Capnocytophaga canimorsus (Brenner et al. 1989). Women
who have undergone radical or modified radical mastectomy or patients with
pre-existing edema of an extremity due to any cause are at increased risk of infection.

Dog bite wound infections are predominantly related to the microbiology of their
oral flora (Goldstein et al. 1980; Brook 1987; Talan et al. 1999). Table 1 lists
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common pathogens found in dog wound infections (Talan et al. 1999). Pasteurella
multocida is a major and important pathogen but one should note that Pasteurella
canis is more frequently isolated than Pasteurella multocida subspecies multocida.
Compared to cat bites, this may, in part, account for the greater potential for infection
from cat bite wounds. The spectrum of organisms associated with dog bite wound
infections is much greater and includes streptococci, staphylococci as Staphylococ-
cus intermedius and Staphylococcus aureus, and anaerobic organisms (Talan et al.
1999). In one large study, the median number of strains isolated from infected dog
bite wounds was 2–7.5. Non-purulent but infected wounds had 2 strains per spec-
imen compared to 7.5 strains for abscesses (Talan et al. 1999). Forty-eight percent of
dog bites grew both aerobes and anaerobes, including 67% of abscesses, 62% of
purulent wounds, and 13% of non-purulent wounds (Talan et al. 1999). No growth
occurred less than 10% of the time which may suggest that other fastidious organ-
isms may be involved in infected bite wounds.

Methicillin-resistant Staphylococcus aureus (MRSA) has been cultured from a
variety of companion animals including dogs, although not yet reported as isolated
from infected dog bite wounds in humans. MRSA should be considered as a
potential causative secondary invader, especially in patients who are not responding
to initially administered antibiotics that often do not exhibit activity against MRSA
and those known to be colonized or have had prior infections with MRSA.

Location
of Wound

Dog
Bite

% of patients

Cat
Bite

Face, scalp,
or neck

16 2

Trunk 2 0

Shoulder, arm,
of forearm

12 23

Hand 50 63

Feet 4 3

Thigh or leg 16 9

Fig. 1 Anatomic distribution
of 50 dog and 57 cat bite
wound infections. (Based on
reference (Talan et al. 1999)
(with permission))
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Table 1 Common aerobic and anaerobic bacteria isolated from infected dog and cat bite wounds

Organism

Frequency (%)

Dog (n ¼ 50) Cat (n ¼ 57)

Aerobes

Pasteurella species 50 75

P. multocida subspecies multocida 12 54

P. multocida subspecies septica 10 28

P. canis 26 2

P. dagmatis 4 7

P. stomatis 12 4

P. multocida subspecies gallicida 2 0

Pasteurella species, other 2 0

Staphylococcus species 46 35

S. aureus 20 4

S. epidermidis 18 18

S. warneri 6 11

Streptococcus species 46 46

S. mitis 22 23

S. mutans 12 11

S. pyogenes 12 0

S. sanguis II 8 12

S. intermedius 6 4

Neisseria species 32 35

N. weaveri 14 14

Corynebacterium species 12 28

Group G 6 5

C. minutissimum 4 7

C. aquaticum 2 14

Moraxella species 10 35

Enterococcus species 10 12

Bacillus species 8 11

Pseudomonas species 6 5

P. aeruginosa 2 0

Weeksella species 4 7

Capnocytophaga species 2 7

Anaerobes

Fusobacterium species 32 33

F. nucleatum 16 25

F. russii 2 14

Porphyromonas species 28 30

P. gulae 4 11

P. canoris 4 9

P. macacae 6 7

Prevotella species 28 19

P. heparinolytica 14 9

(continued)
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The antimicrobial treatment of non-infected dog bite wounds that present less
than 24 hours after injury remains a controversial issue. The Cochrane reports do
not recommend prophylactic antimicrobials for these wounds but the data is flawed
as it is based on only a few biased studies with small numbers of patients and
incomplete bacteriology (Medeiros and Saconato 2001). Recently, a report (Quinn
et al. 2010) on the outcomes of 94 patients and in a cost model using sensitivity
analysis across rates of infections from 0% to 16% determined that “if the risk of
wound infection was greater than 5%,” then antibiotics could decrease that rate and
be “cost effective.” It is the authors’ opinion that all moderate to severe bite
wounds, especially those to the hands, injuries associated with moderate to severe
swelling (pre-existing or as a result of trauma), and bites in immunocompromised
hosts and in proximity to a bone or joint, except those not clinically infected and
more than a few days old, should be considered contaminated with potential
pathogens and treated.

31.2.2 Cat Bites

Worldwide, cat bites account for 2–50% of injuries related to animal bites. They are
second only to dog bites in terms of incidence. In Italy, the incidence of cat-related
injuries is 18 per 100,000 population, while in the United States, there are an
estimated 400,000 cat bites and 66,000 related visits to emergency departments
every year (http://www.who.int/mediacentre/factsheets/fs373/en/).

Wounds inflicted by cats are frequently scratches or tiny but somewhat deep
punctures located on the extremities, which are at higher risk of becoming infected
(Lucas and Bartlett 1981). Figure 1 shows the comparative distribution of cat bite
wounds compared to dog bite wounds (Talan et al. 1999). Deep puncture wounds over
or near a joint, especially on the hands, may result in osteomyelitis and septic arthritis.
Pasteurella multocida has been isolated from 50% to 70% of healthy cats and is a
frequent pathogen in cat-associated wounds (Goldstein 1992; Talan et al. 1999).

Table 1 (continued)

Organism

Frequency (%)

Dog (n ¼ 50) Cat (n ¼ 57)

P. intermedia 8 0

Propionibacterium species 20 18

P. acnes 14 16

Bacteroides species 18 28

B. tectus 14 28

B. fragilis 2 2

B. ovatus 2 0

Peptostreptococcus species 16 5

P. anaerobius 8 5

Adapted from reference (Talan et al. 1999) (with permission) and updated
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Patients who present with an infected cat bite often have more severe infections
than those with infected dog bites, which may be attributed to the higher incidence of
Pasteurella multocida and Pasteurella septica in cat bites compared to dog bites
(Table 1). Cat scratches are likely to get infected from the cats grooming themselves
and inoculating Pasteurella multocida onto their claws. Erysipelothrix rhusiopathiae
has been isolated from 4% of cat bite wounds (Talan et al. 1999).

Most cat bite wounds are mixed aerobic infections (64%) with a median number
of isolates per wound of 5–7 per specimen. There are 5 isolates per specimen (range,
0–12) for non-purulent but infected wounds compared to 6.5 per specimen (range,
0–13) for purulent wounds and 7 per wound (range, 3–13) for abscesses (Talan et al.
1999). Five percent of infected wounds do not grow a pathogen, suggesting that
there are other fastidious organisms present that require special media for isolation.
Cougar, tiger, and other feline bites also yield Pasteurella multocida (Burdge et al.
1985; Kizer 1989). Tularemia has likewise been transmitted by cat bites (Capellan
and Fong 1993). Cat bites may be treated differently in a court of law as cats are
more independent and therefore are not subject to the same scrutiny as dog bites.

31.2.3 Venomous Snake Bites

Approximately 600 species of venomous snakes exist worldwide with an estimated
five million people bitten annually. In the United States, only 50–70% of venomous
snake bite victims are envenomated as the remainder are “dry” bites. Still, consid-
erable morbidity and mortality occur from these injuries. There are an estimated 2.4
million envenomations and 94,000–125,000 deaths annually, resulting in 400,000
amputations and other complications, such as infection, tetanus, scarring, contrac-
tures, and psychological consequences. Access to health care and the availability of
antivenom decreases the severity of the injuries and improves patient outcomes
(http://www.who.int/news-room/fact-sheets/detail/animal-bites).

The majority of snake bites occur in Africa and Southeast Asia and are most
common among people living in rural, resource-poor settings, especially agricultural
workers, women, and children. The socioeconomic impact and burden of snake bites
on these families and communities is increased in these settings (http://www.who.
int/news-room/fact-sheets/detail/animal-bites). While snake bites are uncommon in
Europe, a review of the literature from 1970 to 2010 found 7992 snake bite reports
with an even distribution between Northern, Southern, and Central Europe, includ-
ing Russia and Turkey (Chippaix 2012). Most bites occurred between May and
September, and 15% were considered severe.

Venomous snakes, usually vipers (rattlesnakes, copperheads, cottonmouths, and
water moccasins), bite approximately 8000 people in the United States yearly, of
which 5 or 6 result in death, usually in children or the elderly, who receive either no or
delayed antivenom therapy (Russell 1969). The majority of bites occur in young men
in the Southwestern United States between April and September (Gold et al. 2002).

Envenomation can cause extensive tissue destruction and devitalization that pre-
disposes to infection from the snake’s normal oral flora. Sparse data exists on the
incidence and bacteriology of snakebite infections. In rattlesnakes, the oral flora
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appears to be fecal in nature because the live prey usually defecates in the snake’s
mouth coincident with ingestion. Common oral isolates include Pseudomonas
aeruginosa, coagulase-negative staphylococci, Proteus and Clostridium species,
Bacteroides fragilis, and Salmonella arizonae (Salmonella groups IIIa and IIIb)
(Russell 1969; Goldstein et al. 1979).

Several treatment guidelines have been published (Lavonas et al. 2011; Walk
2012). In Nigeria, the Health Ministry has attempted to make antivenom more
readily available to rural endemic areas and has created a “hub-and-spoke” strategy
as a component of “antivenomics” to improve the selection and purchasing of locally
appropriate antivenoms (Habib 2013).

31.2.4 Monkey/Simian

Bites from monkeys typically occur in people who keep them as pets, use them for
medical research, and those who travel to cities and countries that have a high
prevalence of free-roaming monkeys (e.g., Gibraltar, Bali, certain parts of India).
Monkey bites account for 2–21% of animal bite injuries (http://www.who.int/
mediacentre/factsheets/fs373/en/). In India, for example, monkeys are second to
dogs for animal bite injuries. Approximately, 11% of bite wounds in US military
personnel stationed in Afghanistan are due to Macaca mulatta monkeys, often kept
by locals as pets (Mease and Baker 2012).

An emergency department in Los Angeles (Kizer 1979) reported that 1.7% (5/332)
of patients who presented during 1975 for bite wounds had monkey bites. Rates of the
percentage of monkey bite wounds have been reported from a number of countries and
range from 3.2% in India to 0.7% in Israel (Eslamifar et al. 2008; Gross and Torok
1984; Ichhpujani et al. 2008). In the United Kingdom, an animal facility reported
85 (67 incidents in men and 18 in women) monkey bites in handlers over a 6-year
period (Tribe and Noren 1983). In addition, persons who visit or work in wilderness
areas and national parks worldwide where monkeys reside are also at higher risk.
These animals are often considered “mischievous” and will scour for food if hungry.
Simple wound management of monkey bites may not prevent potential infectious
complications and a protocol for post-bite exposure treatment has been published
(Tregle Jr et al. 2011; Newton F. United States Armed Forces 2010).

The spectrum of isolates from humans bitten by monkeys is similar to those
isolated from human bite wounds. There is a predominance of α-hemolytic strepto-
cocci, enterococci, Staphylococcus epidermidis, Neisseria andHaemophilus species,
Eikenella corrodens, and anaerobes including Bacteroides and Fusobacterium spe-
cies (Goldstein et al. 1995). Monkeys can naturally acquire Bartonella quintana
(trench fever) and they may potentially act as vectors (O’Rourke et al. 2005).
Transmission of viral diseases is a major health and economic concern with monkey
contact and bites (Estrep et al. 2010). Non-human primates are susceptible to a variety
of pathogens that bear significant homology to human pathogens. These same viruses
pose a potential health issue to humans and can include herpes B virus, simian
varicella virus, rhesus cytomegalovirus, gamma-herpesviruses, lymphocryptoviruses,
herpes saimiri, rhesus macaque rhadinoviruses, and others (Estrep et al. 2010).
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In monkeys from Nepal the prevalence of selected enzootic primate-borne viruses
through positive antibody response among 39 rhesus monkeys in Katmandu has been
reported (Jones-Engel et al. 2006). The various viruses found included simian foamy
virus (97.4%), Cercopithecine herpesvirus 8 (94.9%), simian virus 40 (89.7%), and
Cercopithecine herpesvirus 1 (64.1%; also known as B virus). Documented cases of B
virus infection in humans have mostly been attributed to monkey bites. However,
other less commonly reported modes of transmission have been due to scratches and
percutaneous inoculation with infected materials (Centers for Disease Control and
Prevention 1998). A fatal case of B virus infection has been reported following a
mucocutaneous exposure (Centers for Disease Control and Prevention 1998).

Other reports of bite-related primate-borne viral infections in humans have
included simian foamy virus (especially from ape bites) and monkeypox infections
(Calattini et al. 2007; Mutombo et al. 1983; Schweizer et al. 1997) and yellow fever
virus with the arbovirus carried from one host to another, primarily between mon-
keys, from monkeys to humans, and from person to person. Sylvatic (or jungle)
yellow fever occurs in tropical rainforests where monkeys are infected by wild
mosquitoes and then pass the virus to other mosquitoes that feed on them. The
infected mosquitoes bite humans entering the forest, resulting in occasional cases of
yellow fever. The majority of infections occur in young men working in the forest
(e.g., for logging) (http://www.who.int/mediacentre/factsheets/fs100/en/).

Hepatitis A virus can infect various monkey species such as chimpanzees, owl
monkeys, cynomolgus monkeys, rhesus monkeys, stump-tailed monkeys, African
green monkeys, tamarins, marmosets, and squirrel monkeys. The transmission of
human hepatitis A virus from experimentally infected animals to humans has
occurred and been documented (http://www.who.int/mediacentre/factsheets/fs100/
en/). Still unknown is the susceptibility of humans to true simian hepatitis A virus
strains (http://www.who.int/mediacentre/factsheets/fs100/en/).

While man is the natural host for hepatitis E virus, chimpanzees, cynomolgus
monkeys, rhesus monkeys, pigtail monkeys, owl monkeys, tamarins, and African
green monkeys are reported to be susceptible to natural infection with human strains
of hepatitis E virus making transmission possible.

The monkeypox virus can cause a fatal disease in humans. It is similar to human
smallpox, although typically much less serious. It occurs primarily in remote villages
in Central and West Africa, near tropical rainforests. The monkeypox virus is
transmitted to people from a variety of wild animals and it spreads in the human
population through human-to-human transmission (http://www.who.int/
mediacentre/factsheets/fs100/en/).

Malaria due to Plasmodium knowlesi also known as “monkey malaria” can occur
in humans while staying in rainforests or their fringe areas in Southeast Asia, within
the range of the natural monkey hosts and mosquito vector of this infection. These
areas include parts of Cambodia, China, Indonesia, Laos, Malaysia, Myanmar, the
Philippines, Singapore, Thailand, and Vietnam. Travelers to forested areas of South-
east Asia where human Plasmodium knowlesi infections have been reported should
protect themselves against mosquito bites between dusk and dawn to prevent
infection and take the usual chemoprophylaxis where indicated (http://www.who.
int/mediacentre/factsheets/fs100/en/).
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31.2.5 Bears

Bear attacks occur worldwide and are, in part, an ecological conflict, often
where humans visit or decide to work or live in areas where these large carnivores
inhabit (Cardall and Rosen 2003; De Giorgio et al. 2007; Frosch et al. 2011;
Herrero 1970; Herrero and Fleck 1990; Mihailoviv et al. 2011; Nabi et al. 2009;
Risholt et al. 1998; Tough and Butt 1993; Vougiouklakis 2006). In Norway,
from 1971 to 1995 there were 80 incidents involving human-bear interactions of
which there were 4 fatalities and 6 injuries, many of which were due to bites
(Risholt et al. 1998). A review of wild animal bites in Kashmir from 2005 to 2007
noted that 51.2% (104/203) were caused by black bears (Nabi et al. 2009). In North
America, human injuries from grizzly bears (Ursus arctos horribilis) in the
national parks have been reported at a rate of one person per two million visitors
(Herrero 1970).

From 1900 to 1985, 162 bear-inflicted injuries (approximately 2 attacks per
year) were reported in the United States and Canadian national parks (Herrero and
Fleck 1990). Although bear-inflicted human injuries and death are uncommon
(Floyd 1999), as the remote bear habitat decreases and humans enter wilderness
areas for living and recreation, there are more chances of encounters between bears
and humans. These have occurred in all hemispheres where bears are resident and
some have even occurred in zoos (Mihailoviv et al. 2011).

The bacteriology of bear oral flora and bear bite wounds to humans is limited to a
few studies and case reports (Floyd et al. 1990; Kunimoto et al. 2004; Lehtinen et al.
2005; Parry et al. 1983; Rose 1982). The bacteria isolated from bear bite wounds
include Serratia fonticola, Serratia marcescens, Aeromonas hydrophila, Bacillus
cereus, and Enterococcus durans. Lehtinen et al. reported a case of a 56-year-old
male who sustained several bite wounds from a brown bear (Ursus arctos) that grew
Streptococcus sanguinis, Neisseria sicca, Bacillus species, and Mycobacterium
fortuitum (Lehtinen et al. 2005). Those patients that survived a bear attack required
air-lifting to nearby medical facilities.

Rabies virus infection in bears has also been reported (Centers for Disease
Control and Prevention 1999). However, to our knowledge there have not been
any reports of rabies transmission from bears to humans.

31.2.6 Pigs

Pigs are aggressive animals and their bite injuries are a common occupational hazard
and may also occur to those who own pigs as pets. Nogalski et al. reported 5.13%
(96/1872) of animal-related injuries seen between 2001 and 2004 were related to
pigs, either bites or battering or both (Nogalski et al. 2007). These injuries were more
often from rural (88.5%; 85/96) areas than urban (11.5%; 11/96). Injuries, often on
extremities, commonly occur during capture, transport, or immobilization of the pig
(Barnham 1988; Nishioka et al. 1994; Van Demark Sr and Van Demark Jr 1991).
Unusual pig bites have included a de-gloving injury to the penis and the prolapsed
rectum of a child (Georgiou et al. 2001; Gangopadhyay et al. 2002). In Southeastern
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Brazil, a case series from a teaching hospital reported 23 pig bites from 1987 to 1990
and estimated the annual incidence to be 1.5/100,000 population (Nishioka et al. 1994).
They reported a male to female ratio of 6.7:1 and a median age of 36 years for victims.

Only a few human wound infections after a pig bite have been reported (Barnham
1988; Ejlertsen et al. 1996; Escande et al. 1996; Goldstein et al. 1990). Organisms
isolated from these patients included Streptococcus agalactiae, Streptococcus
equisimilis, Streptococcus suis, Pasteurella aerogenes, Proteus species, Escherichia
coli, Bacteroides species including Bacteroides fragilis, Pasteurella multocida,
coagulase-negative Staphylococcus, Streptococcus milleri, and Myroides
odoratimimus (Ejlertsen et al. 1996; Escande et al. 1996; Goldstein et al. 1990;
Maraki et al. 2012). Identification of bacteria isolated from pig bites in humans is
problematic because they cannot be identified or are misidentified by commercial
kits and conventional methods (Lindberg et al. 1998).

Recent studies have shown a high prevalence of nasal MRSA colonization in
people commonly in contact with live pigs (Khanna et al. 2008; Köck et al. 2009;
Smith et al. 2009; Van Cleef et al. 2010). Molecular characterization of MRSA found
in pigs and humans in contact with pigs has revealed a Staphylococcus aureus
protein A (spa) type t108 and sequence type (ST) 398 (van Belkum et al. 2008;
van Loo et al. 2007; Huijsdens et al. 2006). Clonal spread of MRSA and transmis-
sion through family members of a pig farmer, his co-workers, and his pigs have been
reported (Huijsdens et al. 2006).

Although rare, rabies infection has been reported worldwide in pigs (DuVernoy
et al. 2008; Morehouse et al. 1968; Yates et al. 1983; DuVernoy et al. 2008; Luo et al.
2013). However, to our knowledge there have not been any reports of rabies
transmission from pigs to humans, although there is a report of a rabid pig biting
humans playing golf in India (https://timesofindia.indiatimes.com/city/chennai/
Rabid-pig-bites-two-golfers-washerman-done-to-death/articleshow/12092460.cms).
Although there are no reports of bite transmission, hepatitis E virus infections in
humans have been associated with pig contact and ingestion of raw pig products
(Ruggeri et al. 2013; Dalton et al. 2013).

Pigs may also carry Clostridium difficile (Fry et al. 2012), and toxigenic PCR
ribotypes found in pigs correspond to PCR ribotypes associated with human disease
in hospitalized patients in the Netherlands (Koene et al. 2012). Although not a
bite-related infection, Clostridium difficile disease may potentially be transmitted
to humans.

31.2.7 Horses

Humans and horses have shared a close relationship with one another for over
thousands of years. Throughout the world, millions of people have had contact
with horses through recreation and sporting or for occupational reasons. It is
estimated that there are 893,152 pet horses in the United States (https://www.
avma.org/KB/Resources/Statistics/Pages/Market-research-statistics-US-pet-owner
ship.aspx). In the United Kingdom, it is estimated that there are 374,000 horse-
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owning households (https://petkeen.com/horse-statistics-uk/). Horse riding is esti-
mated to be a more popular sport than rugby, cricket, or fishing, with greater than 7%
of the population riding at least one time annually.

It is estimated that between 3% and 4.5% of all animal bites are due to horses
(Langley and Morris 2009). Carithers reported that 5 out of 157 (3%) animal bites
seen in children in Jacksonville, Florida, over a 20-month period were due to horse
bites (Carithers 1958). In England, over a 2-year period, a local hospital reported
622 patients with horse-related injuries, of which 24 (3.8%) were bite wounds
(Edixhoven et al. 1981). In that series, few had extensive muscle damage and most
injuries healed uneventfully. In Lublin, Poland (Nogalski et al. 2007), it was noted
that 2.4% of animal-related injuries were due to horses and that they occurred in
equal frequency in urban and rural areas. In contrast, horse bites accounted for 17%
of animal bite injuries and were second only to dog bites (69%) in eastern Turkey,
during a period of 2 years (Emet et al. 2009). However, in Pune, India, only 0.4% of
bite cases were due to horses (Shetty et al. 2005).

Horses and zebras share the same genus, so we suspect that their oral flora will
likely be similar. Most reports of the bacteriology of horse bite wounds in humans
have revealed infections to be polymicrobial with a mixture of aerobic and anaerobic
organisms (Dibb et al. 1981; Peel et al. 1991; Benaoudia et al. 1994). Actinobacillus
lignieresii has often been reported in infected wounds of humans bitten by horses
(Dibb et al. 1981; Peel et al. 1991; Benaoudia et al. 1994). Actinobacillus species,
specifically Actinobacillus suis, has been found to be a part of normal horse oral and
upper respiratory tract floras (Bisgaard et al. 1984; Kim et al. 1976) and has been
isolated from a horse bite (Peel et al. 1991). Horses are known to carry MRSA
(Hartmann et al. 1997; Van den Eede et al. 2013; Schwaber et al. 2013), including the
ST398 and ST568 strains (Gómez-Sanz et al. 2013), but no reports of horse bite
infection due to MRSA have yet been reported.

31.2.8 Komodo Dragon

Komodo dragons migrated from Australia to the Indonesian Islands of Rinca, Flores,
and Gili Motang. These largest living lizards can reach a length of approximately
10 feet and weigh up to 150 pounds. They are held in captivity in many zoos around
the world. They are carnivores and eat mostly carrion but will prey on birds and
mammals. Komodo dragons can bite people and some attacks may lead to death.

The myth of the Komodo bite’s lethal ability related to its oral bacterial flora has
recently been disproven by the finding of venom glans in their oral cavity (Fry et al.
2009). It is postulated that the venom is able to kill smaller, more appropriate sized
prey but that the larger prey die from delayed wound sepsis due to open tear wounds
and secondary infection obtained at watering holes. Goldstein et al. (2013) studied
captive Komodo oral flora and found a variety of aerobic gram-negative rods (1–8
per specimen), especially Enterobacteriaceae; aerobic gram-positive bacteria (2–9
per specimen), especially Staphylococcus sciuri and Enterococcus faecalis; and
anaerobes (1–6 per specimen), especially Clostridia. As with other carnivores,
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captive Komodo oral flora is simply reflective of the gut and skin flora of their recent
meals and environment and is unlikely to cause rapid fatal infection. To our
knowledge, there have not been any reports on the bacteriology of infected human
wounds from Komodo bites.

31.2.9 Alligator/Crocodile

Both the alligator population and human encounters with alligators have increased in
the United States (Langley 2005). The same situation exists for crocodiles in
Australia and Asia (Caldicott et al. 2005; Gruen 2009; https://www.outback-
australia-travel-secrets.com/crocodile-attacks.html). From 1948 to 2004, there were
376 injuries and 15 deaths reported from alligators in the United States (Langley
2005). In 2009, 11 provoked and 8 unprovoked alligator attacks were reported in
Florida (Florida Fish and Wildlife Conservation Commission Historic Alligator
Bites on Humans in Florida) (Langley 2005). Unprovoked bites were defined as
bites on human beings by wild alligators, which were not provoked by handling or
intentional harassment. A review of crocodile attacks in Asia notes that the Nile and
salt water crocodiles are most likely to prey on humans, the former most commonly
in sub-Saharan Africa and the latter in New Guinea, Borneo, and the Solomon
Islands. They also note 18 of 31 fatal attacks by salt water crocodiles occurred in
Australia between 1970 and 1996 (https://www.outback-australia-travel-secrets.
com/crocodile-attacks.html).

The microbiology of human wounds inflicted by alligators or crocodiles is limited
to a few case reports where wound cultures grew mainly aquatic environmental
organisms as well as bacterial flora from the skin and intestines of prey such as
Aeromonas hydrophila, Enterobacter agglomerans, Citrobacter diversus, Entero-
coccus species, and Clostridium species (Flandry et al. 1989; Wamisho et al. 2009).
In Malawi (Wamisho et al. 2009) a review of five patients bitten by crocodiles
showed wound cultures grew Citrobacter species and other investigators have
isolated Vibrio vulnificus, Citrobacter species, Burkholderia pseudomallei, Pantoea
agglomerans, Bacteroides melaninogenicus, Aeromonas hydrophila, Serratia
fanticola, Clostridium perfringens, Pseudomonas aeruginosa, and Proteus vulgaris.
Caimans are very aggressive and bites from Brazil have been reported. It was
speculated that the oral flora of the caiman might be similar to that of the alligators
in the United States (Hertner 2006). The oral and cloacal flora of wild crocodiles in
the Mexican Caribbean included Aeromonas hydrophila and also Salmonella
arizonae and Salmonella typhi which could pose a threat to humans from both
bites and from the aquatic environment (Charruau et al. 2012).

31.2.10 Rodents/Rats

It is estimated that annually there are 20,000 rat bites in the United States with
children the most common victims and most wounds to the face or hands
(Hirschhorn and Hodge 1999; Ordog et al. 1985; Elliott 2007; Glaser et al. 2000).

968 E. J. C. Goldstein and F. M. Abrahamian



Most cities in the United States are populated by the Norway rat, black rat, or the
house mouse. Rats and other rodents have also gained popularity as pets. The
Centers for Disease Control and Prevention (CDC) in the United States initiated a
limited national surveillance program for animal bites in 1971 and reported that
4.3% of the 196,684 cases were due to rat bites (Moore Jr et al. 1977). In Philadel-
phia, 622 rat bite cases were confirmed from 1974 to 1996 (Hirschhorn and Hodge
1999). It is estimated that approximately 100 persons are bitten by rats in New York
City annually and the Department of Health has a proactive, active surveillance “rat-
indexing” program that inspects properties and tries to abate substandard living
environments to reduce this number (Bragdon et al. 2012; Childs et al. 1998).

Infections from rat bites occur in less than 2% of bitten individuals. Ordog et al.
(Ordog et al. 1985) conducted a prospective study of 50 patients with uninfected rat
bite wounds and found that only 1 patient developed an infection. The bacterial isolates
they cultured from wounds were mostly skin flora organisms such as Staphylococcus
epidermidis, Bacillus subtilis, alpha-hemolytic Streptococcus, and diphtheroids. In
Tanzania, 34 Type-II male diabetic patients with peripheral neuropathy were bitten
by rats during sleep which resulted in 4 deaths and 17 minor or major amputations
(Abbas et al. 2005). Actinobacillus equuli has been isolated from the nasopharynx of
laboratory mice and rats and Actinobacillus lignieresii has been isolated from the
nasopharynx of laboratory rats (Lentsch and Wagner 1980). Cases of rat bite-
associated infections in humans withCorynebacterium kutscheri (Holmes and Korman
2007) and Leptospira (Gollop et al. 1993; Luzzi et al. 1987) have also been reported.

Most attention has been focused on rat bite fever, an ancient disease caused by
Streptobacillus moniliformis, a fastidious highly pleomorphic, filamentous, gram-
negative rod, and Spirillum minus, a short, tightly coiled gram-negative rod (Elliott
2007). Streptobacillus moniliformis infection is more common in North America,
while Spirillum minus is more common in Asia. Rat bite fever is rare in the United
States and its incidence is unknown since it is not a nationally reportable disease.

From 1996 through 1998, Norway rats (Rattus norvegicus) from downtown Los
Angeles were examined and seroprevalence rates in rats were 25.9% for Rickettsia
typhi, 6.7% for Seoul virus, and 73.1% for hepatitis E virus (Smith et al. 2002).
Fifty-two percent of blood specimens collected from rats grew Bartonella
elizabethae-like isolates when cultured. However, in local skid row residents, the
prevalence of antibodies to hepatitis E virus was 13.6%, Bartonella elizabethae
12.5%, Bartonella quintana 9.5%, Seoul virus 0.5%, and Rickettsia typhi 0%.

31.2.11 Sharks

The International Shark Attack File reported 118 alleged shark attacks in 2012, of
which 80 were confirmed as unprovoked and 16 were provoked. The number of
unprovoked attacks has steadily increased since the early 1900s and may reflect
increased opportunities of interaction due to water sports and time spent in the seas
by humans. Conversely, the shark population has declined worldwide. From 1999 to
2009 there were 455 shark attacks in the United States, and the United States
(including Florida, Hawaii, and Puerto Rico) is the most common country where
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they occur (http://www.flmnh.ufl.edu/fish/sharks/isaf/isaf.htm). The majority of
attacks occurred in Florida (294 attacks), Hawaii (42 attacks), South Carolina
(32 attacks), and California (30 attacks). Worldwide, during the same period,
700 shark attacks were reported with 51 (7.3%) being fatal attacks.

The highest numbers of attacks worldwide, in order of decreasing frequency,
were reported from Florida, Australia, Hawaii, South Africa, and California. There
were 7 fatalities due to unprovoked shark attacks reported in 2012 resulting in a
fatality rate of 8.8% (http://www.flmnh.ufl.edu/fish/sharks/isaf/isaf.htm). The US
fatality rate was 1.9% compared to 22.2% in the rest of the world. Approximately
60% of incidents occur in surfers and boarders compared to 22% in swimmers and
8% in divers. Shark attacks obviously have an economic impact on the specific
vacation spots and beaches involved.

The oral aerobic flora of a male great white shark from Connecticut waters was
obtained and various isolates of Vibrio species such as Vibrio parahaemolyticus,
Vibrio alginolyticus, and Vibrio fluvialis were recovered. Other isolates included
Pseudomonas putrefaciens, “gold-pigmented” Staphylococcus species, Citrobacter
species, and Micrococcus species (Buck et al. 1984).

Vibrio carchariae has been isolated from an infected wound in a shark bite victim
swimming off the South Carolina coast (Pavia et al. 1989), and in two cases of
infections following shark bites in Australia, the wound cultures grew Vibrio para-
haemolyticus and Aeromonas caviae and the other Vibrio alginolyticus, Aeromonas
hydrophila, Proteus species, Klebsiella oxytoca, Klebsiella pneumoniae, Clostrid-
ium freundii, and an Enterococcus species (Royle et al. 1997). Most of these isolates
are aquatic organisms and should be considered when selecting antimicrobial pro-
phylaxis (Rtshiladze et al. 2011).

Interaminense et al. (2010) cultured the oral flora of sharks involved in human
attacks in Recife, Brazil, and found the majority were enterobacteria such as
Enterobacter, Citrobacter, and Proteus species, Providencia alcalifaciens,
Escherichia coli, Moellerella wisconsensis, and Leclercia adecarboxylata. Other
gram-negative organisms isolated included Vibrio species, Burkholderia cepacia,
Acinetobacter species, and Pseudomonas species. Gram-positive strains were also
isolated including coagulase-positive and coagulase-negative Staphylococcus spe-
cies, Enterococcus species, Micrococcus species, and viridans streptococci.

31.3 Conclusion

In conclusion, worldwide, animal bite-related injuries to humans are a common daily
occurrence. Injuries can range from minor puncture wounds to extensive crush
injuries and even amputations and death. Increasing population, continued spread
of habitation, and the popularity of owning various types of both traditional and
nontraditional pets has made it easier for humans to have contact with various types
of animals. In general, the oral flora of the biting animal will be concordant with the
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bacteria isolated from the wound. These oral flora organisms often originate from the
normal oral residents and environmental flora as well as the skin and intestinal
bacteria of the animals’ food sources and prey.

References

Abbas ZG, Lutale J, Archibald LK (2005) Rodent bites on the feet of diabetes patients in Tanzania.
Diabet Med 22:631–633

Barnham M (1988) Pig bite injury and infection: report of seven human cases. Epidemiol Infect
101:641–645

Benaoudia F, Escande F, Simonet M (1994) Infection due to Actinobacillus lignieresii after a horse
bite. Eur J Clin Microbiol Infect Dis 13:439–440

Bisgaard M, Piechulla K, Ying YTet al (1984) Prevalence of organisms described as Actinobacillus
suis or haemolytic Actinobacillus equuli in the oral cavity of horses. Comparative investigations
of strains obtained and porcine strains of A. suis sensu stricto. Acta Pathol Microbiol Immunol
Scand B 92:291–298

Bragdon C, Kass D, Matte R et al (2012) Evaluation of a neighborhood rat-management
program-New York City, December 2007-August 2009. MMWR Morb Mortal Wkly Rep 61:
733–736

Brenner DJ, Hollis DG, Fanning GR et al (1989) Capnocytophaga canimorsus sp. nov. (formerly
CDC group DF2), a cause of septicemia following dog bite, and C. cynodegmi sp. nov., a cause
of localized wound infection following dog bite. J Clin Microbiol 27:231–235

Brook I (1987) Microbiology of human and animal bite wounds in children. Pediatr Infect Dis J 6:
29–32

Buck JD, Spotte S, Gadbaw JJ Jr (1984) Bacteriology of the teeth from a great white shark: potential
medical implications for shark bite victims. J Clin Microbiol 20:849–851

Burdge DR, Scheifele D, Speert DP (1985) Serious Pasteurella multocida infections from lion and
tiger bites. J Am Med Assoc 253:3296–3297

Calattini S, Betsem EB, Froment A et al (2007) Simian foamy virus transmission from apes to
humans, rural Cameroon. Emerg Infect Dis 13:1314–1320

Caldicott DG, Croser D, Manolis C et al (2005) Crocodile attack in Australia: an analysis of its
incidence and review of the pathology and management of crocodilian attacks in general.
Wilderness Environ Med 16:143–159

Capellan J, Fong IW (1993) Tularemia from a cat bite: case report and review. Clin Infect Dis 16:
472–475

Cardall TY, Rosen P (2003) Grizzly bear attack. J Emerg Med 24:331–333
Carithers HA (1958) Mammalian bites of children; a problem in accident prevention. AMA J Dis

Child 95:150–156
Centers for Disease Control and Prevention (1998) Fatal Cercopithecine herpesvirus 1 (B virus)

infection following a mucocutaneous exposure and interim recommendations for worker pro-
tection. MMWR Morb Mortal Wkly Rep 47:1073–1076

Centers for Disease Control and Prevention (1999) Multiple human exposures to a rabid bear cub at
a petting zoo and barnwarming- Iowa, August 1999. MMWR Morb Mortal Wkly Rep 48:761

Charruau P, Pérez-Flores J, Pérez-Juárez JG et al (2012) Oral and cloacal microflora of wild
crocodiles Crocodylus acutus and C. moreletii in the Mexican Caribbean. Dis Aquat Org 98:
27–39

Childs JE, McLafferty SL, Sadek R et al (1998) Epidemiology of rodent bites and prediction of rat
infestation in New York City. Am J Epidemiol 148:78–87

Chippaix JP (2012) Epidemiology of snakebites in Europe: a systematic review of the literature.
Toxicon 59:86–99

31 Animal Bites and Zoonoses: From A to Z – Alligators to Zebras 971



Dalton HR, Hunter JG, Bendall RP (2013) Hepatitis E. Curr Opin Infect Dis 26:471–478
De Giorgio F, Rainio J, Pascali V, Lalu K (2007) Bear attack-a unique fatality in Finland. Forensic

Sci Int 173:64–67
Dibb WL, Digranes A, Tønjum S (1981) Actinobacillus lignieresii infection after a horse bite. Br

Med J (Clin Res Ed) 283:583–584
DuVernoy TS, Mitchell KC, Myers RA et al (2008) The first laboratory-conformed rabid pig in

Maryland, 2003. Zoonoses Public Health 55:431–435
Edixhoven P, Sinha SC, Dandy DJ (1981) Horse injuries. Injury 12:279–282
Ejlertsen T, Gahm-Hansen B, Søgaard P et al (1996) Pasteurella aerogenes isolated from ulcers or

wounds in humans with occupational exposure to pigs: a report of 7 Danish cases. Scand J Infect
Dis 28:567–570

Elliott SP (2007) Rat bite fever and Streptobacillus moniliformis. Clin Microbiol Rev 20:13–22
Emergency Department Visits and Inpatient Stays Involving Dog Bites, 2008 - Healthcare Cost and

Utilization Project (HCUP) Statistical Briefs. https://www.ncbi.nlm.nih.gov/books/NBK52650/
. Accessed 07–02-22

Emet M, Beyhun NE, Kosan Z et al (2009) Animal-related injuries: epidemiological and meteoro-
logical features. Ann Agric Environ Med 16:87–92

Escande F, Bailly A, Bone S, Lemozy J (1996) Actinobacillus suis infection after a pig bite. Lancet
348:888

Eslamifar A, Ramezani A, Razzaghi-Abyaneh M et al (2008) Animal bites in Teheran, Iran. Arch
Iran Med 11:200–202

Estrep RD, Messaoudi I, Wong SW (2010) Simian herpesviruses and their risk to humans. Vaccine
26:B78–B84

Flandry F, Lisecki EJ, Domingue GJ et al (1989) Initial antibiotic therapy for alligator bites:
characterization of the oral flora of Alligator mississippiensis. South Med J 82:262–266

Floyd T (1999) Bear-inflicted human injury and fatality. Wilderness Environ Med 10:75–87
Floyd T, Manville AM, French SP (1990) Normal oral flora in black bears: guidelines for

antimicrobial prophylaxis following bear attacks. J Wilderness Med 1:47–49
Frosch C, Dustiov A, Georgiov G, Nowak C (2011) Case report of a fatal bear attack documented

by forensic wildlife genetics. Forensic Sci Int Genet 5:342–344
Fry BG, Wroe S, Teeuwisse W et al (2009) A central role for venom in predation by Varanus

komodooensis (Komodo Dragon) and the extinct giant Varanus (Megalania) priscus. Proc Natl
Acad Sci 106:8969–8974

Fry PR, Thakur S, Abley M, Gebreyes WA (2012) Antimicrobial resistance, toxinotype, and
genotypic profiling of Clostridium difficile isolates of swine origin. J Clin Microbiol 50:
2366–2372

Gangopadhyay AN, Gupta DK, Dhulkotia A et al (2002) Pig bite of prolapsed rectum in a child.
J Pediatr Surg 37:657–658

Georgiou P, Liakopoulos P, Gamatsi E, Komninakis E (2001) Degloving injury of the penis from
pig bite. Plast Reconstr Surg 108:805–806

Glaser C, Lewis P, Wong S (2000) Pet-, animal- and vector-borne infections. Pediatr Rev 21:
219–232

Gold B, Dart RC, Barish RA (2002) Bites of venomous snakes. N Engl J Med 347:347–356
Goldstein EJC (1992) Bite wounds and infection. Clin Infect Dis 14:633–640
Goldstein EJC, Citron DM, Gonzalez H et al (1979) Bacteriology of rattlesnake venom and

implications for therapy. J Infect Dis 140:818–821
Goldstein EJC, Citron DM, Finegold SM (1980) Dog bite wounds and infection: a prospective

clinical study. Ann Emerg Med 9:508–512
Goldstein EJC, Citron DM, Merkin TE, Pickett MJ (1990) Recovery of an unusual Flavobacterium

IIb-like isolate from a hand infection following pig bite. J Clin Microbiol 28:1079–1081
Goldstein EJ, Pryor EP 3rd, Citron DM (1995) Simian bites and bacterial infection. Clin Infect Dis

20:1551–1552
Goldstein EJC, Tyrrell KL, Citron DM et al (2013) The anaerobic and aerobic bacteriology of the

saliva and gingiva from 16 captive Komodo dragons (Varanus komodoensis): refuting the
“bacteria as venom” model. J Zoo Wildl Med 44:262–272

972 E. J. C. Goldstein and F. M. Abrahamian



Gollop JH, Katz AR, Rudoy RC, Sasaki DM (1993) Rat-bite leptospirosis. West J Med 159:76–77
Gómez-Sanz E, Simón C, Ortega C et al (2013, 2013) First detection of methicillin-resistant

Staphylococcus aureus ST398 and Staphylococcus pseudintermedius ST68 from hospitalized
equines in Spain. Zoonoses Public Health. https://doi.org/10.1111/zph.12059

Gross EM, Torok V (1984) Monkey-caused injuries in the region served by the beer Sheva district
health office, 1978-1982. Israel J Med Sci 20:725–726

Gruen RL (2009) Crocodile attacks in Australia: challenges for injury prevention and trauma care.
World J Surg 33:1554–1561

Habib AG (2013) Public health aspects of snakebite care in West Africa: perspectives from Nigeria.
J Venom Anim Toxins Incl Trop Dis 9:1–27

Hartmann FA, Trostle SS, Klohnen AA (1997) Isolation of methicillin-resistant Staphylococcus
aureus from a postoperative wound infection in a horse. J Am Vet Med Assoc 211:590–592

Herrero S (1970) Human injury inflicted by grizzly bears. Science 170:593–598
Herrero S, Fleck S (1990) Injury to people inflicted by black, grizzly, and polar bears: recent trends

and new insights. Proc Conf Bears Res Manage 8:25
Hertner G (2006) Caiman bite. Wilderness Environ Med 17:267–270
Hirschhorn RB, Hodge RR (1999) Identification of risk factors in rat bite incidents involving

humans. Pediatrics 104:e35
Holmes NE, Korman TM (2007) Corynebacterium kutscheri infection of the skin and soft tissue

following rat bite. J Clin Microbiol 45:3468–3469
http://www.flmnh.ufl.edu/fish/sharks/isaf/isaf.htm. Accessed 07-02-22
http://www.who.int/mediacentre/factsheets/fs100/en/. Accessed 07-02-22
http://www.who.int/mediacentre/factsheets/fs373/en/. Accessed 07-02-22
http://www.who.int/news-room/fact-sheets/detail/animal-bites. Accessed 07-02-22
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename¼Pet%

20Food%20Market%20Brief_Moscow_Russian%20Federation_4-21-2011.pdf#:~:
text¼According%20to%20recent%20research%2C%20there%20are%20about%2030,own%
20a%20cat%20and%2035%20percent%20a%20dog. Accessed 07-02-22

https://europeanpetfood.org/about/statistics/. Accessed 07-02-22
https://petkeen.com/horse-statistics-uk/. Accessed 07-02-22
https://petkeen.com/pet-ownership-statistics/. Accessed 07-02-22
https://pijaccanada.com/wp-content/uploads/2017/07/Australian-Companion-Animal-Council-

report-2010.pdf. Accessed 07-02-22
https://timesofindia.indiatimes.com/city/chennai/Rabid-pig-bites-two-golfers-washerman-done-to-

death/articleshow/12092460.cms. Accessed 07-02-22
https://www.avma.org/KB/Resources/Statistics/Pages/Market-research-statistics-US-pet-owner

ship.aspx. Accessed 07-02-22
https://www.dogsbite.org/dog-bite-statistics-study-emergency-visits-involving-dog-bites-ahrq-

2008.php. Accessed 07-02-22
https://www.iii.org/article/spotlight-on-dog-bite-liability. Accessed 07-02-22
https://www.iii.org/fact-statistic/facts-statistics-pet-ownership-and-insurance. Accessed 07-02-22
https://www.outback-australia-travel-secrets.com/crocodile-attacks.html. Accessed 07-02-22
https://www.pfma.org.uk/pet-population-2018. Accessed 07-02-22
Huijsdens XW, van Dijke BJ, Spalburg E et al (2006) Community-acquired MRSA and

pig-farming. Ann Clin Microbiol Antimicrob 5:26
Ichhpujani RL, Mala C, Veena M et al (2008) Epidemiology of animal bites and rabies cases in

India. A multicentric study. J Commun Dis 40:27–36
Interaminense JA, Nascimento DC, Ventura RF et al (2010) Recovery and screening for antibiotic

susceptibility of potential bacterial pathogens from the oral cavity of shark species involved in
attacks on humans in Recife, Brazil. J Med Microbiol 59:941–947

Jones-Engel L, Engel GA, Heidrich J et al (2006) Temple monkeys and health implications of
commensalism, Kathmandu, Nepal. Emerg Infect Dis 12:900–906

Khanna T, Friendship R, Dewey C, Weese JS (2008) Methicillin resistant Staphylococcus aureus
colonization in pigs and pig farmers. Vet Microbiol 128:298–303

Kim BH, Phillips JE, Atherton JG (1976) Actinobacillus suis in the horse. Vet Rec 98:239

31 Animal Bites and Zoonoses: From A to Z – Alligators to Zebras 973



Kizer KW (1979) Epidemiological and clinical aspects of animal bite injuries. J Am Col Emerg
Phys 8:134–141

Kizer KW (1989) Pasteurella multocida infection from a cougar bite. A review of cougar attacks.
West J Med 150:87–90

Köck R, Harlizius J, Bressan N et al (2009) Prevalence and molecular characteristics of methicillin-
resistant Staphylococcus aureus (MRSA) among pigs on German farms and import of livestock-
related MRSA into hospitals. Eur J Clin Microbiol Infect Dis 28:1375–1382

Koene MG, Mevius D, Wagenaar JA et al (2012) Clostridium difficile in Dutch animals: their
presence, characteristics and similarities with human isolates. Clin Microbiol Infect 18:778–784

Kunimoto D, Rennie R, Citron DM, Goldstein EJC (2004) Bacteriology of a bear bite wound to a
human: case report. J Clin Microbiol 42:3374–3376

Langley RL (2005) Alligator attacks on humans in the United States. Wilderness Environ Med 16:
119–124

Langley R, Morris T (2009) That horse bit me: zoonotic infections of equines to consider after
exposure through the bite or the oral/nasal secretions. J Agromedicine 14:370–381

Lavonas EJ, Ruha AM, Banner W, et al. and Rocky Mountain Poison and Drug Center, Denver
Health and Hospital Authority (2011) Unified treatment algorithm for the management of
crotaline snakebite in the United States: results of an evidence-informed consensus workshop.
BMC Emerg Med 11:2

Lehtinen VA, Kaukonen T, Ikäheimo I et al (2005)Mycobacterium fortuitum infection after a brown
bear bite. J Clin Microbiol 43:1009

Lentsch RH, Wagner JE (1980) Isolation of Actinobacillus lignieresii and Actinobacillus equuli
from laboratory rodents. J Clin Microbiol 12:351–354

Lindberg J, Frederiksen W, Gahrn-Hansen B, Bruun B (1998) Problems of identification in clinical
microbiology exemplified by pig bite wound infections. Zentralbl Bakteriol 288:491–499

Lockwood R (1997) Dog-bite-related fatalities-United States, 1995–1996. MMWR Morb Mortal
Wkly Rep 46:463–467

Lucas GL, Bartlett DH (1981) Pasteurella multocida infection in the hand. Plast Reconstr Surg 67:
49–53

Luo Y, Zhang Y, Liu X et al (2013) Characterization of a wild rabies virus isolate of porcine origin
in China. Infect Genet Evol 17:147–152

Luzzi GA, Milne LM, Waitkins SA (1987) Rat-bite acquired leptospirosis. J Infect 15:57–60
Maraki S, Sarchianaki E, Barbagadakis S (2012) Myroides odoratimimus soft tissue infection in an

immunocompetent child following a pig bite: case report and literature review. Braz J Infect Dis
16:390–392

Mease LE, Baker KA (2012) Monkey bites among US military members in Afghanistan 2011.
Emerg Infect Dis 18:1647–1649

Medeiros I, Saconato H (2001) Antibiotic prophylaxis for mammalian bites. Cochrane Database
Syst Rev 2:CD001738

Mihailoviv Z, Savic S, Damjanjuk I et al (2011) A case of fatal Himalayan bear attack in the zoo.
J Foresenic Sci 56:806–809

Moore RM Jr, Zehmer RB, Moulthrop JI, Parker RL (1977) Surveillance of animal-bite cases in the
United States, 1971-1972. Arch Environ Health 32:267–270

Morehouse LG, Kintner LD, Nelson SL (1968) Rabies in swine. J Am Vet Med Assoc 153:
57–64

Mutombo M, Arita I, Jezek Z (1983) Human monkeypox transmitted by a chimpanzee in a tropical
rain-forest area of Zaire. Lancet 1:735–737

Nabi DG, Tak SR, Kangoo KA, Halwai MA (2009) Increasing incidence of injuries and fatalities
inflicted by wild animals in Kashmir. Injury 40:87–89

Newton F. United States Armed Forces (2010) Monkey bite exposure treatment protocol. J Spec
Oper Med 10:48–49

Nishioka SA, Handa ST, Nunes RS (1994) Pig bite in Brazil: a case series from a teaching hospital.
Rev Soc Bras Med Trop 27:15–18

974 E. J. C. Goldstein and F. M. Abrahamian



Nogalski A, Jankiewicz L, Cwik G et al (2007) Animal related injuries treated at the Department of
Trauma and Emergency Medicine, Medical University of Lublin. Ann Agric Environ Med 14:
57–61

O’Rourke LG, Pitulle C, Hegarty BC et al (2005) Bartonella quintana in cynomolgus monkey
(Macaca fascicularis). Emerg Infect Dis 11:1931–1934

Ordog GJ, Balasubramanium S, Wasserberger J (1985) Rat bites: fifty cases. Ann Emerg Med 14:
126–130

Parry RG, Ziemis R, Reynolds H, Miller S (1983) Brown/Grizzly bear mouth cultures in Alaska.
Alaska Med 25:1–2

Pavia AT, Bryan JA, Maher KL et al (1989) Vibrio carchariae infection after a shark bite. Ann
Intern Med 111:85–86

Peel MM, Hornidge KA, Luppino M et al (1991) Actinobacillus spp. and related bacteria in infected
wounds of humans bitten by horses and sheep. J Clin Microbiol 29:2535–2538

Quinn JV, McDermott D, Rossi J et al (2010) Randomized controlled trial of prophylactic
antibiotics in dog bite wounds with refined cost model. West J Emerg Med 11:435–441

Risholt T, Persen E, Solem OI (1998) Man and polar bear in Svalbard: a solvable ecological
conflict? Int J Circumpolar Health 57(Suppl 1):532–534

Rose SC (1982) Bear maulings in Alaska. Alaska Med 24:29–32
Royle JA, Isaacs D, Eagles G et al (1997) Infections after shark attacks in Australia. Pediatr Infect

Dis J 16:531–532
Rtshiladze MA, Andersen SP, Nguyen DQ et al (2011) The 2009 Sydney shark attacks: case series

and literature review. ANZ J Surg 81:345–351
Ruggeri FM, Di Bartolo I, Ponterio E et al (2013) Zoonotic transmission of hepatitis E virus in

industrialized countries. New Microbiol 36:331–344
Russell FE (1969) Clinical aspects of snake venom poisoning in North America. Toxicon 7:33–37
Sacks JJ, Kresnow M, Houston B (1996) Dog bites: how big a problem? Inj Prev 2:52–54
Schwaber MJ, Navon-Venezia S, Masarwa S et al (2013) Clonal transmission of a rare methicillin-

resistant Staphylococcus aureus genotype between horses and staff at a veterinary teaching
hospital. Vet Microbiol 162:907–911

Schweizer M, Falcone V, Gänge J et al (1997) Simian foamy virus isolated from an accidentally
infected human individual. J Virol 71:4821–4824

Shetty RA, Chaturvedi S, Singh Z (2005) Profile of animal bite cases in Pune. J Commun Dis 37:
66–72

Smith HM, Reporter R, Rood MP et al (2002) Prevalence study for antibody to rat borne pathogens
and other agents among patients using a free clinic in downtown Los Angeles. J Infect Dis 186:
1673–1676

Smith TC, Male MJ, Harper AL et al (2009) Methicillin-resistant Staphylococcus aureus (MRSA)
strain ST398 is present in midwestern U.S. swine and swine workers. PLoS One 4:e4258.
https://doi.org/10.1371/journal.pone.0004258

Talan DA, Citron DM, Abrahamian FM et al (1999) Bacteriologic analysis of infected dog and cat
bites. N Engl J Med 340:85–92

Tough SC, Butt JC (1993) A review of fatal bear maulings in Alberta, Canada. Am J Forensic Med
Pathol 14:22–27

Tregle RW Jr, Loe CL, Earhart RH 3rd, d’Autremont SB (2011) Cercopithecine herpesvirus 1 risk
in a child bitten by Bonnet Macaque monkey. J Emerg Med 41:e89–e90

Tribe GW, Noren E (1983) Incidence of bites from cynomolgus monkeys, in attending animal staff,
1975-80. Lab Anim 17:110

van Belkum A, Melles DC, Peeters JK, et al., and Dutch Working Party on Surveillance and
Research of MRSA-SOM (2008) Methicillin-resistant and -susceptible Staphylococcus aureus
sequence type 398 in pigs and humans. Emerg Infect Dis 14:479–483

Van Cleef BA, Broens EM, Voss A et al (2010) High prevalence of nasal MRSA carriage in
slaughterhouse workers in contact with live pigs in the Netherlands. Epidemiol Infect 138:
756–763

31 Animal Bites and Zoonoses: From A to Z – Alligators to Zebras 975



Van Demark RE Sr, Van Demark RE Jr (1991) Swine bites of the hand. J Hand Surg Am 16:
136–138

Van den Eede A, Martens A, Floré K et al (2013) MRSA carriage in the equine community: an
investigation of horse-caretaker couples. Vet Microbiol 163:313–318

van Loo I, Huijsdens X, Tiemersma E et al (2007) Emergence of methicillin-resistant Staphylo-
coccus aureus of animal origin in humans. Emerg Infect Dis 13:1834–1839

Vougiouklakis T (2006) Fatal brown bear (Ursus arctos) attack: case report and literature review.
Am J Forensic Med Pathol 27:266–267

Walk C (2012) British military snake-bite guidelines: pressure immobilization. J R Army Med
Corps 158:194–198

Wamisho BL, Bates J, Tompkins M et al (2009) Ward round-crocodile bites in Malawi: microbi-
ological and surgical management. Malawi Med J 21:29–31

Weiss HB, Friedman DJ, Cohen JH (1998) Incidence of dog bite injuries treated in emergency
departments. J Am Med Assoc 279:51–53

Yates WDG, Rehmtulla AJ, McIntosh DW (1983) Porcine rabies in Western Canada. Can Vet J 24:
162–163

976 E. J. C. Goldstein and F. M. Abrahamian



Part VI

Zoonoses of Wildlife Animals



Zoonotic Pathogens of Reptiles:
An Unregarded Slithery Matter 32
Jairo Alfonso Mendoza Roldan, Marialaura Corrente, and
Domenico Otranto

Contents
32.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 980
32.2 Reptiles in Culture and Religion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 980
32.3 In Sickness and in Health: Public Health Impact of Reptiles . . . . . . . . . . . . . . . . . . . . . . . . . . . 981
32.4 Zoonotic Pathogens Associated to Reptiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 982

32.4.1 Bacteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 982
32.4.2 Zoonotic Bacterial Reptile Vector-Borne Diseases (ZBRBVDs) . . . . . . . . . . . . . 986
32.4.3 Viruses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 990
32.4.4 Helminths and Other Zoonotic Endoparasites Associated to Reptiles . . . . . . . . 991

32.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 994
32.6 Cross-References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 995
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 995

Abstract

Increased urbanization and introduction of exotic species of reptiles may act as
drivers for the transmission of zoonotic pathogens through the environment.
Reptiles are reservoirs of a wide range of pathogens, including viruses, bacteria,
protozoa, helminths, pentastomids, and arthropod parasitic species, some of which
may represent a public health concern. Reptiles can also be a source of life-
threatening parasitoses through uncooked or raw meat ingestion. The main zoo-
notic disease associated to reptiles is salmonellosis, yet other less regarded diseases
are equally devastating, such as spotted fever, sparganosis, or pentastomiasis.
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32.1 Introduction

Reptiles represent a diverse and successful group of vertebrates, including more than
1200 genera and around 11,000 species (Roll et al. 2017). This class, however, is
considered artificial, given the paraphyletic origin of the group, where also birds are
included (Pincheira-Donoso et al. 2013). Moreover, non-avian reptiles are divided in
four main orders: The largest order being Squamata (i.e., 10,417), which is represented
by snakes, lizards, and amphisbaenas. Other orders are represented by Testudines (i.e.,
351), which are turtles and tortoises; Crocodylia (i.e., 24), which includes species of
crocodiles, alligators, caimans, and gavials; and, finally, Rhynchocephalia, represented
by a single species of living fossils named tuataras (Pincheira-Donoso et al. 2013).
Reptiles are considered a successful class due to having endured with scarcely changes
in their morphology, biology, and ecology, since their appearance of reptiles, 310–320
million years ago in the late Carboniferous (Lepetz et al. 2009). However, a dwindling
number of species survived the mass extinction events during the Cretaceous-
Paleogene period (i.e., around 65 million years ago). Yet, those that survived spread
through all biomes, diverging into the high species richness recorded in present times
(Mohabey and Samant 2019). Through these epochs represented by millions of years,
pathogens (e.g., bacteria, parasites, viruses) coevolved with reptiles to the present
diseases associated to this cold-blooded class (Mendoza-Roldan et al. 2021a). Indeed,
reptiles are hosts of viral, bacterial, and parasitic pathogens, some of which may have a
zoonotic importance (Mitchell 2011; Mendoza-Roldan et al. 2020). For example,
Salmonella species have been historically associated as the most common cause of
zoonotic disease, given their natural affinity with reptiles, especially those with aquatic
behavior (i.e., freshwater terrapins; Bertrand et al. 2008; Sodagari et al. 2020). Yet,
other bacteria, viruses, and parasites associated to reptiles can also represent a risk to
public health. Nonetheless, these other pathogenic agents have been less studied, and
information on the biology, ecology, and zoonotic potential of most of them is scarce,
being historically neglected even in endemic areas. Furthermore, the transmission
pathways of reptile-borne zoonoses have been divided in three main routes: (i) through
consumption raw or uncooked meat of reptiles, (ii) environmental contamination or
direct contact, and (iii) through reptile zoonotic vector-borne diseases (Mendoza-
Roldan et al. 2020, 2021a). These routes are also influenced by other factors, such
as geographical area and human level of interaction with reptiles (i.e., herpetophagy,
reptile kept as pets, synanthropy). In this chapter, the main reptile-associated zoonotic
diseases in different contexts from veterinary and medical perspective are discussed.

32.2 Reptiles in Culture and Religion

Like a boa snake constricting its prey, myths and legends have always wrapped
reptiles, associating them with positive or negative beliefs in religion and folklore.
This can be observed in the symbolic usage in art and literature in many cultures all
over the world. The relationship human beings have developed with reptiles through
time are studied in the field of ethnoherpetology (Costa et al. 2021). For example,
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while in Western cultures, snakes are mostly feared because of their association with
evil in Judeo-Christian religions, in Africa and in Asian cultures, they are often seen
as good omens and even worshipped. Accordingly, reptiles are represented as real or
imaginary in the mythology and in the religions around the word (Crump 2021). One
of the most popular legendary creatures with snake-like traits is the dragon embody-
ing both awe and respect in European as well as East Asian (e.g., China, Japan,
Korea) cultures. In Greek mythology, snakes are personified as antagonists of many
heroes, such as for the nine-headed Lernaean Hydra that was defeated by Hercules
and the three Gorgon sisters with snakes instead of hair.

In the opposite part of the world, in Latin America, Aztec and other Nahua people
worship Cipactli, the giant earth crocodile, and in Andean and South American, a
serpent-like God known as Amaru (Steele and Allen 2004). Conversely, Christianity
and Judaism have historically portrayed reptiles as fearful and evil beings fear. As
paradigmatic example, from the very beginning of the ancient testament (Genesis 3:1)
the evil, under the shape of a slithery serpent, caused Adam and Eve to be expelled from
the Eden.

32.3 In Sickness and in Health: Public Health Impact of Reptiles

In general, having a healthy and species-rich population of reptiles is beneficial for
humans. Indeed, some reptiles are of great ecological significance, as they represent
in nature either the first (e.g., small lizards and snakes) or the higher level (e.g.,
crocodiles and large snakes) of the food chain (Cortéz-Gómez et al. 2015). In the
latter case, given their aquatic habits and longevity (generally >60 years), crocodil-
ians may be useful as potential indicators of environmental pollution, as they are
sentinels of environmental stability and health (Briggs-Gonzalez et al. 2021). How-
ever, reptiles may represent public health concerns in some regions. For example,
snakebite envenomation is still considered an important yet neglected disease in
tropical countries in the developing world (Ruiz de Castañeda et al. 2021). Indeed,
more than two million people worldwide, per year, suffer from snakebite accidents,
with more than 130,000 deaths every year (Gutiérrez et al. 2017). However, given
anthropic pressures, such as rising urbanization, habitat fragmentation, and defores-
tation, reptiles and their zoonotic pathogens have become even more close contact
with human populations. These pathogens are represented by bacteria, such as
Salmonella spp., and to a lesser extent and importance species from the genera
Aeromonas, Pseudomonas, Citrobacter, Vibrio, Klebsiella, Enterobacter,
Shewanella, Acinetobacter, Yersinia, as well as Campylobacter, Arcobacter, Chla-
mydia, Leptospira, and Mycobacterium (Table 1). The beforementioned genera of
bacteria are mainly transmitted through the direct contact or environmental contam-
ination through reptiles’ secretions/excretions. Moreover, zoonotic bacterial RVBDs
are represented by microorganisms of the genera Aeromonas, Anaplasma, Borrelia,
Coxiella, Ehrlichia, and Rickettsia (Mendoza-Roldan et al. 2021a). On the other
hand, parasitic zoonotic diseases associated to reptiles are mainly represented by
food-borne pathogens, such as pentastomids and cestodes, while other zoonotic
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parasitic agents can be transmitted by direct contact (i.e., Cryptosporidium) or by
vectors (i.e., Trypanosomatidae; Mendoza-Roldan et al. 2020). Finally, also associated
to vector transmission, arboviruses may be associated to reptilian reservoirs which,
given the low host specificity of mosquitoes, may be then transmitted to humans.

32.4 Zoonotic Pathogens Associated to Reptiles

32.4.1 Bacteria

32.4.1.1 Salmonellosis

The Pathogen
Reptiles are natural reservoirs of Salmonella, and they may harbor a wide variety of
Salmonella serotypes in their intestine, even simultaneously (Chiodini and Sundberg
1981; Willis et al. 2002). The so-called “exotic” Salmonella serotypes, belonging to

Table 1 Main zoonotic reptile-associated bacteria

Pathogena Animal disease Human disease Transmission

Enterobacteria

Salmonella spp. Reptiles are
carriers and rarely
show clinical
disease
Intermittent
shedders

Gastroenteritis
Bloody mucoid diarrhea,
nausea, vomiting, fever
Meningitis, osteomyelitis
septicemia

Direct contact
handling
Ingestion
Contaminated
water Indirect

Klebsiella spp., E. coli,
Proteus spp.,
Citrobacter spp.,
Yersinia spp.

Mostly
asymptomatic
ulcerations,
stomatitis

Opportunistic infections Direct contact
handling
Ingestion

Non-fermentative, Gram-negative organisms

Vibrio spp., Aeromonas
spp., Pseudomonas spp.

Mostly
asymptomatic

Opportunistic infections Direct contact
handling
Ingestion

Campylobacter spp. Mostly
asymptomatic

Infections in
immunocompromised
patients

Direct contact
handling
Ingestion
Contaminated
water

Other

Mycobacterium spp.b Granulomatous
disease ulcerative
stomatitis

Granulomatous disease
at infection site
Disseminated
granulomatous disease in
immunocompromised
patients

Handling,
puncture
wounds,
scratches,
inhalation

aName of the genus
bNontuberculous mycobacteria
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Salmonella bongori and Salmonella enterica subspecies II, IIIa, IIIb, IV, and VI, are
mainly isolated from reptiles and from the environment where reptiles live (Pignato
et al. 1998). However, in free-living and captive reptiles, the isolation of Salmonella
enterica subspecies I is also a frequent finding (Mitchell and Shane 2000). Salmo-
nella strains are well-adapted to reptiles, eventually causing mostly asymptomatic
infections and only occasionally disease and death (Le Souëf et al. 2015). Nonethe-
less, those strains may retain pathogenicity for warm-blooded animals. Reptiles and
amphibians are estimated to account for 6% of all Salmonella spp. infections in the
United States and Europe (Mermin et al. 2004; De Jong et al. 2005; Corrente et al.
2006; Wilkstrom et al. 2014). Most of reptile-associated salmonellosis (RAS) are
mainly reported in children younger than 5 years, elderly people, or immunocom-
promised persons (CDC 1992a, b, 1999; Woodward et al. 1997; Friedman et al.
1998; Meyer Sauteur et al. 2013; Pees et al. 2013; Ricard et al. 2013; Murphy and
Oshin 2015). In those population groups, RAS may be fatal. A literature review
conducted by Meyer Sauteur et al. (2013) examined published studies from 1965 to
2012, describing RAS in children aged less than 18 years, with a total of 182 cases
identified. The primary reptiles associated with gastrointestinal salmonellosis were
turtles; however, exposure to iguanas was significantly more prevalent in children
with invasive Salmonella diseases, causing septicemia or meningitis. In addition,
Salmonella multidrug-resistant (MDR) strains emerge as a potential concern for
public health safety, with implications of increased disease severity, longer hospi-
talizations, and higher cost rates. It has been shown that also reptiles may hold MDR
Salmonella (Seepersadsingh and Adesiyun 2003; Wei et al. 2019). The widespread
use of antibiotics against Salmonella has been described in the international trade of
pet reptiles, to prevent economical losses, as well as in animal welfare in crowded
farms and long-distance transport (Goławska et al. 2019).

Epidemiology of Salmonellosis
High prevalence of S. enterica has been reported for pet reptiles, estimated to be
48–50% in lizards, 7–10% in chelonians, and 51–83% in snakes (Fagre et al. 2020).
Since the difference in prevalence detected may be linked to intermittent excretion,
every animal could be potentially considered as a potential shedder (Corrente et al.
2004). In addition, vertical transmission of Salmonella spp. in reptiles has been
demonstrated (Schröter et al. 2006). The infection to other animals, such as pets, and
to humans can be transmitted by both direct and indirect contact, as Salmonella
strains display good resistance in the environment (Winfield and Groisman 2003).
For example, turtles are small enough to be kissed and held by children, which
increases the likelihood of direct transmission of Salmonella. In addition, indirect
transmission of this pathogen can occur through cross-contamination by cleaning
reptile habitats in a kitchen sink or bathtub (Corrente et al. 2017).

Prophylaxis. As a high prevalence of carriers is generally found in reptiles,
antibiotic prophylaxis does not seem useful and appropriate to solve this problem.
Nevertheless, it is important to remind that all Salmonella spp. strains isolated from
reptiles retain pathogenicity for humans and that some health measures are neces-
sary. For RAS surveillance, the identification of Salmonella carriers, the control of
health practices, and a good knowledge of the zoonotic risks linked to reptile
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husbandry are of outmost importance. In a recent survey related to the attitudes of
reptile owners, the prevalence of Salmonella spp. colonization was correlated to
several factors (Corrente et al. 2017). Indeed, when animals shared the terrarium
with other reptiles, they were at least two times more exposed to Salmonella spp.
than the animals living alone. Regarding the practice of handwashing after contact or
husbandry of the animals, the prevalence of Salmonella spp. was three times higher
in animals handled by owners who were not used to washing their hands. In the same
survey, as many as 62% of the interviewed admitted ignoring the risk of RAS and
other health problems associated with cold-blooded animals. Accordingly, preven-
tion of RAS must rely mainly on information and education, with the veterinarian
health bodies primarily involved in this task.

32.4.1.2 Miscellaneous Bacterial Infections: Other Gram-Negative
Microorganisms

The microbiota of reptiles is mainly composed by Gram-negative bacteria. In the gut,
the microbiota is influenced by the diet and the environment, especially in captivity,
when a shift to gut colonization by zoonotic organisms is observed (Kohl et al.
2017). In fact, the captivity significantly alters both bacterial community member-
ship and structure in lizards kept for 8 weeks. Notably, they showed an invasion of
the gut community by Enterobacter spp. and Salmonella spp., potentially pathogenic
bacterial genera (Colston 2017).

Reptiles are prone to infection by a variety of predominately Gram-negative
commensal bacteria, including those in the genera Aeromonas, Klebsiella, Proteus,
Pseudomonas, and Yersinia (Table 1).

Among Gram-negative organisms, Aeromonas spp., Pseudomonas spp.,
Citrobacter spp., and Vibrio spp. were reported in reptiles, both from clinical cases
(bronchopneumonia, ulcerations, stomatitis, septicemia, etc.) and healthy animals as
carriers (Goławska et al. 2019). Klebsiella spp., Enterobacter spp., Shewanella spp.,
Acinetobacter spp., and Yersinia spp. were reported as opportunistic bacteria found
in Testudines. Both pathogenic and opportunistic bacteria might cause infections in
other poikilothermic and homoeothermic animals as well as humans, particularly
those with immune deficiency (Goławska et al. 2019).

As for Salmonella spp., the zoonotic potential of all those bacteria may be
exacerbated by the acquisition of AMR genes. Golawska et al. found in tortoises a
high prevalence of MDR E. coli and the horizontal genetic transfer of AMR genes
among Gram-negative organisms is very frequent (Goławska et al. 2019).

32.4.1.3 The Heterogeneous World of Epsilonproteobacteria
Ectothermic reptiles display a distinct and largely unique Epsilonproteobacteria
community, including taxa, which can cause disease in humans. Several Arcobacter
taxa are widespread among reptiles and often show a broad host range. Similarly,
reptiles carry a large diversity of unique and novel Helicobacter taxa, which
apparently evolved in an ectothermic host. Some species, such as Campylobacter
fetus, display a distinct intraspecies host dichotomy, with genetically divergent
lineages (Gilbert et al. 2019).
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The presence of Epsilonproteobacteria in many different reptiles without clinical
symptoms indicates that most of them are carried without adverse health effects.
Most of the Arcobacter and Campylobacter species found in reptiles are associated
with disease in humans, although infections are often sporadic and mainly affecting
immunocompromised hosts (Collado and Figueras 2011).

Campylobacteriosis
The genus is composed by Gram-negative, microaerophilic bacteria that inhabit the
intestinal tract of various animals, as either commensals or pathogens (Rukambile
et al. 2019). Human campylobacteriosis is the most frequently reported foodborne
zoonosis in the European Union (EFSA and ECDC 2018). Sources of human
infections are consumption of raw or undercooked meat, unpasteurized milk, and
untreated water or direct contact with colonized animals that carry Campylobacter
spp. asymptomatically. In reptiles, especially chelonians, Campylobacter spp. occur-
rence ranged from 9.7% in Taiwan (Wang et al. 2013) and 10.2% in Italy to 25.3% in
the Netherlands (Gilbert et al. 2014).

Currently, C. fetus is the only species for which an association between reptile
contact and human infection has been demonstrated (De Luca et al. 2020). A novel
subspecies of C. fetus, named C. fetus subs. Testudinum, has been described in
chelonians (Fitzgerald et al. 2014). Following this discovery, C. fetus isolated from
human infections has been increasingly identified as subsp. testudinum (Choi et al.
2016), and two new other Campylobacter species were identified in reptiles. Cam-
pylobacter iguaniorum was isolated from lizards, such as Iguana iguana and
Pogona vitticeps (Gilbert et al. 2014), and tortoises, like Stigmochelys pardalis
(Benejat et al. 2014) and C. geochelonis (Piccirillo et al. 2016).

Besides from humans, C. fetus subsp. testudinum has only been isolated from
reptiles, with a reported culturing-based prevalence of 5.5–6.7% in reptiles and
7.1–9.7% in chelonians (Wang et al. 2013; Gilbert et al. 2014). Reptile-associated
C. fetus subsp. testudinum showed a remarkable epidemiology, as all human cases
were in men, most of whom were of Asian origin (Patrick et al. 2013).

Infections by C. fetus subsp. testudinum were in humans >60 years of age or
immunocompromised. Humans may contract C. fetus subsp. testudinum through
exposure to reptiles, possibly by ingestion or by contact with feces or the
environment.

After the finding of Campylobacter, also Arcobacter and Helicobacter species
have been reported to be isolated from reptiles. Arcobacter butzleri andHelicobacter
species have been isolated from tortoises (Stacy and Wellehan Jr. 2010).

Helicobacter taxa have only been isolated from reptiles and have not been
associated with infection in humans thus far, except for a case of bacteremia caused
by a urease-negative Helicobacter strain, isolated from blood cultures of a 28-year-
old man with a severe agammaglobulinemia (Schwarze-Zander et al. 2010).

32.4.1.4 Mycobacteriosis
The genus Mycobacterium includes over 200 species classified as tuberculous and
not tuberculous mycobacteria (NTM), on the basis of biological and genetic
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characteristics (Armstrong and Parrish 2021). NTM have a cosmopolitan distribu-
tion and have been isolated from all the major classes of animals. Many of the NTM
that can infect animals can also infect humans (Ebani et al. 2012). In reptiles, several
species, such as Mycobacterium chelonae, M. fortuitum, M. intracellulare,
M. marinum, M. phlei, M. smegmatis, M. ulcerans, M. confluentis,
M. haemophilum, M. hiberniae, M. neoaurum, and M. nonchromogenicum, have
been isolated, provoking granulomatous disease and ulcerative stomatitis. Systemic
infections have been also reported (Soldati et al. 2004). NTM can be transmitted to
humans and herpetofauna through aerosolization of contaminated respiratory secre-
tions or direct skin contact, soil, or water. Reptiles and amphibians can harbor
Mycobacterium species that can also be found as opportunistic pathogens in humans,
especially those who are immunocompromised. Infections by M. marinum,
M. chelonae, and M. abscessus have been reported (Soldati et al. 2004). Pet owners
should always practice strict disinfection protocols when handling their pets and
limit contact when they have an open wound on their hands (Ebani 2017).

32.4.1.5 Chlamydiosis
Several Chlamydia species have been isolated from reptiles, such as C. psittaci,
C. abortus, and C. pneumoniae, causing granulomatous lesions in various organs
and pneumonia. Despite their zoonotic potential, no cases of transmission from
reptiles to humans are reported (Ebani 2017).

32.4.1.6 Leptospirosis
Leptospira spp. are organisms diffused worldwide and responsible for a reemerging
zoonosis. Data about Leptospira spp. and the infection in reptiles are very scant.
Leptospira spp. serovars are traditionally related to aquatic habitat. Specific anti-
bodies in reptiles living in aquatic habitat such as crocodiles have been detected.
However, no symptoms related to leptospirosis were reported. A role of those
animals in the epidemiology of leptospirosis may be hypothesized, but no reptile-
associated cases in humans have been described (Ebani 2017).

32.4.2 Zoonotic Bacterial Reptile Vector-Borne Diseases (ZBRBVDs)

Reptile vector-borne diseases (RVBDs; Table 2) of zoonotic concern are caused by
bacteria, protozoa, and viruses transmitted by arthropod vectors, included in the
subclass Acarina (i.e., mites and ticks; Fig. 1) or the order Diptera (i.e., mosquitoes,
sand flies, and tsetse flies). Zoonotic bacterial RVBDs (ZBRBVDs) belong to the
genera Aeromonas, Anaplasma, Borrelia, Coxiella, Ehrlichia, and Rickettsia. More-
over, Bartonella henselae or a species genetically related to Bartonella vinsonii
subsp. berkhoffii was recorded in marine turtles (Valentine et al. 2007). Of these
genera of bacteria, reptiles may play an important role as reservoirs of Lyme disease
and spotted fever group Rickettsia.

Main vectors of granulocytic anaplasmosis (GA) caused by Anaplasma
phagocytophilum (i.e., Ixodes pacificus in North America and Ixodes ricinus in
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Table 2 Zoonotic reptiles’ vector-borne pathogens

Pathogen Reptile host Country Disease in humans Vectors

Rickettsia spp. Lizards
Snakes
Turtles
Tortoises

Algeria
Australia
Brazil
Colombia
Chile
El Salvador
Italy
Ghana
Japan
Madagascar
Mexico
Netherlands
Honduras
United States
Zambia

Spotted fever:
African fever,
Brazilian spotted
fever, Flinders
Island spotted
fever,
Mediterranean
spotted fever

Mites and
ticks

Aeromonas
hydrophila

Snakes Worldwide Gastroenteritis, in
rare cases,
necrotizing
fasciitis

Mites

Borrelia spp. Lizards
Tortoises

Australia
Japan
United states
North Africa

Lyme disease
Relapsing fever
Neuroborreliosis

Ticks

Coxiella burnetii Monitor
Lizards
Tortoises

Congo
Guinea Bissau
Ghana
Romania

Q fever Ticks

Ehrlichia sp. Monitor
Lizards
Snakes
Tortoises

Japan
Malaysia
Italy
Romania
United
Kingdom
Zambia

Unknown Ticks

Anaplasma
phagocytophilum

Box turtles
Monitor lizards
Snakes
Tortoises

Indonesia
Malaysia
Poland
Romania
United States

Granulocytic
anaplasmosis

Ticks

Crimean-Congo
hemorrhagic
fever

Tortoises Turkey Crimean-Congo
hemorrhagic fever

Ticks

Leishmania spp. Lizards China
Iran
Kenya
France
Italy
Pakistan
Spain

Visceral and
cutaneous
leishmaniasis

Phlebotomine
sand flies

(continued)
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Europe) occasionally can feed on reptiles, especially in their immature stages (i.e.,
larvae and nymphs). However, studies have showed that these ectothermic tetrapods
play a minor role as reservoirs of GA (Nieto et al. 2009). Anaplasma is a genus of
Gram-negative bacteria that includes pathogenic species transmitted mainly by ticks.
These bacteria can cause severe disease and even death (Rymaszewska and Grenda
2008). Additionally, other species of Anaplasma have been molecularly detected in
ticks associated to reptiles (e.g., I. ricinus in Central and Western Europe; Mendoza-
Roldan et al. 2021b). On the other hand, Ehrlichia spp. have been detected in
different tick of reptiles. For example, Ehrlichia chaffeensis and Candidatus Neo-
ehrlichia mikurensis were detected in Amblyomma ticks from reptiles imported to
Japan (Andoh et al. 2015).

Table 2 (continued)

Pathogen Reptile host Country Disease in humans Vectors

Zika virus Lizards
Snakes

Cuba Fever, rash,
conjunctivitis,
muscle and joint
pain, malaise or
headache

Mosquitoes

Eastern equine
encephalitis virus
(EEEV)
Western equine
encephalitis
(WEE)

Lizards
Snakes
Turtles

United States Fever, neurologic
disease, including
meningitis

Mosquitoes

Chikungunya
virus

Crocodiles
Lizards
Snakes
Turtles

United States Fever and joint
pain

Mosquitoes

West Nile Virus Snakes Israel Encephalitis,
meningitis

Mosquitoes

Fig. 1 Podarcis siculus lizard parasitized by ticks (Ixodes ricinus) and chigger mites (Neo-
trombicula autumnalis)
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32.4.2.1 Lyme Disease and Borrelioses
The Borrelia genus comprises spirochete bacteria separated in four main groups (i.e.,
relapsing fever group, reptilian-Borrelia group, monotreme-associated Borrelia
group, Lyme borreliosis group). Importantly, the Lyme disease group includes
more than 20 species that are under the Borrelia burgdorferi sensu lato complex.
Nine of these species have pathogenic potential (Majláthová et al. 2008; Mendoza-
Roldan et al. 2019).

Borrelia lusitaniae is associated with lacertid lizards from Western Europe.
Moreover, Lyme disease species are likely associated to these group of lizards,
acting as natural reservoirs (Majláthová et al. 2006; Mendoza-Roldan et al. 2019),
or being refractory to infection by means of complement-mediated killing effect,
which has been described in species of lizards in the United States (Kuo et al. 2000).
Indeed, some species of lizards may reduce the presence of bacteria producing a
zooprophylactic effect (Tijsse-Klasen et al. 2010).

32.4.2.2 Spotted Fever Group Rickettsioses
Rickettsia bacteria comprise a large group of Gram-negative, intracellular patho-
gens associated with invertebrate vectors (Abdad et al. 2018). Reptiles have a
direct role in the epidemiological cycle of some pathogens within the
Rickettsiaceae family (Novakova et al. 2015). Indeed, most of the Rickettsia
species of zoonotic concern, associated to reptiles’ Acarina ectoparasites, are
within the spotted fever group (SFG). One of the first solely associated to a
reptilian tick Rickettsia species was Rickettsia honei, the causative agent of
Flinders Island spotted fever, in Southern Australia. This species was described
infecting Bothriocroton hydrosauri, a tick that feeds primarily from lizards and
snakes (Stenos et al. 2003; Whiley et al. 2016). Furthermore, eight other species of
SFG Rickettsia have been detected in ectoparasites and some even in reptiles. In
Europe, SFG Rickettsia have been identified in reptiles, including species such as
Rickettsia helvetica and Rickettsia monacensis detected in I. ricinus ticks, and in
blood and tail of lacertid lizards (Mendoza-Roldan et al. 2021b). Other rickettsial
agents detected in ticks and mites collected from reptiles are R. aeschlimannii,
R. amblyommatis, R. hoogstraalii, R. massiliae, R. raoultii, R. rhipicephali,
R. tamurae, and R. typhi (Sánchez-Montes et al. 2019).

On the other hand, Rickettsia species have been detected in Amblyomma,
Bothriocroton, Dermacentor, Haemaphysalis, Hyalomma, and Ixodes ticks and in
mites from families Ixodorhynchidae, Macronyssidae, Pterygosomatidae, and
Trombiculidae (Sánchez-Montes et al. 2019; Mendoza-Roldan et al. 2021a).

32.4.2.3 Other Zoonotic Reptile Vector-Borne Diseases (ZRBVDs)

Protozoa
Vector-borne zoonotic protozoa associated to reptiles are represented by
trypanosomatid flagellates, such as Leishmania and Trypanosoma (Kinetoplastida:
Trypanosomatidae) (Table 2; Poinar Jr and Poinar 2004). For example,
Trypanosoma brucei, which causes sleeping sickness in Africa, was detected in
monitor lizards from Kenya (Njagu et al. 1999), serving as an important blood
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source for the tsetse fly (Glossina fuscipes fuscipes) also in Uganda (Waiswa et al.
2006). Indeed, experimental evidence indicates that some species of reptiles could be
potential reservoirs of this pathogen (Woo and Soltys 1969).

32.4.2.4 Leishmaniases in Reptiles: Is It a Big Deal?
The species of Leishmania that infect reptiles belong to the subclade Sauroleishmania,
which is a sister clade of the pathogenic species of mammalian-associated Leishmania,
with around 21 species infecting reptiles, mainly lizards (Ticha et al. 2021). These
genetic and phylogenetic similarities suggest that species of Leishmania typical of
reptiles could transiently infect mammals and vice versa (Klatt et al. 2019). For
example, Leishmania adleri from lacertid lizards in Kenya may produce cutaneous
leishmaniasis in mammals (Coughlan et al. 2017). Also, Leishmania tarentolae from
geckoes has been molecularly detected in human mummies from Brazil (Novo et al.
2015), human blood (Pombi et al. 2020; Iatta et al. 2021), and shelter dogs in Italy
(Mendoza-Roldan et al. 2021c). Additionally, Sergentomyia minuta sand fly, the
natural vector of L. tarentolae, has been detected feeding from humans and other
mammals (Abbate et al. 2020). Given the genetic similarity with Leishmania infantum,
L. tarentolae natural infection could, to a certain extent, protect mammals against other
pathogenic Leishmania spp., yet this issue needs further investigation also considering
the promising results of vaccination attempts using this species of Leishmania (Klatt
et al. 2019). On the other hand, reptiles could potentially have a role as reservoirs of
pathogenic Leishmania spp. in areas where primary hosts do not occur or where
reptiles and natural hosts live in sympatry. For example, Leishmania tropica, Leish-
mania donovani, and Leishmania turanica were molecularly detected in lizards and
snakes from Northwestern China (Chen et al. 2019; Zhang et al. 2019), and
L. infantum was molecularly detected in lizards collected from dog shelters in South-
ern Italy (Mendoza-Roldan et al. 2022b), both areas being endemic for leishmaniases.

32.4.3 Viruses

32.4.3.1 COVID-19 and Other Viral Diseases Associated to Reptiles
At the beginning of the COVID-19 pandemic, some studies initially hypothesized
that the origin of the SARS-CoV-2 was from snakes, which were kept alive in the
Wuhan meat market (Ji et al. 2020). Later, bats and/or pangolins were pointed out as
the more probable reservoirs of this viral disease, given that coronavirus species are
associated to endothermic tetrapods (i.e., mammals and birds; Gautam et al. 2020).
Conversely, snake venom from vipers, such as Bothrops jararaca, contains peptides
that could be useful for the treatment of COVID-19 (Gouda and Mégarbane 2021) or
complications associated to the disease, such as thrombo-cardiovascular disorders
(Kalita et al. 2021). Hence, snakes in the COVID-19 pandemic went from villains to
potential heroes.

On the other hand, ectothermic tetrapods (i.e., reptiles and amphibians) may play a
role as reservoirs for arboviruses (Table 2). Medically important anthropophilic
species of mosquitoes, such as Aedes aegypti and Aedes albopictus, may
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opportunistically feed on reptiles, and most of the orders of reptiles have been found
by molecular and serological assays infected with arboviruses of zoonotic concern
(Marschang 2011). Indeed, reptiles can be reservoirs of important arboviruses, such as
Western and Eastern equine encephalitis, Venezuelan equine encephalitis, West Nile
virus, and most recently Chikungunya virus (Bingham et al. 2012; Bosco-Lauth et al.
2018). Moreover, reptiles, specifically non-native lizards, can be important blood
source of vectors (i.e., Culex spp.) of Flavivirus (Reeves and Burkett-Cadena 2022).
In fact, blood meal identification indicated that arbovirus vectors may predominantly
feed on reptiles (Burkett-Cadena et al. 2008). For example, Culex tarsalis mosquitoes
can feed on garter snakes, which may maintain the virus of the Western equine
encephalitis during winter (overwintering). Other reptile-associated viruses are the
Japanese encephalitis and Zika viruses (Oya et al. 1983; Bueno et al. 2016).

Conversely, viral zoonotic diseases may be also vectored by ticks, such as
Hyalomma aegyptium, that may be a putative vectors of Crimean-Congo hemor-
rhagic fever (CCHF), associated to tortoises. This zoonotic neglected disease is
widely distributed through Africa, the Balkans, the Middle East, and Western Asia
(Kar et al. 2020), where tortoises and their ticks may play a role in the cryptic
transmission cycle (Kar et al. 2020).

32.4.4 Helminths and Other Zoonotic Endoparasites Associated
to Reptiles

Reptiles represent essential part of the food webs in many ecosystems (Valencia-
Aguilar et al. 2013), both as top predators (i.e., large carnivorous reptile species such
as crocodilians, monitor lizards, pythons) and as prey for many carnivores (e.g.,
smaller Squamata reptile taxa). Therefore, many heteroxenous metazoan parasites
cycle through reptiles, using them as intermediate or final hosts (Table 3; Greiner
2003), eventually infesting humans. This may happen when reptiles are used as part
of the human diet throughout the world (Klemens and Thorbjarnarson 1995). Thus,
reptiles may transmit some zoonotic helminths, mainly through their consumption or
usage in medicinal practices (Magnino et al. 2009). For example, nematodes (e.g.,
Angiostrongylus cantonensis, Anisakis spp., Gnathostoma spp., Eustrongylides spp.,
Trichinella spp.), cestodes (e.g., Spirometra spp.), trematodes (e.g., Alaria), and
several pentastomids, including Armillifer spp. (A. armillatus; A. moniliformis;
A. grandis, A. agkistrodontis) and Raillietiella hemidactyli, may have a zoonotic
potential. Most of the times, parasites do not complete their biological life cycles in
humans rather these represent aberrant or dead-end hosts.

32.4.4.1 Nematodes
Along with amphibians, reptiles represent paratenic hosts for Angiostrongylus
cantonensis (Strongylida, Angiostrongylidae), a metastrongyloid nematode causing
eosinophilic meningitis in humans (Barratt et al. 2016). While rats represent the
definitive hosts and molluscs the intermediate hosts, reptiles may cumulate infective
L3 larvae in the liver and other tissues (Johny et al. 2018), therefore being important
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for the maintenance and amplification of the infection. The consumption of raw meat
of varanid lizards was documented as an infection route in Asia (Parameswaran
2006; Johny et al. 2018). As the disease in humans is difficult to identify at a
preoperative stage, the anamnesis is pivotal for an expedite diagnosis and treatment.

Within the genus Trichinella (Adenophorea, Trichinellidea), two non-
encapsulated species – Trichinella zimbabwensis and Trichinella papuae – have
been found in crocodiles and monitor lizards (Pozio et al. 2004). Though this genus
includes nematodes with high zoonotic potential and most encapsulated ones are
infective only for mammals, the zoonotic role of Trichinella spp. of reptiles is not
well elucidated. For example, infections in humans due to the consumption of meat
of monitor lizards and a turtle have been reported in Thailand, even though the
Trichinella species involved was not identified (Khamboonruang 1991). Nonethe-
less, reptiles seem to be the main hosts for T. zimbabwensis and T. papuae as
confirmed also experimentally (Pozio et al. 2004).

32.4.4.2 Sparganosis (Cestoda)
Spirometra (Diphyllobothriidae) are pseudophyllidean tapeworms, which develop as
adults in carnivorous mammals (definitive hosts) and as larvae in freshwater crustaceans
(i.e., cyclops) and poikilothermic vertebrates, being first and second intermediate hosts,
respectively (Denegri 1993). This genus of cestode includes the most reported reptile-
borne zoonotic helminths caused mainly by Spirometra erinaceieuropaei, Spirometra

Table 3 Zoonotic helminths and other endoparasites of reptiles

Pathogen
Reptile
host Region Disease in humans Transmission

Spirometra spp. Snakes Americas,
Europe,
Asia,
Australia

Sparganosis Blindness,
paralysis, death

Ingestion of the
plerocercoid

Armillifer spp. Snakes Asia, Africa Pentastomiasis
Organ damage by larvae

Ingestion of
embryonated
eggs or larvae

Raillietiella
hemidactyli

Lizards Southeast
Asia

Creeping disease
Subcutaneous
pentastomiasis

Ingestion of
embryonated
eggs or larvae

Trichinella spp. Crocodiles
Snakes
Monitor
lizards
Turtles

Worldwide Trichinosis
Fever, myalgia,
gastrointestinal
symptoms

Anisakis spp. Worldwide Crocodiles Anisakiasis Eosinophilic
granulomas

Gnathostoma
spp.

Snakes Asia
Central
America

Gnathostomiasis
Cutaneous or visceral
larvae migrans symptoms

Angiostrongylus
cantonensis

Monitor
lizards

Worldwide Neuro-angiostrongyliasis
Eosinophilic meningitis
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mansonoides, and Spirometra proliferum. Humans may be infected by eating contam-
inated uncooked meat with infective larval stages (i.e., plerocercoids, also referred to as
sparganum). In humans, visceral migration of plerocercoids may be disseminated in
various organs and tissues (e.g., subcutaneous tissue, muscles, lungs, pleural cavity,
urogenital, and abdominal viscera) (Presti et al. 2015). Depending on the invaded
organs, sparganosis may be of minor to middle severity, as in the case of subcutaneous
migrations, or even life-threatening (e.g., visceral sparganosis) and fatal, when localized
in the central nervous system (e.g., ocular and cerebral forms) (Liu et al. 2015). A severe
clinical condition in humans is also caused by the proliferative sparganosis, which is
caused by the asexual multiplication of plerocercoids in human body (Anantaphruti
et al. 2011). Sparganosis is described mainly in Asian countries, associated to the
consumption of raw or inadequately cooked meat of snakes, frogs, and tadpoles infected
with the plerocercoid forms. In Europe, cases of people infected with sparganosis were
reported in foreigners coming from continents where the disease is endemic (Presti et al.
2015). However, humans may get infected even by drinking untreated water with
infected copepods (i.e., first intermediate hosts) or transcutaneous, applying the flesh
of infected snake or frog as a poultice to a wound as prescribed in Asian traditional
medicine (Liu et al. 2015).

32.4.4.3 Pentastomiasis
Pentastomids are a subclass of parasitic arthropods that represent a unique lineage
deriving from crustaceans. These exceptional parasites thrive within the respiratory
tract of vertebrates, such as Squamata reptiles (snakes and lizards), mammals
(canids), birds, and some species that are well-adapted to parasitize fishes (Gomez-
Puerta et al. 2020). However, species of pentastomids that represent a zoonotic
concern are typically associated with reptiles. Snake-associated pentastomids of
the genus Armillifer are highly pathogenic to their ophidian host, and several species
may cause zoonotic infections in Africa, such as Armillifer grandis and Armillifer
armillatus, and in Asia, particularly Armillifer moniliformis and Armillifer
agkistrodontis (Chen et al. 2010). Additionally, species of the genus Porocephalus
(Brookins et al. 2009) have been recorded infecting humans and dogs, whereas
Raillietiella infecting humans (Tappe et al. 2016). Armillifer parasitize snakes in
Africa and Asia and Porocephalus in America. The life cycles of Armillifer and
Porocephalus are heteroxenous, where adults are large and vermiform and infect the
lower respiratory tract of snakes, laying infective eggs with typical larvae, that are
excreted in the snakes feces. Intermediate hosts are represented by small mammals
(i.e., rodents), in which larvae develop to nymphs in connective tissues and paren-
chymatous organs (i.e., liver, spleen, lungs) (Tappe et al. 2014). On the other hand,
the genus Raillietiella (Fig. 2) is cosmopolitan, mainly recorded in in Africa, Asia,
Australia, and the Americas (Kelehear et al. 2011). Differently from Armillifer and
Porocephalus, Raillietiella spp. develop initially in insects as intermediate hosts
(e.g., cockroaches), whereas adults thrive in the lung of lizards or snakes and
amphibians (Walden et al. 2020).

Furthermore, species of pentastomids have been recorded in new geographical areas
other than those of their original description (Walden et al. 2020), associated to invasive
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reptile species (e.g., Raillietiella orientalis in Burmese pythons in United States;
Mendoza-Roldan et al. 2020), representing a risk of introduction of new zoonotic
species. For example, Raillietiella hemidactyli was recorded infecting Tarentola
mauritanica geckoes in a Southern island of Italy (Mendoza-Roldan et al. 2022).

Disease in Humans
Human pentastomiasis is associated with the consumption of raw reptile flesh, and
occasionally infection through contaminated environment by eggs represents a risk in
endemic areas (Tappe et al. 2011). Humans act as dead-end hosts where larvae cannot
develop, thus they ultimately encyst in connective tissues and parenchymatous organs.
Massive infections, which rarely lead to lethal cases, are believed to be associated with
ingestion of gravid females of Armillifer spp. (Ette et al. 2003). Even though they
occur frequently in some areas of West and Central Africa, human infections are
usually asymptomatic and are diagnosed incidentally by X-ray, ultrasonography, or
autopsy (Tappe et al. 2014). Indeed, postmortem prevalence in humans may be up to
23% in Central Africa and 40% in SAAsia (Burns-Cox et al. 1969). On the other hand,
R. hemidactyli was reported as a potential causative agent of “creeping disease” in
humans from Asia, probably due to larva migrans dwelling in the subcutaneous tissue
(Dollfus and Canet 1954). This infection was associated to the consumption of raw
meat of lizards. However, the ingestion of reptile secretions and feces may represent
another transmission route of pentastomids to humans (Mendoza-Roldan et al. 2020).

32.5 Conclusions

Reptile-associated zoonotic diseases have historically received little attention.
Although salmonellosis, pentastomiasis, and sparganosis are among the main zoo-
notic diseases, the role of reptiles as reservoirs and hosts of zoonotic pathogens,
mainly for vector-borne diseases (VBDs), has not been fully elucidated.

Fig. 2 Raillietiella hemidactyli found in the lung of Tarentola mauritanica gecko
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Furthermore, the recent COVID-19 pandemic has highlighted the risk that anthropic
pressures may exert on wild-animal populations, resulting in the emergence of new
zoonotic diseases. Certainly, studies focusing on monitoring reptile-borne pathogens
are advocated, in order to elucidate the origin of introduced parasites and the role of
reptiles as definitive, intermediate, and paratenic hosts in non-endemic areas. This
could contribute to reduce the risk of zoonotic transmission and, at the same time,
improve welfare and conservation efforts for these cold-blooded animals.

32.6 Cross-References

▶Cryptosporidium and Cryptosporidiosis: Trickle or Treat?
▶Vector-Borne Zoonoses
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Abstract

Wild birds are an extraordinarily diverse group of species that occupy a variety of
ecological niches. Concerns about the ability of birds to transmit pathogenic
organisms have arisen, mainly due to their ability to fly and travel long distances,
as well as their tendency to gather and travel in flocks. This chapter will address
the most relevant zoonotic agents and related public health risks associated with
wild birds, including Salmonella, Campylobacter, Chlamydophila psittaci, and
Escherichia coli, as well as agents for which wild birds may act as a reservoir
species (e.g., West Nile virus), and zoonoses that may be acquired from direct
exposure to or handling of wild birds (e.g., mites, ticks). Bacterial, viral, fungal,
and parasitic zoonoses with a minor, theoretical, or potential emerging risk of
infection will also be briefly discussed (e.g., avian influenza).
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33.1 Introduction

An estimated 10,000 different species of birds inhabit the earth (Li and Jiang 2014).
With the sheer number and diversity of species that exist, wild birds have adapted to
a vast number of ecological niches, and at least one species from the avian kingdom
can be found on every continent. The diversity of biological adaptations exhibited by
wild birds is impressive, with specializations in vision, smell, speed, and, most
importantly, flight (Caspermeyer 2016; Laguë 2017; Ponitz et al. 2014; Potier
et al. 2020). Birds (even flightless ones) have hollow bones, feathers, and a unique
respiratory system without dead space that allows them to take in oxygen during
inspiration as well as expiration. These, along with other physical adaptations, allow
birds to migrate exceedingly long distances (Hedenström 2008). In fact, the artic tern
(Sterna paradisaea) performs a record total migration of approximately 50,000 km
every single year, from the Artic to the Antarctic pole (Alerstam et al. 2019). Birds-
of-paradise are exotic and colorful birds with incredible displays of courtship that are
found in New Guinea and its surrounding islands, and are yet another sight to behold
(Irestedt et al. 2009). Members of the Psittacidae family (parrots) also exhibit marked
diversity in their coloration and appearance, and certain species have the unique
ability to learn and mimic human language, to communicate with us on our own
terms (Colbert-White et al. 2011). Birds of prey, or raptors, have particularly
specialized adaptations for hunting, with exceptional vision two to five times better
than humans (Guzman-Pando and Chacon-Murguia 2021), allowing them to main-
tain a visual target in a diving stoop at speeds the fastest of any living creature on
earth, achieving over 300 km/h for the peregrine falcon (Falco peregrinus) (Ponitz
et al. 2014; Tucker 1998). Another raptor, the vulture, performs Mother Nature’s
garbage disposal and is renowned for its ability to consume rotting flesh without any
adverse effects and, interestingly, can also safely consume animals that have
succumbed to anthrax, botulism, and other infectious diseases (Chung et al. 2015;
Zepeda Mendoza et al. 2018).

33.2 Wild Birds in Human History

In addition to their roles in the ecosystem as pollinators, food sources, and agents of
seed dispersal and pest control, birds have long been valued in practical, cultural, and
religious contexts across the world, throughout human history. Nearly every country
has its own recognized national bird, many of these chosen carefully for their
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symbolic value. Owls are widely recognized as a symbol of wisdom and knowledge,
eagles symbolize royalty and power, and the peacock is used as a symbol of
protection against evil spirits in Indigenous cultures. The dove is the ultimate symbol
of peace, innocence, and purity. Birds have also appeared in classic folklore and
mythology to convey important cultural messages, such as that of renewal and
rebirth, as with the immortal phoenix which cyclically dies in a burst of flames
and regenerates from its own ashes. Birds have also served practical purposes in
human culture, as with pigeon post, the ancient art of falconry, the ancient Japanese
tradition of cormorant fishing (i.e., birds trained to retrieve fish) (Kurihara et al.
2020), and the infamous honeyguides, which are a species of African bird that are
purportedly self-trained to guide humans to wild beehives (Spottiswoode et al.
2016). Wild birds have been hunted by humans, both for sport and as a source of
food, and, in some cases, they have been overhunted and are now gone forever, as
with the passenger pigeon (Ectopistes migratorius) (Horns and Şekercioğlu 2018).
For certain cultures, the use of falconry birds to hunt other animals is a 2000-year-old
tradition; the Mongolian rite of passage for young boys involves using golden eagles
(Aquila chrysaetos) on horseback to take down and capture other apex predators
such as foxes and wolves (Bolat 2016). Finally, wild birds are relied upon for more
somber purposes in Buddhist sky burial practices in China, Tibet, Mongolia, Bhutan,
and surrounding regions, in which the bodies of the deceased are prepared for
consumption by vultures; this practice has deep spiritual meaning and significance,
but also averts the practical challenges of performing burials or cremations in high-
altitude areas which are above the tree line and have permafrost (Lu et al. 2009).

33.3 Public Health Impacts of Wild Birds

Wild birds are widely regarded as sentinels of environmental pollution, since they
are often the first class of animal species to show signs of illness from toxins (e.g.,
DDT or dichloro-diphenyl-trichloroethane, Teflon™), hence the expression, “canary
in the coal mine” (Espín and Sánchez-Virosta 2021; Golden and Rattner 2003).
Conversely, there is an emerging body of evidence that suggests wild birds may be
an important source of pathogenic organisms that cause illness in people (Bengis
et al. 2004; Hamer et al. 2012; Sauvala et al. 2021). Over 50 different bacterial
pathogens have been isolated from a diversity of wild bird species, including
Salmonella, Campylobacter, Chlamydophila psittaci, Clostridioides difficile (for-
merly Clostridium difficile), and Pseudomonas (Chung et al. 2018; Greig et al. 2015;
Rodrigues et al. 2021; Sevilla et al. 2020; Stokes et al. 2021). In some cases, it
remains unclear whether wild birds are acting primarily as sentinels of environmen-
tal contamination with these pathogenic organisms, or if birds play a more substan-
tial role in the transmission and dissemination of these agents within the
environment (Smith et al. 2020). Challenges with sampling of wild birds further
complicate the study of potential zoonotic risks posed by birds; most research
sampling of wild birds (and indeed, other wildlife as well) is opportunistic, often
resulting in limited sample sizes with limited generalizability to the general
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population of wild birds being sampled (Vogt et al. 2020; Wobeser 2007). It appears,
however, that the prevalence of a given pathogen in a certain bird species can vary
greatly depending on the geographic region and season of sampling, as well as
access to features of the local environment (e.g., sewage, landfills) (Broman et al.
2002; Chung et al. 2018; Girdwood et al. 1985; Hald et al. 2016; Ito et al. 1988;
Kapperud and Rosef 1983; Kirk et al. 2002; Vogt et al. 2019).

In certain cases, identical strains of pathogenic organisms identified in human
outbreak cases and in wild birds were also epidemiologically linked (Alley et al.
2002; Collins et al. 2019; Kwan et al. 2014). With the advent of newer, high-
resolution typing methods using genomic data, the presence of identical strains in
wild birds and humans is consistent with transmission events (Collins et al. 2019;
Ford et al. 2019; Söderlund et al. 2019), but, overall, the evidence for a causal
relationship for many pathogens remains circumstantial, as the direction of potential
transmission between wild birds and humans is difficult to ascertain (Tsiodras et al.
2008). Nonetheless, the increasing burden of human illness due to enteropathogenic
organisms of unidentified origin (e.g., Salmonella, Campylobacter) has prompted
researchers to increasingly examine wild birds as a potential source of these partic-
ular zoonoses (Fonseca et al. 2020; Lynch et al. 2009). For other zoonoses, such as
Lyme disease (caused by the Borrelia burgdorferi sensu lato species complex) or
West Nile virus, wild birds represent a known reservoir species and may thus pose an
indirect risk to human health in the presence of competent vector species (Chancey
et al. 2015; Newman et al. 2015). Most people rarely come into direct contact with
wild birds or wild bird specimens (except for those involved in bird-banding
activities or wildlife rehabilitation); thus, it believed that the risk of transmission
of most zoonotic diseases from birds to humans is primarily through indirect
transmission, via exposure to contaminated, shared environments (Tsiodras et al.
2008). Fungal and bacterial diseases such as histoplasmosis and “parrot fever”
(caused by Chlamydophila psittaci) may be acquired from wild birds through
inhalation of aerosolized particles (Andersen and Vanrompay 2000; Deepe
Jr. 2018). Zoonotic diseases acquired through direct contact (i.e., ticks, mites,
Erysipelas) likely only represent a risk to those who regularly handle wild birds
(Tsiodras et al. 2008). The many theoretical environmental pathways of transmission
are complex and the major known and suspected routes are illustrated in Fig. 1. The
gregarious nature and ability of certain bird species to produce copious amounts of
fecal material, as starlings (Sturnus vulgaris) do, may contribute to environmental
contamination with pathogens harbored by wild birds, particularly in agricultural
contexts (Clark 2014). In these types of contexts, wild birds may directly contribute
to the burden of infection/colonization of pathogens among livestock species (e.g.,
cattle, poultry), with potential downstream implications for human health (Cabe
2021; Clark 2014; Hald et al. 2016). In general, the species of wild birds most likely
to contribute to environmental contamination are those which are often found in
large numbers in urban areas shared by humans and wildlife, especially aquatic
environments (Clark 2014; Minette 1986). As such, waterfowl, pigeons, and certain
passerine (i.e., songbird) species have been the focus of much research investigating
zoonotic disease risks associated with wild birds (Tsiodras et al. 2008).
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The following section will focus on zoonoses believed to have a major impact on
human health (i.e., Salmonella, Campylobacter, Escherichia coli, Chlamydophila
psittaci), for which wild birds are known reservoirs (i.e., West Nile virus, Borrelia
spp.), or which may be acquired through direct contact with wild birds (i.e., mites,
ticks). Bacterial, viral, fungal, and parasitic zoonoses with a minor, theoretical, or
potential emerging risk of infection will also be briefly discussed (e.g., avian
influenza, Cryptococcus, Sarcocystis). Although wild birds may contribute to the
transmission and dissemination of antimicrobial resistance (Greig et al. 2015), this
particular topic will not be addressed in this chapter.

33.4 The Usual Suspects

33.4.1 Salmonella

33.4.1.1 The Pathogen
Salmonella is a genus of Gram-negative rod-shaped bacteria belonging to the
Enterobacteriaceae family of organisms. Salmonella are broadly divided into two
major groups, referred to as typhoidal Salmonella (human-human transmission only)
and non-typhoidal Salmonella (animal-human transmission). Over 2500 serovars of
non-typhoidal Salmonella have been identified, which are determined based on the
presence of H and O surface antigens. Certain serovars are host-adapted and rarely
cause serious disease in their host species, but are likely to cause clinical illness in
another species. Infection with non-typhoidal Salmonella typically results in mild
gastrointestinal illness, but the immunocompromised, the elderly, and the young are

Fig. 1 Major known and suspected pathways for indirect feco-oral transmission of major bacterial
pathogens (Salmonella, Campylobacter, Escherichia coli) from wild birds to humans
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more likely to suffer serious, and potentially life-threatening, infections. Some
individual animals and humans maintain a persistent carrier state and actively shed
Salmonella in their feces, without suffering from any overt signs of clinical illness.

33.4.1.2 Epidemiology in Birds and Humans
The focus of this section will be on non-typhoidal Salmonella (i.e., Salmonella
enterica subsp. enterica), henceforth Salmonella, and its relevance to humans and
wild birds. Salmonella is responsible for a major global burden of illness in humans
across the world. A recent global estimate suggests that Salmonella infections result
in nearly 94 million cases and 155,000 deaths every year (Majowicz et al. 2010).
Salmonella is considered an endemic disease that is predominantly acquired through
the consumption of contaminated food or water, although outbreaks often occur as
well. The serovars most commonly implicated in human illness are S. Typhimurium
and S. Enteritidis, but a diversity of serovars have been implicated from a variety of
food and animal sources (e.g., S. Heidelberg, S. Infantis, S. Enteritidis). The pre-
dominant serovars causing illness in humans vary by country and continent and can
change over time. Most recently, S. Newport has emerged as a major cause of human
illness worldwide (Elbediwi et al. 2020).

It appears that certain strains of Salmonella are specifically adapted to wild birds
(most commonly S. Typhimurium) and rarely affect other animal species or humans.
Mass mortality events related to Salmonella and wild birds (particularly songbirds,
in association with garden bird feeders) have been recorded all over the world,
beginning in the 1950s (Mather et al. 2016). The scale of these mortality events can
be massive, with one study recording a total of 11,888 individual birds affected (Hall
and Saito 2008). The overall burden of these mortality events on bird populations is
unknown; although some suggest rapid recovery of populations following such
events, there is some evidence that the frequency of mortality events is continuing
to increase every year (12% annual increase in the United States over a 20-year
period) (Hall and Saito 2008). Mortality events associated with bird feeders typically
peak between January and April, reflecting the stress of cold winter months and low
food availability, along with high densities of different bird species and poor hygiene
at feeders that facilitate feco-oral transmission of Salmonella. Most commonly, pine
siskins (Spinus pinus), American goldfinches (Spinus tristis), northern cardinals
(Cardinalis cardinalis), house sparrows (Passer domesticus), and greenfinches
(Chloris chloris) are affected, but other species from the orders Piciformes (e.g.,
woodpeckers) and Columbiformes (e.g., pigeons) have also been affected (Hall and
Saito 2008). Despite widespread documentation of salmonellosis affecting birds at
bird feeding stations, a recent study examining over 200 bird feeders during the
winter months in both urban and rural settings in Poland failed to recover any
Salmonella (Frątczak et al. 2021), highlighting the variability in the geographic
occurrence of this organism in wild bird populations. Overall, the prevalence of
Salmonella among different wild bird species ranging from waterfowl to passerines
and gulls is typically less than 5% (Andrés et al. 2013; Dos Santos et al. 2020;
Navarro-Gonzalez et al. 2020), but the prevalence is variable and can be as high as
20–60% (Feare et al. 1999; Martín-Maldonado et al. 2019), depending on factors
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such as bird species and diet, geographic region, season, and proximity to anthro-
pogenic sources (i.e., landfills, sewage) (Benskin et al. 2009; Vogt et al. 2020). One
recent study comparing wild and captive Andean condors (Vultur gryphus) in
Argentina only recovered Salmonella in the captive condors (with a prevalence of
2.8% (n¼ 2/71) and not in wild condors (n¼ 0%, n¼ 0/56) (Wiemeyer et al. 2021).

Currently available evidence suggests that wild birds represent a reservoir of
Salmonella for a small proportion of all human Salmonella cases (Lawson et al.
2014), with the majority being attributable to livestock sources and food sources
such as raw or undercooked eggs (Thorns 2000). One study comparing the molecular
epidemiology of wild bird-associated Salmonella strains using PFGE (pulsed-field
gel electrophoresis) found that human cases with these strains mirrored the seasonal
peak and spatial occurrence in wild birds in England between 1993 and 2012
(Lawson et al. 2014). Additional cases of human outbreaks of Salmonella linked
to wild birds have been documented over the past several decades (Kapperud et al.
1998; Nesse et al. 2005; Penfold et al. 1979; Thornley et al. 2003). More recently, the
use of highly discriminatory methods using whole-genome sequencing data and
phylogenetics has revealed highly similar or indistinguishable Salmonella strains in
wild birds and sporadic human cases or outbreaks of disease (Bloomfield et al. 2017;
Collins et al. 2019; Ford et al. 2019; Fu et al. 2022; Mather et al. 2016; Söderlund
et al. 2019). Case-control studies have also identified contact with wild birds as a
potential risk factor for human Salmonella cases (Collins et al. 2019; Ford et al.
2019). Together, these findings provide compelling, but not definitive, evidence of
wild birds as a potential source of Salmonella for humans, since the directionality of
potential transmission has not yet been firmly established.

Wild birds are also thought to play a role in the dissemination and introduction
of virulent strains of Salmonella into new geographic regions, due to their ability to
travel and migrate long distances. Another major suspected route of indirect
transmission of Salmonella from wild birds to humans is the contamination of
water by aquatic bird species (Khalefa et al. 2021), and use of water for recrea-
tional purposes by humans, or irrigation of crops that are later consumed raw or
lightly cooked (Fig. 1). There is evidence from Australia and Sweden that com-
panion animals may also bridge the gap between wild birds and humans, particu-
larly with outdoor cats that hunt weakened, ill songbirds that are infected with
Salmonella, potentially causing salmonellosis in cats, colloquially known as
“songbird fever” (Simpson et al. 2018; Söderlund et al. 2019). Based on an
assessment of phage types and serotypes of almost 40,000 Salmonella isolates
from livestock and nearly 800 wild bird carcasses in Great Britain, there appears to
be minimal transmission (<1% overlap) between livestock and wild birds in Great
Britain (Pennycott et al. 2006).

33.4.1.3 Disease in Birds
Most birds infected with Salmonella are asymptomatic carriers and do not become
clinically ill. All bird species have the potential to become infected and clinically
ill in the presence of predisposing factors (starvation, cold weather, high popula-
tion densities), host susceptibility factors (stress, poor immunity, and young birds,
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in particular), and Salmonella strain virulence. Affected birds may appear blind
(due to neurological dysfunction), disoriented, and unable to fly, with ruffled
feathers and increased respiratory rates. Birds that are clinically affected typically
do not survive.

33.4.1.4 Disease in Humans
Salmonella infection in humans typically results in a mild gastroenteric illness (i.e.,
vomiting, diarrhea) lasting under 24 hours. Immunocompromised individuals and
the young and elderly are particularly vulnerable to Salmonella and may suffer more
serious consequences of infection, including systemic, multi-organ illness resulting
from bloodborne infections (i.e., septicemia) that can result in hospitalization or
fatality, depending on where the infection seeds in the body (Al Kaabi et al. 2021).

33.4.1.5 Public Health Importance
The overall burden of Salmonella in humans that is attributable to wild birds is
currently unknown since the indirect transmission pathways are so difficult to
characterize, namely, the interaction of wild birds with environmental reservoirs
and sources, companion animals, and livestock (Fig. 1). As a result of these many
possible routes of transmission and the considerable global burden of salmonello-
sis from foodborne sources (Fatica and Schneider 2011), it is plausible that
Salmonella contributes to one of the greatest burdens of disease in people,
among the various zoonoses transmitted from wild birds to humans. Evidence
from case-control studies assessing indirect contact with wild birds as a risk factor
for human Salmonella infections is not conclusive; one study found an increased
odds of exposure among cases compared to controls (odds ratio: 6.9, 95% confi-
dence interval: 2.3–21.0; Collins et al. 2019), but another failed to find an associ-
ation (MacDonald et al. 2018).

33.4.1.6 Public Health Measures
The most common and likely route of direct and indirect transmission is feco-oral;
thus, good hygiene is most useful in the prevention of salmonellosis. Although
discouraging domestic cats from hunting wild birds by placement of a bell on their
collar is likely to be of some benefit, the most effective preventive measure for this
disease is to clean bird feeders frequently (every 2 weeks), using gloves, especially
during the cold winter months. In general, it is recommended to avoid overfeeding
wild birds and creating an unhealthy reliance on anthropogenic food sources,
especially for food items that are not biologically appropriate, which may contrib-
ute to poor nutrition (e.g., bread). In warmer months, children and adults should
avoid submerging their heads in shallow beach water that may be contaminated
with feces from waterfowl and gulls. Those working in wildlife rehabilitation or
conducting bird-banding activities should practice good hygiene (i.e.,
handwashing) after handling birds and before consuming food. The risk from
handling wild birds is generally low, however, since mechanical transmission
from feathers, feet, or the oral cavity does not appear to be a major mode of
transmission (Navarro-Gonzalez et al. 2020).
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33.4.2 Campylobacter

33.4.2.1 The Pathogen
Campylobacter is a genus of Gram-negative spiral organisms that require specific
conditions in order to replicate; they are microaerophilic, meaning they require low
oxygen (~5% O2) conditions in order to grow. Campylobacter are also referred as
“thermophilic,” since they grow best at temperatures between 40 and 42 �C and will
not replicate below temperatures of 30 �C; if they are exposed to temperatures below
this, they may enter a state of senescence, or inactivation, where they do not
replicate, but may still cause infections in humans and animals. Due to their
fastidious nature and specific growth needs, Campylobacter can be difficult to
culture, but there is no consensus about which culture method is optimal (Jokinen
et al. 2012; Vaz et al. 2014). It is clear, however, that delays in processing of samples
can result in the death of the organism and false-negative test results. Campylobacter
undergo high rates of recombination and have high genetic diversity; thus, historical
typing methods such as PFGE are being superseded by novel typing methods like the
40-locus binary typing scheme (i.e., comparative genomic fingerprinting) developed
by Taboada et al. (2012), and high-resolution typing methods based on sequencing
data (Llarena et al. 2017). Campylobacter is considered a commensal organism of
the gastrointestinal tract of birds, since colonization is common (likely due to the
higher body temperature of birds, as compared to mammals), and the vast majority of
infected birds are clinically healthy. Infection with Campylobacter typically causes
mild gastrointestinal illness in people. Campylobacter jejuni is by far the most
common species identified in humans, with Campylobacter coli, Campylobacter
lari, and other Campylobacter species occurring at a lower prevalence (Man 2011).

33.4.2.2 Epidemiology in Birds and Humans
Campylobacteriosis has been documented as the leading cause of foodborne illness
in many countries around the world (Man 2011). Campylobacter infections in people
typically occur as sporadic events, but outbreaks do occur, often in relation to
untreated water and consumption of undercooked poultry products. It is believed
that the human burden of illness due to Campylobacter is systematically
underestimated due to the presentation of sporadic cases, typically self-limiting
illnesses, and the nature of passive surveillance programs (Thomas et al. 2013). A
seasonal pattern in the incidence of human Campylobacter cases has been widely
documented, with the greatest number of cases occurring during the summer
months. It has been hypothesized that this pattern is related to increased human
exposures to potential sources of Campylobacter during warmer months and during
outdoor activities (e.g., swimming) and picnics and the ability of the organism to
replicate in warmer temperatures.

Campylobacter has been isolated from a wide variety of wild bird species. Prev-
alence estimates are highly variable, ranging from 0% to 93% (Kürekci et al. 2021;
Lillehaug et al. 2005). The occurrence of Campylobacter is likely related to a host of
factors, including the species of interest, feeding habitats and the ecological niche
occupied, migration patterns, flock size, season, and geographic region of sampling
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(Benskin et al. 2009; Vogt et al. 2020). Birds such as crows and gulls that frequent
landfills and that live in close proximity to livestock and domestic animals are often
found with a higher prevalence of microorganisms, including Campylobacter (Hald
et al. 2016; Ito et al. 1988; Whelan et al. 1988). Even birds that exploit the same food
resources (e.g., all bird species which feed on insects) may vary in their carriage of
Campylobacter, as demonstrated by Waldenström et al. (2002), who demonstrated
differences in the prevalence of this organism among ground-foraging insectivores
(20.3%, n ¼ 14/69), arboreal insectivores (0.6%, n ¼ 3/464), and aerial insectivores
(0%, n ¼ 0/42). Seasonal peaks in the carriage of Campylobacter have been
documented in spring and fall seasons, but the timing of peak prevalence is not always
consistent and likely depends on a host of factors, such as bird species and behavior,
health status, and feeding habits, among others (Broman et al. 2002; Taff et al. 2016;
Vogt et al. 2020; Waldenström et al. 2002). Migration and larger flock sizes promoting
inter- and intra-species mingling during colder seasons are thought to increase the risk
of feco-oral transmission and contribute to Campylobacter infection, in addition to
increased survival of Campylobacter in cooler temperatures (Moriarty et al. 2012).

There is some evidence suggesting that the carriage of less common Campylo-
bacter species by wild birds is affected by exposures to this organism in their
immediate environment. For instance, Campylobacter coli is rarely isolated from
wild birds but is commonly isolated from pigs; two reports document an association
with this species of Campylobacter and wild birds sampled near swine farms or
swine manure (Hald et al. 2016; Vogt et al. 2019). Similarly, the occurrence of
Campylobacter lari in predominantly marine bird species such as gulls might be
related to the common occurrence of this species of Campylobacter in shellfish and
aquatic environments (Motarjemi and Adams 2006; Waldenström et al. 2002).
Further research is needed to clarify whether the presence of Campylobacter lari
in aquatic environments is predominantly driven by marine birds or if it originates
primarily from food sources and exposures in this environment.

Due to the fastidious nature of Campylobacter, which is prone to destruction by
UV radiation and desiccation, the type of sample used is a fundamental consideration
in the interpretation of prevalence estimates and risk assessments of wild birds. One
study comparing the utility of fecal samples from Bonelli’s eaglets (Aquila fasciata)
with cloacal swabs did not recover any Campylobacter from dried fecal samples in
the nest, but cloacal swabs from the same nestlings yielded a prevalence of 11%
(95% CI: 4–24%) (Martín-Maldonado et al. 2019). Another comparison of different
sampling techniques from a number of wild duck species found that the isolation of
Campylobacter jejuni was significantly greater in cecal specimens compared to
cloacal swabs (Luechtefeld et al. 1980).

Campylobacter is typically acquired through indirect feco-oral transmission of
the organism from animal feces to humans, via contaminated food or water, or
accidental exposure during outdoor activities (Fig. 1). Wild and domestic birds,
livestock, and pets are considered major reservoirs of Campylobacter. The following
have been identified as risk factors for human infection: consumption of raw or
undercooked poultry, consumption of unpasteurized milk, exposure to untreated
water, animal contact (livestock, pets), and outdoor activities (e.g., open water
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swimming) (Cody et al. 2019; Lévesque et al. 2013; Rukambile et al. 2019). Not all
human infections result in clinical illness. Children, due to their tendency of hand-to-
mouth behavior, are thought to be at a higher risk of Campylobacter infection from
environmental sources of animal fecal material, including playgrounds (French et al.
2009). The immunocompromised and the elderly are also at a greater risk of
infection with Campylobacter. Several human outbreaks have specifically been
linked to wild birds, including the consumption of milk from bottles with bird-
pecked tops (Riordan et al. 1993) and raw peas that were contaminated with fecal
material from sandhill cranes (Gardner et al. 2011; Kwan et al. 2014). Overall, these
scenarios appear to be exceedingly rare, and the contribution of wild birds to the
human burden of Campylobacter appears to be minor (<5% of human cases), based
on a body of work, including a systematic review, comparing bird isolates to human
clinical cases using multi-locus sequence typing (MLST) (Cody et al. 2015, 2019;
Kovanen et al. 2019; Lévesque et al. 2013; Mäesaar et al. 2020; Marotta et al. 2020).
A recent study comparing whole-genome sequencing data from wild bird isolates
along with other animal and human sources in the Netherlands also demonstrated
that wild birds contributed 0.4% (95% CI: 0.0–1.0%) to human cases (Mughini-Gras
et al. 2021). Additional source attribution studies incorporating genomic data are
needed to confirm these preliminary findings.

A major challenge with quantifying the contribution of wild birds to human
Campylobacter cases, however, is the multitude of complex transmission pathways
that exist (Fig. 1). The interaction of wild birds with poultry, livestock, and pets (other
known reservoirs of Campylobacter) represents an unquantified pathway of transmis-
sion and amplification of the organism. Phylogenetic analyses of Campylobacter
carried by wild birds have consistently demonstrated the presence of wild bird-specific
strains that have rarely, or never, been recovered from humans or domestic animals
(Aksomaitiene et al. 2019; Griekspoor et al. 2015; Kovanen et al. 2019; Weis et al.
2016). It is still unclear whether these strains have the potential to induce clinical illness
in people or if they are generally nonpathogenic. These wild bird strains often make up
the majority of Campylobacter strains found in waterways and rivers (Mughini-Gras
et al. 2016; Mulder et al. 2020; Shrestha et al. 2019). In addition, wild birds have been
shown to carry “generalist” Campylobacter strains found in a variety of animal sources
and previously documented in human cases of clinical illness (Aksomaitiene et al.
2019; Hepworth et al. 2011; Weis et al. 2016). Based on these findings, it appears that
wild birds represent a biological vector for transmission and dissemination of known
pathogenic Campylobacter strains from other sources, but determination of the patho-
genicity of host-adapted wild bird Campylobacter strains is needed.

33.4.2.3 Disease in Birds
Campylobacter is considered a commensal organism of all species of birds. Unlike
Salmonella, Campylobacter has rarely been documented in association with clinical
illness in wild birds. Although outbreaks of enteritis in domestic poultry have been
attributed to Campylobacter, overt illness in wild birds has not been documented –
only poor body condition – which could impact long-term survival (Taff and
Townsend 2017; Waldenström et al. 2010). In one assessment, Campylobacter
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infection did not affect the body condition, fledging success, or survival of American
crow (Corvus brachyrhynchos) nestlings (Taff and Townsend 2017).

33.4.2.4 Disease in Humans
The majority of Campylobacter infections in people result in self-limiting gastroin-
testinal illness (e.g., vomiting, diarrhea), but a small proportion of cases (<1%)
result in serious, long-term sequelae such as Guillain-Barré syndrome (Allos 2001).
Additional medical conditions have been documented in association with Campylo-
bacter, but a causal link has not yet been established for these conditions: esophageal
cancer, colorectal cancer, irritable bowel syndrome, and Barrett’s esophagus
(Igwaran and Okoh 2019).

33.4.2.5 Public Health Importance
According to the World Health Organization, Campylobacter is the most common
cause of bacterial enteritis across the world, and it is estimated to cause between
400 and 500 million infections every year (Igwaran and Okoh 2019). Unfortunately,
despite a large body of evidence documenting the carriage of Campylobacter by a
wide variety of wild bird species, their contribution to human cases remains unclear,
since major research gaps regarding the pathogenicity of wild bird strains of
Campylobacter remain, and assessment of potential spillover from wild birds to
humans requires modeling of the entire transmission pathway and not only preva-
lence assessments (Smith et al. 2020).

33.4.2.6 Public Health Measures
Since consumption of poultry and poultry products accounts for the vast majority of
Campylobacter infections in people, the most important measure to avoid infection
is to ensure these products are properly cooked and stored and avoiding cross-
contamination during meal preparation. Game meat (domestic and wild) is also
considered a potential source of Campylobacter (Seguino et al. 2018); thus, hygienic
meat handling measures also apply. Washing of fruits and vegetables prior to
consumption, especially for those consumed raw, is important, since Campylobacter
jejuni can survive up to 8 days on unwashed produce (Newell et al. 2016).
Handwashing and good hygiene is recommended after handling of poultry, live-
stock, and pets and following outdoor activities in areas where wild birds are
commonly found (e.g., parks). As with Salmonella, children should avoid submerg-
ing their heads underwater in shallow water that is also frequented by wild birds, and
practice good hygiene after playing outdoors, including playground areas. Ensuring
drinking water is treated is also recommended.

33.4.3 Escherichia coli

33.4.3.1 The Pathogen
Escherichia coli belong to a genus of Gram-negative, facultative anaerobic,
rod-shaped bacteria. They comprise the normal microflora of the gastrointestinal
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tract of mammals and birds, and most strains are harmless. In immunocompromised
people, or when normal gastrointestinal barriers have been breached, commensal
E. coli are capable of producing disease in the host. A subset of E. coli strains are
considered pathogenic, even in healthy individuals. Pathogenic E. coli are phyloge-
netically distinct from commensal E. coli and typically possess a variety of virulence
genes and mechanisms that allow them to cause disease in the intestinal tract or
survive in different niches outside of the gastrointestinal tract (i.e., extraintestinal
pathogenic E. coli). Pathogenic E. coli are characterized by different pathotypes,
depending where in the body they produce disease, and the typical clinical disease
they produce: enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC),
and uropathogenic E. coli (UPEC). Classification of these different pathotypes is
complex, and details are covered elsewhere (Kaper et al. 2004), involving a combi-
nation of virulence traits, genetic differences, and serotyping (e.g., O, H, and K
antigens). Birds, especially domestic poultry, are susceptible to clinical illness as a
result of infection with avian pathogenic E. coli (APEC), but most wild birds
colonized or infected with these E. coli do not exhibit any signs of clinical illness.
In addition to APEC, this section will focus on major groups of pathogenic E. coli
affecting humans that have been well-researched in wild birds, including Shiga
toxin-producing E. coli (STEC, also known as verotoxin-producing E. coli;
VTEC) and EPEC, as well as lesser-examined pathogenic E. coli, like UPEC.

33.4.3.2 Epidemiology in Birds and Humans
Worldwide, E. coli are the most common agent causing urinary tract infections; an
estimated 130–175 million human urinary tract infections occur every year, with
80% caused by UPEC strains (Russo and Johnson 2003). Women are more fre-
quently affected by UPEC, and commensal E. coli (non-UPEC strains) can also be
the cause of these infections. Rarely, urinary tract infections progress to kidney
infection (pyelonephritis) and result in kidney failure and possibly death. EPEC
strains are among the leading causes of diarrhea across the world and are predom-
inantly associated with children (Alonso et al. 2017). In developed countries, EPEC
is occasionally responsible for outbreaks in pediatric wards and day care centers. A
considerable proportion of childhood diarrhea in developing countries is attributed
to EPEC, and in some countries, outbreaks have resulted in mortality rates as high as
30% (Senerwa et al. 1989).

Shiga toxin-producing E. coli (STEC, also known as VTEC) are the predominant
cause of bloody diarrhea in humans, and serotype O157:H7 is the most important
and well-known STEC strain in North America, United Kingdom, and Japan, but
other serotypes have also been identified (e.g., O26, O111), and more than 400 O:H
types of STEC are associated with human infections (Alonso et al. 2017; Kaper et al.
2004). Children are particularly vulnerable to STEC infections, and the infection can
progress to hemolytic uremic syndrome and may result in acute kidney failure and
possibly death. STEC infections are the leading cause of hemolytic uremic syndrome
in humans. Many serogroups have been associated with HUS outbreaks in people,
including O26, O45, O103, O111, O121, and O145 (Kuehne et al. 2016). The major
pathogenicity factor of STEC is Shiga toxin, or Shiga-like toxin (verocytotoxin),
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conferred by genes stx1, stx2, and others (Kobayashi et al. 2009). Humans can
acquire STEC from other infected humans, domestic animals (including livestock
and pets), contaminated drinking water, or foodborne exposures (e.g., undercooked
meats, contaminated produce). Cattle are considered the main reservoir of STEC, but
wildlife, including wild birds and wild mammals, have been shown to carry patho-
genic E. coli, including STEC (Espinosa et al. 2018).

Avian pathogenic E. coli (APEC) are considered a bird-adapted pathotype of
E. coli and frequently colonize and infect domestic and wild birds without causing
any clinical illness. APEC is particularly known for causing outbreaks in domestic
poultry worldwide, with considerable mortality rates (~20%) and significant eco-
nomic losses for the poultry industry (Bélanger et al. 2011). Also known as avian
colibacillosis, APEC causes a variety of infections in birds, including systemic
illnesses (e.g., septicemia, air sacculitis, death) and local syndromes (e.g., cellulitis).
Although not all APEC are zoonotic, a subset of these pathotypes has been
documented to cause illness in people; worldwide, O2 is one of the serogroups
most associated with zoonotic APEC strains (Moulin-Schouleur et al. 2007). Less is
known about the epidemiology of APEC in wild birds, since this pathotype is rarely
associated with clinical illness in wild birds, and the zoonotic potential of most
APEC strains is suspected, but not confirmed (Jørgensen et al. 2019).

Virulence-associated genes (VAGs) found in various E. coli pathotypes have
consistently been identified among wild bird populations. Unfortunately, the pres-
ence of such virulence genes alone does not confirm pathogenicity of E. coli strains,
as further testing is typically required, and, oftentimes, the identification of VAGs in
wild birds represents a preliminary scan for potentially harmful E. coli (Knöbl et al.
2011). In some cases, the presence of certain VAGs is often used to imply pathoge-
nicity, such as with Shiga toxin genes (e.g., stx1, stx2), but not all STEC strains
possessing these genes are pathogenic to humans, and additional genes are often
required for cellular invasion (e.g., eae). Nonetheless, the characterization of poten-
tially pathogenic E. coli in wild birds provides an important first step in assessing
potential zoonotic risk from these species.

The overall prevalence of STEC in wild birds likely varies due to factors
discussed in the previous sections (e.g., bird species, geographic region), but prev-
alences between 0% and 1% are commonly found (Alonso et al. 2017; Bolton et al.
2012; Borges et al. 2017; Gaukler et al. 2009; Sanches et al. 2017). Several studies of
feral pigeons (Columba livia domestica) and certain setting of wild birds, such as
wildlife rehabilitation centers, have demonstrated higher prevalences of STEC,
between 10% and 15% (Morabito et al. 2001; Russo et al. 2021; Schmidt et al.
2000). A meta-analysis of studies examining the prevalence of STEC among North
American breeding bird species reported an overall prevalence of 20% (�6.3%
standard error; n ¼ 9185 individuals, 36 studies) (Smith et al. 2020). Studies
characterizing the probable pathogenicity of E. coli from wild birds based on their
phylogroup (i.e., A, B1, B2, D) have documented the presence of both pathogenic
and nonpathogenic strains in wild birds, and their occurrence appears to be species-
dependent (Borges et al. 2017; Kuczkowski et al. 2016; Oh et al. 2011; Rybak et al.
2022). There is some research to suggest that wild birds in captivity are more likely
to carry pathogenic E. coli or virulence genes than free-living wild birds (Blyton
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et al. 2015; Díaz-Sánchez et al. 2012). There is limited available literature regarding
the prevalence of other E. coli pathotypes, but, like STEC, it appears that the
prevalence of EPEC among wild birds is also highly variable (2–70%) (Borges
et al. 2017; Oh et al. 2011; Sanches et al. 2017).

Transmission of pathogenic E. coli (VTEC/STEC) between wild birds and
livestock in farm environments is likely, based on overlap in strains determined
using molecular typing (e.g., PFGE, single-nucleotide polymorphisms) (Navarro-
Gonzalez et al. 2020; Nielsen et al. 2004; Rapp et al. 2021), serotyping (Fahim et al.
2019), and studies of experimental infection and transmission (Kauffman and
LeJeune 2011). Exchange between cattle and starlings is thought to be common,
since these livestock species are often housed with access to the outdoors, and wild
birds often congregate in large numbers in barns and defecate near or onto animal
feed, facilitating feco-oral transmission of the organism to cattle. In contrast with
wild birds, however, the prevalence of STEC in cattle has been shown to be several
orders of magnitude larger; one study of wild birds and cattle in California assessed
the prevalence in cattle to range from 4.5% to 65%, depending on the season,
whereas the prevalence in birds in the same study was <1% for all STEC strains
(both O157 and non-O157) (Navarro-Gonzalez et al. 2020). There is some evidence
supporting zoonotic transmission of pathogenic E. coli between wild birds and
humans for APEC strains, based on serotyping (Kobayashi et al. 2009) and sequence
typing (Handrova and Kmet 2019; Johnson et al. 2008). Recent assessments using
comparative genomics are suggestive of inter-species transmission of pathogenic
E. coli between humans, wild birds, dogs, and environmental sources (e.g., water)
for sequence type 131 (a UPEC strain) (Li et al. 2021) and sequence type
410 (Schaufler et al. 2016). Concerns about migration and long-distance dissemina-
tion of pathogenic E. coli clones by wild birds are substantiated in part by the
identification of a sequence type 131 O25 of human origin in wild birds living on
a remote Russian island lacking human presence (Hernandez et al. 2010). Con-
versely, it should not be assumed that wild birds necessarily are a major driver of
human infections with certain pathogenic E. coli; recent work addressing gaps about
whether feral pigeons are responsible for human STEC infections (specifically
related to the stx2f gene) using a whole-genome MLST scheme demonstrated no
overlap between pigeon and human strains (van Hoek et al. 2019).

33.4.3.3 Disease in Birds
Outbreaks of mortality related to E. coli have rarely been documented in wild birds,
but in some instances, these outbreaks been associated with bird feeders, similar to
Salmonella (Pennycott et al. 2002). E. coli infections in wild birds have also been
associated with enteritis and diarrhea, caused by pathotypes such as EPEC or ETEC.
More commonly, E. coli are responsible for opportunistic infections in domestic
birds, often resulting from host stress, poor hygiene (e.g., APEC in poultry), or
hypovitaminosis A (especially in parrots). Affected birds may exhibit depression,
fever, yellowish/greenish droppings, and localized (e.g., cellulitis) or generalized
infections (e.g., septicemia, air sacculitis, death). Clinically healthy wild birds have
been demonstrated to carry E. coli that are considered pathogenic to humans.
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33.4.3.4 Disease in Humans
Depending on the pathotype, clinical signs of E. coli infection in people are variable.
As discussed above, two general syndromes occur: intestinal disease and extra-
intestinal disease (e.g., meningitis, urinary tract infections). The severity of these
infections can vary depending on host factors (e.g., stress, immune status), and
pathogenic E. coli cause illness in immunocompetent individuals. A subset of
STEC cause bloody diarrhea (e.g., E. coli O157:H7) and are more likely to result
in complications in children and the elderly, the most important of which is hemo-
lytic uremic syndrome, which can result in acute renal failure and death.

33.4.3.5 Public Health Importance
The degree to which wild birds contribute to the human burden of E. coli illness is
complicated by the difficulties in determining whether E. coli isolated from wild
birds are pathogenic or nonpathogenic, since there is no single gold standard test for
determination of pathogenicity status (Knöbl et al. 2011). In addition, E. coli are
often considered secondary invaders; thus, the pathogenicity of an E. coli strain may
depend on host factors (e.g., stress) and environmental factors (e.g., hygiene), as well
as the location of infection. The bulk of existing research in wild birds currently
assesses only a subset of E. coli known to be pathogenic to humans (predominantly
STEC), but other pathotypes may also cause disease in people. In particular, the
zoonotic potential of APEC found in wild birds merits further research. Nonetheless,
the identification of similar or identical strains of E. coli in wild birds, human clinical
cases, other animals, and environmental samples using comparative genomics offers
some evidence of zoonotic transmission (Li et al. 2021; Schaufler et al. 2016).

33.4.3.6 Public Health Measures
Similar to other agents of foodborne illness discussed above, practicing good hygiene
and careful preparation and cooking of food are important for the prevention of exposure
to pathogenic E. coli. Similarly, treatment of drinking water is recommended. Due to its
extremely low infectious dose (<100 cells) (Kaper et al. 2004) and ability to persist for
several weeks in water and in outdoor environments (McGee et al. 2002), caution is
recommended regarding recreational activities in water during the summertime.
Avoiding ingestion of untreated water or underwater submersion in outdoor recreational
areas close to agricultural regions following heavy precipitation is advised. Although
E. coli have rarely been recovered from the exterior of wild birds (i.e., feet and feathers)
(Navarro-Gonzalez et al. 2020), the route of transmission is generally feco-oral; thus,
handling of wild birds is not considered a high-risk activity for transmission of this
organism, but good hygiene (i.e., handwashing) should always be practiced.

33.4.4 Chlamydophila psittaci

33.4.4.1 The Pathogen
Chlamydophila psittaci (formerly Chlamydia psittaci) is a Gram-negative, obli-
gate intracellular bacterium for which birds are considered a major reservoir, but
this organism is also present in domestic and wild mammalian species (Perez-
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Martinez and Storz 1985). This organism is the causative agent of the rare, but
important, zoonotic disease known as psittacosis, or “parrot fever” in humans. It
was originally believed that only parrots transmitted this organism, but it has since
been determined that over 450 bird species can carry C. psittaci (Sukon et al.
2021), including domestic poultry (chickens and turkeys), and the preferred name
for the disease in humans is now “ornithosis.” Ornithosis results in an atypical
pneumonia in some people, but most infected people remain asymptomatic
(Harkinezhad et al. 2009). Similarly, birds can remain asymptomatic with
C. psittaci infection, but they can also develop severe, systemic respiratory illness
(avian chlamydiosis).

33.4.4.2 Epidemiology in Birds and Humans
Human cases of ornithosis are distributed worldwide and typically occur as
sporadic cases, although outbreaks have been reported in association with poultry
processing plants (Hinton et al. 1993). Additional outbreaks have been reported in
communities (Williams et al. 1998) and in association with the handling of an
injured wild bird in a veterinary clinic (Branley et al. 2008). This disease can be a
difficult one to diagnose, due to a lack of sensitive and specific testing methods and
limited awareness of this rare zoonotic disease (Chaber et al. 2021). Most human
cases of ornithosis are self-limiting, while others require hospitalization, but
infections rarely cause death. Ornithosis usually presents as an atypical pneumonia
that is unresponsive to conventional treatments. Although ornithosis has typically
been described as an occupational risk for those working with wild and domestic
birds (e.g., pet store employees, bird-banders, zookeepers, poultry workers), the
risk factors for infection with C. psittaci appear to differ from the risk factors for
clinical illness due to C. psittaci. Contact with birds (particularly parrots and
pigeons) is a well-recognized risk factor for exposure to C. psittaci (Harkinezhad
et al. 2009), but this factor is poorly predictive of whether someone will develop
ornithosis; thus, additional research is needed to clarify what additional factors
need to be present for the development of clinical disease (Olsen et al. 1998;
Williams et al. 1998).

Like other pathogenic bacterial agents, the prevalence of C. psittaci varies by
geographic region and host species (Stokes et al. 2020). One study of the genetic
variability of C. psittaci among pigeon in different regions of Switzerland based
on MLST found distinct sequence types in different areas, suggesting limited
exchange of the organism between different pigeon populations (Mattmann et al.
2019). Prevalences between 0% and 95% of C. psittaci have been recorded in a
wide range of bird species (Prukner-Radovcić et al. 2005; Stokes et al. 2021). In
addition to parrots, pigeons and other birds of the order Columbiformes are
generally considered to be major reservoirs of this organism (Bracewell and
Bevan 1986). Most infected wild birds are asymptomatic carriers, but some
persistently infected individuals can shed the organism in their feces intermit-
tently or develop clinical illness during periods of stress (e.g., breeding, migra-
tion) (European Commission 2002). Outbreaks of avian chlamydiosis have been
documented in wild birds (Franson and Pearson 1995; Grimes et al. 1966), but the
frequency of these events appears to be on the decline (Andersen and Vanrompay
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2000), along with evidence of decreasing prevalence of C. psittaci infections
among pigeons in Slovenia over a 13-year period (Dovč et al. 2004).

A total of nine genotypes of C. psittaci have been identified, which are considered
host specific: genotype B in pigeons, genotype A in psittacines, genotype M56 in
rodents (Liu et al. 2019). There is some evidence that certain C. psittaci strains are not
zoonotic or do not readily infect non-host species; Johnson and Grimes (1983)
demonstrated that C. psittaci originating from ruminants does not infect wild birds,
and Olsen et al. (1998) found that strains carried by wild songbirds (passerines) are
rarely infectious to humans. Further research is needed to clarify the significance of
C. psittaci in wild birds and their zoonotic potential. Additional research is also needed
to confirm findings of higher prevalences of C. psittaci infection among wild or
domestic birds in captivity versus those that are free-living in natural environments
(Amery-Gale et al. 2020; Liu et al. 2019; Soon et al. 2021). However, challenges with
diagnosis of this disease/infection also apply to birds, due to a lack of sensitive and
specific testing methods (Luján-Vega et al. 2018) and intermittent shedding of the
organism by persistently infected birds. Thus, it is recommended to obtain multiple
samples from birds (e.g., pharyngeal swabs, cloacal swabs, and fecal samples) to
ensure maximum testing sensitivity.

33.4.4.3 Disease in Birds
The majority of birds remain asymptomatic with C. psittaci infection, but it is
believed that periods of stress can result in individuals progressing to clinical
disease. Signs of infection include respiratory signs, conjunctivitis, purulent rhinitis,
yellow-green droppings, polyuria, and lethargy. Particularly among domestic fowl,
outbreaks may result in high morbidity and mortality (Sachse et al. 2015), but
outbreaks are rare among wild bird populations.

33.4.4.4 Disease in Humans
Ornithosis typically presents as a flu-like illness, often with the following clinical
signs: fever, malaise, headache, myalgia, and chills. People may or may not expe-
rience a dry cough. Disease may progress to pneumonia. Ornithosis is rarely fatal.

33.4.4.5 Public Health Importance
Overall, ornithosis is considered a rare disease in humans, in spite of probable under-
reporting of mild cases and missed diagnoses. It has been estimated that 1% of
community-acquired pneumonia is caused by C. psittaci (Hogerwerf et al. 2017).
However, since severe cases require prompt antimicrobial treatment, obtaining an
accurate diagnosis using multiple tests (e.g., culture, serology, PCR) is paramount to
the reduction of morbidity and mortality in affected people (Vande Weygaerde et al.
2018).

33.4.4.6 Public Health Measures
Transmission of C. psittaci is typically through inhalation of dust containing the
organism or via ingestion of contaminated material (fecal material, secretions). The
organism has been shown to survive in feces and bedding for up to 30 days (Sachse
et al. 2015); thus, cleaning and disinfection are very important to remove the
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environmental burden of C. psittaci among birds in captivity (including wild birds).
Ensuring good ventilation and lowering the humidity of indoor environments hous-
ing birds will also help to decrease the risk of transmission, as will the use of
personal protective equipment while cleaning bird mews. People who often work
in close contact with wild or domestic birds are at increased risk of infection, but not
necessarily clinical illness (Olsen et al. 1998; Williams et al. 1998), but good hygiene
measures and frequent handwashing for those handling and in close contact with
birds are still recommended. Most importantly, an awareness of this disease is likely
to be most useful for those in occupations with frequent contact with birds, should
they become ill, so that they can flag this disease for their attending physician, if
necessary. Human-to-human transmission is rare; thus, quarantine or isolation of
affected individuals is not indicated.

33.5 Ectoparasites of Wild Birds with Zoonotic Risks

Wild birds may also be carriers of mites and ticks that possess zoonotic potential. Mites
such as the poultry red mite (Dermanyssus gallinae) have been found on wild birds and
are capable of causing a rash in humans, often on the legs (George et al. 2015). Ixodes
spp. ticks (hard ticks) can sometimes be found parasitizing wild birds and are competent
vectors of Lyme disease, caused by the Borrelia burgdorferi s.l. species complex. Wild
mammals such as deer and mice are considered themajor wildlife reservoirs of Borrelia
spp., but wild birds represent another competent reservoir of these organisms. Follow-
ing the bite of an infected tick, many people initially experience a flu-like illness with a
bull’s-eye rash (erythema migrans) at the site of the tick bite and later progress to
arthritis with swelling of the joints, cardiac signs, nerve pain, headaches, and chronic
fatigue (Steere et al. 1998). Diagnosis and treatment of Lyme disease in humans is
challenging; thus, prevention of exposure to infected ticks is considered key. Tick
checks and prompt removal (including the head and mouth parts of the tick) following
contact with wild birds are recommended, since it generally takes >24 hours for
transmission of Borrelia spp. to occur (Hojgaard et al. 2008).

33.6 Wild Birds as Reservoirs of Viral Diseases

A number of viral diseases affect wild birds, including reportable diseases such as
Newcastle disease virus. The two major viruses highlighted in this section represent
viruses for which wild birds are a significant reservoir and may or may not cause
clinical disease in people, but they pose a real or theoretical risk due to their
widespread, global distribution among wild bird populations.

33.6.1 West Nile Virus

West Nile virus is a member of the Flavivirus genus. Avian species represent a major
reservoir of these viruses, for which mosquitoes (primarily Culex spp.) are required
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for transmission to humans and horses, both of which are considered dead-end hosts
(no viral replication occurs). Raptors (hawks, owls) and corvid species (crows,
ravens, jays) are particularly susceptible to infection with West Nile virus (Nemeth
et al. 2007). Following the initial introduction to the virus to various parts of the
world in recent decades, widespread mortality was observed in wild bird populations
(Habarugira et al. 2020). Characteristic neurological signs in affected birds include
head tilt, tremors, loss of coordination, weakness, convulsions, and possibly death.
Overall, there is evidence of population recovery in many, but not all, bird species
(Kilpatrick and Wheeler 2019). Most people infected with West Nile virus experi-
ence a mild, flu-like illness that is self-limiting. Other people, especially immuno-
compromised individuals, are more likely to suffer serious effects, such as
meningitis, encephalitis, optic neuritis, or paresis.

33.6.2 Avian Influenza Virus

Avian influenza belongs to the Orthomyxoviridae family of viruses. There are three
classes of avian influenza viruses, A, B, and C; the most important type in the context
of zoonoses are type A viruses. These viruses can infect both humans and birds, but
they are considered a disease of birds, not humans, and the disease is thus colloquially
referred to as the “bird flu.”Wild birds are considered a reservoir of these viruses and
have the potential to introduce new strains over long distances due to their migratory
capabilities. Avian influenza viruses have a high propensity for rapid genetic mutation,
and there is a concern that strains of these viruses can suddenly develop into highly
pathogenic strains (Stephenson and Democratis 2006). Highly pathogenic avian
influenza virus subtype H5N1 has caused outbreaks in both people and domestic
fowl in many parts of the world since the zoonotic strain was first detected in 1997
(Stephenson and Democratis 2006). Evidence of transmission between poultry and
humans exists, but the risk of transmission from wild birds to humans remains
theoretical (Koopmans et al. 2004; Tsiodras et al. 2008). Clinical signs of infection
in people and birds are typical of influenza viruses, including respiratory signs,
keratoconjunctivitis, fever, and diarrhea. Some cases may progress to more serious,
potentially life-threatening illness, such as encephalitis.

33.7 Zoonoses of Wild Birds with Minor, Theoretical,
or Unknown Risks

A variety of bacterial, fungal, and parasitic pathogens have been isolated from wild
birds, including, but not limited to, Yersinia spp., Listeria monocytogenes, Crypto-
sporidium spp., Cryptococcus neoformans, Histoplasma capsulatum, andMycobac-
terium avium (avian tuberculosis) (Kozdrun et al. 2015; Tsiodras et al. 2008). For
some of these pathogens, it appears that immunosuppression is a major risk factor for
disease (M. avium, C. neoformans, H. capsulatum), along with exposure to soil
contaminated with bird or bat droppings (C. neoformans, H. capsulatum). For other
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organisms, it is unclear whether wild birds are drivers of disease transmission or if
they primarily act as sentinels of environmental contamination from other primary
sources (e.g., livestock); thus, further research using high-resolution molecular
typing methods is needed to clarify what role birds play in the transmission of
these pathogens to humans.

Botulism is another disease of wild birds that is responsible for die-offs that can
number into the hundreds of individual birds (Lima et al. 2020). The
bioaccumulation of the botulism toxin in the food chain, from algae to fish, and
then to fish-eating birds, causes paralysis of respiratory muscles and, ultimately,
death. The toxin produced by Clostridium botulinum, the causative bacterial agent, is
also capable of causing serious illness in people and their pets (i.e., life-threatening
paralysis), following ingestion of contaminated material (i.e., affected deceased
birds or fish containing the botulinum toxin).

Hunters should be aware of Sarcocystis spp. parasitic organisms that appear as
small grains of rice in the breast meat of affected birds (usually waterfowl); although
cooking the meat destroys the parasite, rendering it inactive, it is recommended to
discard meat containing large cysts (Costanzo 1990).

33.8 Cross-References

▶Campylobacter: Animal Reservoirs, Human Infections, and Options for Control
▶Cryptosporidium and Cryptosporidiosis: Trickle or Treat?
▶Enterohemorrhagic E. coli (EHEC): Environmental-Vehicle-Human Interface
▶The Zoonotic Agent Salmonella
▶Vector-Borne Zoonoses
▶West Nile Virus: From Africa to Europe, America, and Beyond
▶Zoonoses Transmitted by Poultry
▶Zoonotic Transmission of Chlamydia spp.: Known for 140 Years, but Still
Underestimated
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Abstract

Bats are increasingly implicated as hosts of zoonotic and potentially zoonotic
pathogens. As a whole, chiropterans now represent the largest known reservoir of
emerging viruses (Calisher et al. 2006; Wong et al. 2007). Among the 60 viral
species currently associated with bats, 59 are RNA viruses of importance in the
current generation of emerging and reemerging human infections (Wong et al.
2007). Lyssaviruses, paramyxoviruses, filoviruses, and coronaviruses are among
viral those pathogens impacting the health and well-being of both people and
nonhuman animals around the globe. In comparison to the studies conducted on
viral infections, much less attention has been paid to the nonviral pathogens of
zoonotic importance within bat populations (Frick et al. 2010; Reichard and Kunz
2009; Van Brussel and Holmes 2021). This is changing, however, as more
research is now being conducted to detect and describe bacteria ranging from
vector-borne to enteric pathogens, as well as protozoan parasites, and fungal
agents in a variety of bat hosts. This chapter focuses on zoonotic pathogens that
bats can harbor and potentially transmit to humans.

Keywords

Zoonoses · Bats · Chiropters

34.1 Introduction

Bats are increasingly implicated as hosts of zoonotic and potentially zoonotic
pathogens. As a whole, chiropterans now represent the largest known reservoir of
emerging viruses (Calisher et al. 2006; Wong et al. 2007). Among the 60 viral
species currently associated with bats, 59 are RNA viruses of importance in the
current generation of emerging and reemerging human infections (Wong et al. 2007).
Lyssaviruses, paramyxoviruses, filoviruses, and coronaviruses are among those
pathogens impacting the health and well-being of both people and nonhuman
animals around the globe. In comparison to the studies conducted on viral infections,
much less attention has been paid to the nonviral pathogens of zoonotic importance
within bat populations (Frick et al. 2010; Reichard and Kunz 2009; Van Brussel and
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Holmes 2021). This is changing, however, as more research is now being conducted
to detect and describe bacteria ranging from vector-borne to enteric pathogens, as
well as protozoan parasites, and fungal agents in a variety of bat hosts.

The many emerging infectious diseases associated with chiropteran species can
have major impacts on both ecosystem and public health (Calisher et al. 2006;
Mühldorfer 2013; Wibbelt et al. 2010; Wood et al. 2012). As such, the scope of
this chapter is to provide an overview of those potential bat-related zoonoses and
their clinical relevance to people. With increased disease surveillance and a trend
toward more human contact with bat populations, it is likely that additional zoonotic
diseases will continue to be identified. Bat infection dynamics are driven by a
complex interplay of ecological, immunological, behavioral, and anthropogenic
factors (Hayman et al. 2013). Interdisciplinary work will be needed in the future to
better understand the drivers of disease emergence in bat populations and ultimately
mitigate the threats that face both people and bats themselves.

34.2 Viral Zoonoses

34.2.1 Rhabdoviridae

34.2.1.1 Rabies and Rabies-Related Viruses
Among bat-associated viral zoonoses, rabies (RABV) is certainly one of the most
widespread in a broad range of bat species and around the world, with several new
lyssaviruses identified in recent years. In several countries considered to be free of
terrestrial rabies, rabid bats and human cases of bat-associated rabies have been
identified in the last decades, such as in Australia where three human cases have
occurred and in the United Kingdom, with one human case in Scotland (Banyard
et al. 2011; Fooks et al. 2003). In Latin America, more human rabies cases are now
related to bat exposure (especially vampire bats) than to dog bites (Condori-Condori
et al. 2013). There are 19 known Lyssaviruses identified, 17 of them being present
in bats: Aravan, Australian, Bokeloh, Duvenhage, European bat 1 and bat
2, Gannoruwa, Irkut, Khujand, Kotalathi, Lagos bat, Lleida, Malto, rabies, Shimoni,
Taiwan, and West Caucasian (Fooks et al. 2021; Van Brussel and Holmes 2021).

Although the opportunity for lyssavirus cross-species transmission seems rare,
adaptation in a new host and the possibility of onward transmission to humans
require continued investigation (Fooks et al. 2021). Host switching of RABV from
bats appears to be more frequent in the Americas, while events involving other Old
World (Africa, Europe, and Asia, or Afro-Eurasia) lyssaviruses appear to be rare
(Fooks et al. 2021).

In Latin America, a review of the literature through 1990 reported 330 cases of
bat-transmitted human rabies (Schneider et al. 2009). These cases, along with PAHO
data to the end of 2006, revealed 637 reported cases of bat-transmitted human rabies
in Latin America. Of 199 human cases transmitted by bats during the period
1996–2006, 146 (73%) were transmitted by vampire bats, 16 (8%) by nonvampire
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bats, and 37 (19%) with no species reported (Schneider et al. 2009). Between 2009
and 2018, 70% (134) of the 192 human cases reported in South America were related
to bat exposure, mainly vampire bats, especially in Peru (Meske et al. 2021). For
instance, in Peru, during 2002–2007, 293 (77%) of the rabies cases diagnosed were
associated with vampire bats, whereas 87 (23%) were related to dog rabies virus
variants (Condori-Condori et al. 2013). It was also shown that vampire bat rabies
variants spread gradually and involve different vampire bat subpopulations with
different transmission cycles. Bovine paralysis caused by rabid vampire bat bites
also has a major economic impact on cattle production in Mexico and several South
American countries (Streicker et al. 2012). Emergence of rabies in insectivorous bats
in several countries in Latin America (such as Argentina, Brazil, Chile, Peru, and
Uruguay) has also been reported.

A study took advantage of recent outbreaks of vampire bat rabies among livestock in
the Sao Paulo region of Brazil to test whether seroprevalence inD. rotundus reflects the
incidence of rabies in nearby livestock populations (Megid et al. 2021). Sixty-four
D. rotundus were captured during and after outbreaks from roost located in municipal-
ities belonging to three regions with different incidences of rabies in herbivores. Sixteen
seropositive bats were then kept in captivity for up to 120 days, and their antibodies and
virus levels were quantified at different time points using the rapid fluorescent focus
inhibition test (RFFIT). Antibody titers were associated with the occurrence of an
ongoing outbreak, with a higher proportion of bats showing titer >0.5 IU/ml in the
region with a recent outbreak. However, low antibody titers were still detected in bats
from regions not reporting a rabies outbreak for the last 3 years prior to sampling. It
clearly shows that serological surveillance of rabies in vampire bats can be used as a
tool to evaluate the risk of outbreaks in cattle and human populations at risk.

Vaccination is the most effective measure to control rabies in cattle. Similarly,
reduction of hematophagous bat populations, using anticoagulants, is a treatment
that has also been used since the 1970s. However, this measure is temporary, and it
destabilizes vampire populations, causing replacement of animals and consequently
displacements of infectious foci (Benavides et al. 2020). Furthermore, using poison-
ous substances, such as anticoagulants, could affect beneficial animals such as
scavengers or insectivores and frugivorous bats.

Since the 1990s, vaccination of bats against rabies has been considered as a useful
tool by creating an immune barrier that prevents the spread of the virus, similar to
what is done through oral rabies vaccination campaigns in foxes and raccoons
(Aguilar-Sétien et al. 1998, 2002; Almeida et al. 2008). This concept has recently
been reconsidered in several works (Cárdenas-Canales et al. 2020; Gilbert et al.
2020; Stading et al. 2017; Turmelle et al. 2010). This methodology would have the
advantage of not using lethal procedures, while preventing the spread of virus.

In North America, rabies remains an important public health concern in the
United States, with most human cases associated with bat rabies virus variants.
Cases of rabies virus infection in bats are widely distributed across the continental
United States (Patyk et al. 2012). Between 2001 and 2009, more than 205,439 bats
were submitted for rabies virus diagnosis, and 6.7% of these bats were rabid.
Increased odds of a submitted bat being rabid were associated with species that
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exhibit inconspicuous roosting habits, bats originating in the Southwest, and bats
submitted for diagnosis during the fall (Patyk et al. 2012). Between 2000 and 2020,
52 human rabies cases were reported in the USA, including 38 Indigenous cases of
which 31 (82%) were bat related (Ma et al. 2021). Spillover from bat rabies variants
to terrestrial mammals has also been reported (Leslie et al. 2006).

In Europe, bat rabies cases are principally attributed to two lyssaviruses, namely
European bat lyssavirus-1 (EBLV-1) and European bat lyssavirus-2 (EBLV-2).
Between 1977 and 2011, 961 cases of bat rabies were reported, with the vast
majority (>97%) being attributed to EBLV-1, frequently isolated in The Nether-
lands, Northern Germany, Denmark, Poland, and also in parts of France and Spain
(Schatz et al. 2013). At present (2021), 1338 cases have been reported (Rabies
Bulletin Europe, accessed October 27, 2021). Most EBLV-2 isolates originated from
the United Kingdom (UK) and The Netherlands, and EBLV-2 was also detected in
Germany, Finland, and Switzerland. So far, there has been less than 50 cases of
EBLV-2 detected in bats in Europe. Bat rabies due to EBLV-2 has been detected in
Daubenton’s bats (Myotis daubentonii) in Great Britain since 1996 (Folly et al.
2021). Across Europe, European bat lyssavirus 1 (EBLV-1) is commonly associated
with serotine bats (Eptesicus serotinus) (Kohl et al. 2021). Despite the presence of
serotine bats across large parts of southern England, EBLV-1 had not previously
been detected in this population. However, in 2018, EBLV-1 was detected through
passive surveillance in a serotine bat from Dorset, England. Subsequent EBLV-1-
positive serotine bats have been identified in South-West England during 2018,
2019, and 2020 (Folly et al. 2021).

In addition, limited isolations of unique lyssaviruses from European insectivorous
bats were reported in south-west Russia in 2002 (West Caucasian bat virus, WCBV),
in Germany in 2010, and in France in 2012 (Bokeloh bat lyssavirus) (McElhinney
et al. 2013; Picard-Meyer et al. 2013), and Lleida bat lyssavirus was identified in a
bent-winged bat (Miniopterus schreibersii) in Spain (Aréchiga Ceballos et al. 2013).
In June 2020, a cat from Arezzo (Italy) that died from a neurological disease was
diagnosed with WCBV. The virus retained high identity across the whole-genome
with the reference isolate found in 2002 from a Russian bent-winged bat (Leopardi
et al. 2021). In a tunnel located near the cat’s house, Leopardi et al. (2021) identified
a group of bent-winged bats that showed virus-neutralizing antibodies to WCBV
across four sampling occasions, but no virus in salivary swabs.

A few human cases related to bat exposure have also been reported from Europe.
In Russia in 1985, only one other case of human encephalitis caused by this strain
was confirmed, and two more cases of rabies were described in Finland in 1985 and
in Scotland in 2002 caused by the EBLV-2 which killed two scientists specializing in
bats research. Another bat-related case was also reported in 1977 from Ukraine, but
the variant was not determined. The first human case of bat origin in France was
reported in 2008 in French Guyana (Meynard et al. 2012). An autochthonous case
was also reported in continental France in 2019. A man died of rabies in Limoges, in
southwest central France, most probably after being bitten or scratched by a bat. The
59 year-old patient without specific past medical history died from encephalitis in
August 2019. A colony of bats lived in an outbuilding of his house. No diagnosis
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was made using standard procedures. When trying to identify the cause of this
undocumented encephalitis, genetic analysis of postmortem samples showed that
he had contracted a lyssavirus, European Bat Lyssavirus type 1 (EBLV-1) (Regnault
et al. 2021). A human case caused by the Irkut virus was reported in 2007 from Far
East Russia (Leonova et al. 2010).

In Africa, new lyssaviruses have been identified in bats, beside Lagos bat virus
first isolated in Nigeria on Lagos Island in 1956 from African straw-colored fruit bat
(Eidolon helvum) and Duvenhage virus first reported in 1970 in a human case in
South Africa. Two more human cases of Duvenhage virus have occurred since then,
one in 2006 when a man was scratched on the face by a bat and the last one in a
Dutch woman who had visited a cave and had received two superficial wounds on
the face from a bat in 2007 (Markotter et al. 1987). No human case caused by Lagos
bat virus has been reported so far, but a few cases in cats (n ¼ 3) and dogs (n ¼ 2)
have been reported from Africa (Coertse et al. 2021).

In Asia, limited reports on identification of lyssaviruses or antibodies to
lyssaviruses have been published (Liu et al. 2013b). It is certainly a part of the
world where new variants are likely to be identified in the near future, when better
wildlife rabies surveillance will be set in this part of the world. Many aspects of the
ecology of lyssaviruses in bats need still to be investigated, such as low prevalence
of infection, potential survival to infection, and effective shedding of the virus.
Recently a new Lyssavirus strain was identified as Taiwan bat Lyssavirus identifies
in two Japanese pipistrelle bats (Pipistrellus abramus) in 2016 and 2017 (Hu et al.
2018). In Australia, three human cases of Australian bat lyssavirus have been
identified, two in women rescuing flying foxes (1996, 1998) and one in a young
boy who was infected in southern Australia (2013).

The incubation period of rabies in humans is typically 2–8 weeks but can be as
short as 10 days and as long as 6 years. Initial signs include headache, slight fever,
malaise, and pain at the bite wound. The disease, which lasts from 2 to 6 days
without medical support, progresses to paralysis of the muscles of deglutition,
hyperesthesia, and generalized convulsions. Death ensues shortly thereafter (Hoar
et al. 1998). In bats, infection rate and mortality are usually low, although this has
been studied in few species. Experimental studies in vampire bats indicate that a high
viral load is necessary to induce mortality, with either no observable clinical signs or
squeaking, tremor, paralysis, and loss of appetite (Aguilar-Setien et al. 2005). In
cattle infected by vampire bats, rabies is mainly expressed by paralysis with a rather
long incubation period (25 to 150 days or more) and lasts for 2 to 5 days before
causing death (Hoar et al. 1998).

34.2.2 Paramyxoviridae: Henipaviruses

34.2.2.1 Hendra, Nipah, and Menangle Viruses
Several important zoonotic paramyxoviruses have been associated with animal and
human deaths in Australasia since the end of the twentieth century. The henipaviruses
are naturally harbored by Pteropid fruit bats (flying foxes) and some microbat species.
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Hendra virus: In Australia, Hendra virus was first recognized in 1994 when
21 horses and two humans were infected, leading to the death of 13 horses and
one human. As of December 2012, a total of 45 outbreaks of Hendra virus have
occurred in north-eastern Australia, all involving infection of horses (Aljofan 2013).
As a result of these events, more than 100 animals (105 horses and two dogs) in
63 natural spillover events have died or been euthanized by March 2021 (Annand
et al. 2021). These cases have all occurred in Queensland and in northeast New
South Wales. Case fatality rate in humans is 60% (4 of 7 recorded cases) and in
horses 75%. Human infections with Hendra virus range from mild influenza-like
illness to fatal respiratory or neurological disease. Infected people initially develop
fever, headaches, myalgia (muscle pain), sore throat, and a dry cough. They could
also have enlarged lymph nodes, lethargy, and vertigo. The incubation period ranges
from 5 to 14 days. Hendra virus is transmitted to people through close contact with
infected horses or their body fluids. To date, no human-to-human transmission of
Hendra virus has been documented. No specific treatment is available, but a vaccine
has been developed for immunization of horses and is available since the end of
2012. The following signs have all been associated with Hendra virus cases in
horses, but not all these signs will be found in any one infected horse: rapid onset
of illness, increased body temperature/fever and heart rate, discomfort/weight
shifting between legs, depression, and rapid deterioration with either respiratory
and/or nervous signs. Respiratory signs include respiratory distress, increased respi-
ratory rates, and nasal discharge at death that can be initially clear until progressing
to stable white froth and/or stable blood-stained froth. Nervous signs include wobbly
gait, apparent loss of vision in one or both eyes, aimless walking in a dazed state,
head tilting and circling, muscle twitching, urinary incontinence, and inability to
rise. Horses get infected when very high concentrations of virus material are
deposited directly under trees in what is call the “drip zone,” and almost no virus
is deposited once the horses leave the perimeter of the trees. This area of the trees
where the spats and the urine of feeding flying foxes will be dropped potentially
poses an extremely high risk for horses (Australian Veterinary Association: http://
www.ava.com.au/hendra-virus). The natural reservoirs are the black flying fox
(Pteropus alecto), the grey headed flying fox (P. poliocephalus), the spectacled
flying fox (P. conspicillatus), and the little red flying fox (P. scapulatus) present in
the urine and birthing fluids of these bats (Van Brussel and Holmes 2021). A new
virus variant was recently identified (Annand et al. 2021; Wang et al. 2021). Since
2013, 98 flying foxes were tested and 11 were positive for the new HeV variant
(Wang et al. 2021). No samples were positive for the original HeV. Ten of the
positive samples were from grey-headed flying foxes (Pteropus poliocephalus);
however, this species was overrepresented in the opportunistic sampling, as 83%
of bats tested were P. poliocephalus.

Nipah virus (NiV): In Malaysia and Singapore, in late 1998 and early 1999 an
outbreak of human disease characterized by febrile encephalitis among pig farmers,
which appeared to be linked to cases of respiratory and neurological disease in
commercially farmed pigs, was described as well as in 11 employees at a slaughter
plant in Singapore (Aljofan 2013; Clayton et al. 2013). There were 265 patients, of
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whom 105 died, reported as having NiV-induced viral encephalitis, mostly among
adult males who were involved in pig farming or pork production activities. How-
ever, the reported number of patients who survived the acute NiV encephalitis was
160 with 7.5% prevalence of relapsed encephalitis (12/160 patients) more than
24 months after the outbreak. Of the 89 patients previously known to have non-
encephalitic or asymptomatic Nipah virus infection, 3 (3.4%) developed late-onset
encephalitis. Most patients presented with a severe acute encephalitic syndrome, but
some also had significant pulmonary manifestations. The Malaysian outbreak was
controlled by the culling of over one million pigs and strict quarantine measures on
pig movements.

Nipah virus reemerged in 2001 in outbreaks of human disease in India and
Bangladesh. Since 2001, outbreaks of NiV infection have occurred almost annually
in Bangladesh, with many outbreaks featuring smaller clusters of cases (Clayton
et al. 2013). A second outbreak in India, close to the Bangladesh border, was
reported in 2007. Sequencing and genetic characterization of these isolates revealed
that they were closely related to, but distinguishable from, the causative agent of
disease in Malaysia. Since the emergence of NiV in Bangladesh and India, and an
outbreak in the Philippines (meat consumption from sick horses) due to a virus
closely related to the Nipah virus, at least 646 human cases have been identified, with
an overall case fatality of (386/646) 59.7% (Hauser et al. 2021). Most cases are
related to consumption of unwashed fruits or palm juice contaminated by fruit bats
secretions (saliva, urine, and fecal materials). Outbreaks in Bangladesh and India
were characterized by bat (Pteropus medius, the Indian flying fox)-to-human and
human-to-human transmissions. Pteropus spp. serve as the wildlife reservoir for NiV
across a wide area of South-east Asia, including countries from which no known
outbreaks have emerged such as Cambodia, Thailand, Indonesia, and Papua New
Guinea (Van Brussel and Holmes 2021). Seropositive bats for henipaviruses were
also detected in Madagascar, Ghana, and a henipavirus, or henipa-like virus, also
appears to circulate in both fruit bats and microbats in China (Clayton et al. 2013).

Menangle virus: TheMenangle virus, another paramyxovirus, was first identified in
1997 after a piggery in Menangle (New South Wales) experienced a high number of
stillbirths (Aljofan 2013; Hoar et al. 1998). Twoworkers at the piggery became ill with
unexplained, flu-like symptoms but subsequently recovered. Investigations later found
that the virus was transmitted from a nearby population of flying foxes, through pigs
which act as a carrier of the virus. Bats appear to be an asymptomatic host, with
infection caused through contact with body fluids of infected animals. Like for Hendra
virus, the grey headed flying fox, the black flying fox, and the spectacled flying fox
were identified as the likely reservoirs (Van Brussel and Holmes 2021).

New potentially zoonotic paramyxovirus:A novel morbillivirus from a vespertilionid
bat species (Myotis riparius) in Brazil named myotis bat morbillivirus (MBaMV) was
identified by metagenomics. MBaMVusedMyotis spp. CD150 much better than human
and dog CD150 in fusion assays, using live MBaMV that was rescued by reverse
genetics. However, MBaMV replicated efficiently in primary human myeloid but not
lymphoid cells, suggesting a potential zoonotic availability (Lee et al. 2021).
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34.2.3 Filoviridae

34.2.3.1 Marburg and Ebola Viruses
Marburg virus: Marburg virus causes sporadic outbreaks of severe hemorrhagic
disease in sub-Saharan Africa. Bats have been implicated as likely natural reservoir
hosts based most recently on an investigation of cases among miners infected in
2007 at the Kitaka mine, Uganda, which contained a large population of Marburg
virus-infected Rousettus aegyptiacus fruit bats (Amman et al. 2012).

In July and September 2007, miners working in Kitaka Cave, Uganda, were
diagnosed with Marburg hemorrhagic fever. The likely source of infection in the
cave was Egyptian fruit bats (Rousettus aegyptiacus) based on detection of Marburg
virus RNA in 31/611 (5.1%) bats, virus-specific antibody in bat sera, and isolation of
genetically diverse virus from bat tissues (Towner et al. 2009). The virus isolates
were collected 9 months apart, demonstrating long-term virus circulation. The bat
colony was estimated to be over 100,000 animals using mark and recapture methods,
predicting the presence of over 5000 virus-infected bats. The genetically diverse
virus genome sequences from bats and miners closely matched. These data indicate
common Egyptian fruit bats can represent a major natural reservoir and source of
Marburg virus with potential for spillover into humans.

A study conducted at Python Cave in Uganda, where an American and a Dutch
tourist acquired Marburg virus infection in December 2007 and July 2008, found
that about 2.5% of more than 1600 bats captured between August 2008 and
November 2009 were actively infected with the virus, 7 of which yielded Marburg
virus isolates (Amman et al. 2012). Moreover, Q-RT-PCR-positive lung, kidney,
colon, and reproductive tissues were found, consistent with potential for oral, urine,
fecal, or sexual transmission. The combined data for R. aegyptiacus tested from
Python Cave and Kitaka mine indicate low-level horizontal transmission throughout
the year. However, Q-RT-PCR data showed distinct pulses of virus infection in older
juvenile bats (~6 months of age) that temporarily coincide with the peak twice-yearly
birthing seasons. Retrospective analysis of historical human infections suspected to
have been the result of discrete spillover events directly from nature found 83%
(54/65) events occurred during these seasonal pulses in virus circulation, perhaps
demonstrating periods of increased risk of human infection.

The incubation period ranges from 2 to 21 days, and the clinical outcome can be
divided into three phases: initial generalized phase (day 1–4), early organ phase (day
5–13), and either a late organ or convalescence phase (day 13 onward). Pigott et al.
(2015) reported ten natural outbreaks in Africa between 1975 and 2014, with three of
them affecting more than ten people in Democratic Republic of Congo (Durba):
128 deaths out of 154 cases between October 1998 and August 2000; in Angola
(Uige): 227 deaths out of 252 cases between October 2004 and July 2005; and in
Uganda (Ibanda): 14 deaths out of 15 cases between August and October 2012.

Ebola virus: Evidence of Ebola virus antibodies was reported in various bat
species in Africa (Pourrut et al. 2009) and of Ebola-Reston virus in Rousettus
amplexicaudatus bats from the Philippines (Taniguchi et al. 2011). In Africa, 1030
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animals were captured in Gabon and the Republic of Congo, including 679 bats,
222 birds, and 129 small terrestrial vertebrates, and were tested for evidence of
infection by Ebola virus (Leroy et al. 2005). Of the infected animals identified during
these field collections, immunoglobulin G (IgG) specific for Ebola virus was
detected in serum from three different bat species (4/17 Hypsignathus monstrosus,
8/117 Epomops franqueti, and 4/58 Myonycteris torquata). Viral nucleotide
sequences were detected in livers and spleens in other bats from the same
populations (4/21, 5/117, and 4/141, respectively). No viral RNA was detected in
kidney, heart, or lung in these animals after amplification by polymerase chain
reaction (PCR), and no viral nucleotide sequences were revealed in any of the
other animal species tested.

Twelve years after the Kikwit Ebola outbreak in 1995, Ebola virus reemerged in
the Occidental Kasaï province of the Democratic Republic of Congo (DRC) between
May and November 2007, affecting more than 260 humans and causing 186 deaths
(Leroy et al. 2009). During the latter outbreak, several epidemiological investiga-
tions were conducted to identify the underlying ecological conditions and animal
sources. Qualitative social and environmental data were collected through interviews
with villagers and by direct observation (Leroy et al. 2009). The local populations
reported no unusual morbidity or mortality among wild or domestic animals, but
they described a massive annual fruit bat migration toward the southeast, up the
Lulua River. Migrating bats settled in the outbreak area for several weeks, between
April andMay, nestling in the numerous fruit trees in Ndongo and Koumelele islands
as well as in palm trees of a largely abandoned plantation. They were massively
hunted by villagers, for whom they represented a major source of protein. By tracing
back the initial human-to-human transmission events, it was shown that in May the
putative first human victim bought freshly killed bats from hunters to eat. This study
provided the most likely sequence of events linking a human Ebola outbreak to
exposure to fruit bats, a putative virus reservoir. Such findings support the suspected
role of bats in the natural cycle of Ebola virus and indicate that the massive seasonal
fruit bat migrations should be considered in operational Ebola risk maps and
seasonal alerts in the DRC (Leroy et al. 2009).

34.2.4 Coronaviridae

34.2.4.1 SARS- COVID19 and MERS-Coronaviruses
Severe acute respiratory syndrome (SARS) was first reported in February 2003 in
China. When the World Health Organization declared the outbreak over on 5 July
2003, more than 8000 cases (and almost 800 fatal) had been reported in 32 countries
worldwide (Field 2009; Wang et al. 2006). Initial symptoms are flu-like and may
include fever, myalgia, lethargy symptoms, cough, sore throat, and other nonspecific
symptoms, leading to sever pneumonia. The only symptom common to all patients
appears to be a fever above 38 �C (100 �F). Shortness of breath may occur later.

A succession of phylogenetic and epidemiological findings suggested that SARS
had a wildlife origin, and that “wet markets” in southern China were the origin of the
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outbreak. Subsequently, two groups independently identified SARS-like coronaviruses
(SARS-CoV) in species of bats in China. Li et al. (2005) reported serological and
molecular evidence of a cluster of SARS-like coronaviruses in several species of free-
living horseshoe bats (Rhinolophus spp., especially R. sinicus) in southern China. They
contend that the virus responsible for the SARS outbreak in humans in 2003 emerged
from this cluster of viruses, and that bats are the origin of the SARS coronavirus.
Rhinolophus species are more likely to foster host shifts of coronaviruses than other bat
species; this propensity, when combined with the potential for close contact between
bats, civets, and humans in the wildlife trade in southern China, supports SARS-like
coronaviruses as being the source of the SARS coronavirus (Field 2009; Van Brussel
and Holmes 2021). The majority of the coronaviruses originated from African, Asian,
and European bats (Corman et al. 2013). In addition to SARS-CoV, four human
coronaviruses (HCoVs), termed HCoV-OC43, �229E, -NL63, and -HKU1, are
known. Recently, a sixth HCoV was described, the MERS-CoV, which can cause
coughing, fever, and pneumonia. This virus emerged in Saudi Arabia in 2012 and has
been reported in some other Gulf States, France, Germany, Italy, Tunisia, Korea, and
Britain [all cases to date can be epidemiologically linked to Saudi Arabia, Qatar,
United Arab Emirates, and Jordan]. Since the disease was first identified in Saudi
Arabia in April 2012, 2594 cases of Middle East respiratory syndrome coronavirus
(MERS-CoV) have been detected in 27 countries of which 942 (36.3%) have died
(ECD, as of October 4, 2024, consulted on October 27, 2021). Close relatives of this
betacoronavirus termed MERS-CoV and of HCoV-229E exist in Old World bats,
especially of the genus Pipistrellus, and HCoV-NL63 could be grown in immortalized
bat cells, demonstrating the zoonotic potential of previously reservoir-bound bat CoVs
(Van Brussel and Holmes 2021). The recent description of a bat CoV related to MERS-
CoV in Mexican bats (Anthony et al. 2013) and in bats from Saudi Arabia (Memish
et al. 2013) emphasized the relevance of investigating neotropical bats for CoVs.

SARS-CoV-2: This virus emerged in late 2019 in the city of Wuhan, Popular
Republic of China. Several of the early cases of SARS-CoV-2 have been linked to
the Huanan market in Wuhan, China. Given the SARS-CoV pandemic and the
resulting increased interest in bat CoV, a bat CoV (RaTG13, 96.2% id) detected in
Rhinolophus affinis in the Yunnan province was quickly identified as the closest
relative. SARS-CoVand SARS-CoV-2 share 79.6% sequence identity only, although
both viruses are using the ACE2 receptor for cell entry. The origin of this pandemic
is still not clear, as suspicion of a bat origin is likely, but how it reached humans has
not been validated. The lack of clarity from Chinese authorities about the first human
cases cannot rule out a possible laboratory leak, as emergence from the Wuhan wet
market cannot be proven nor confirmed. Five SARS-CoV-2-related coronaviruses
have been identified in three Rhinolophus species (R. malayanus, R. pusillus, and
R. marshalli) in Laos, with three of them that can bind to the human ACE2 receptor
(Van Brussel and Holmes 2021).

It is so far the largest pandemic in recent history leading to several millions of
deaths worldwide within less than 24 months. Several outbreaks were also reported
in wild captive felids, in mink farms, and even in domestic carnivores (mainly cats
and dogs) owned by people who got infected by the virus and likely were the source
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of their pet infection (Haake et al. 2020). Experimentally, it has been demonstrated
that SARS-CoV-2 replicates more efficiently in cats than in dogs and that cats can
transmit the virus through aerosols. With approximately 470 million pet dogs and
370 million pet cats cohabitating with their human owners worldwide, the finding of
natural SARS-CoV-2 infection in these household pets has important implications
for potential zoonotic transmission events during the COVID-19 pandemic as well as
future SARS-related outbreaks (Murphy and Ly 2021).

Identification of sequences of a group C betacoronavirus (β)-CoV in bat guano
was recently reported (Wacharapluesadee et al. 2013). The detection of nucleic acid
of this group C (β)-CoVand the previous isolation of viruses from bat feces and urine
warrant some concerns that guano miners might be exposed to bat pathogens in fresh
excreta as well as in soil substances. Therefore, bat guano miners should use
preventive measures of personal hygiene and improved barrier protection to reduce
the possibility of exposure to zoonotic pathogens.

34.2.5 Other Viral Pathogens

Many other viruses have been isolated or detected by molecular methods or by the
presence of specific antibodies in bats, such as Hantaan virus in various bat species
in Asia and Africa (Hance et al. 2006; Hoar et al. 1998; Wong et al. 2007), Japanese
encephalitis virus in China (Liu et al. 2013a), Venezuelan equine encephalitis virus
in vampire bats, and antibodies in bats from Guatemala (Hoar et al. 1998). In their
review, Hoar et al. (1998) reported also detection of Chikungunya virus in African
bats (Scotophilus sp.), Rio Bravo virus in Mexican free-tailed bats, and Rift valley
fever virus in bats from the Republic of Guinea. In Europe, most viruses were found
in Myotis spp., Pipistrellusspp., and Eptesicus spp. (Kohl et al. 2021).

In Uganda, four human cases of Kasokero virus isolated from Rousettus
aegyptiacus bats living in the Kasokero cave occurred in laboratory workers
(Kalunda et al. 1986). Infected laboratory workers had fever, headache, abdominal
pain and diarrhea, sever myalgia, and arthralgia. Signs lasted 7 to 10 days and were
followed by complete recovery. It was demonstrated that 67% of 74 bats from that
cave were seropositive for Kasokero virus. Kyasanur virus has been isolated from
bats in India, and the Vesicular Stomatitis Virus (New Jersey type), which causes
flu-like symptoms in infected humans, has been isolated from bats in Panama and
Guatemala (Hoar et al. 1998).

34.2.5.1 HepaDNAviruses, Hepatitis C-like and Hepatitis D (ex-Delta
virus), and Bats

In recent years, several viruses related to human hepatitis viruses (Hepatitis A,
Hepatitis B and D, Hepatitis C, and Hepatitis E) have been identified in bats as
well as domestic animals (cats, dogs, and horses) (Bergner et al. 2021a; Drexler et al.
2012, 2013, 2015; Quan et al. 2013).

Hepatitis E virus (HEV) is one of the most common causes of acute hepatitis in
tropical and temperate climates. Tropical genotypes 1 and 2 are associated with
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foodborne and waterborne transmission. Zoonotic reservoirs (mainly pigs, wild boar,
and deer) are considered for genotypes 3 and 4, which exist in temperate climates. In
view of the association of several zoonotic viruses with bats, 3869 bat specimens
from 85 different species and from five continents were analyzed for hepevirus RNA
(Drexler et al. 2012). HEVs were detected in African, Central American, and
European bats, forming a novel phylogenetic clade in the family Hepeviridae. Bat
hepeviruses were highly diversified and comparable to human HEV in sequence
variation. No evidence for the transmission of bat hepeviruses to humans was found
in over 90,000 human blood donations and individual patient sera.

The hepatitis B virus (HBV), family Hepadnaviridae, is one of most relevant
human pathogens. HBVorigins are enigmatic, and no zoonotic reservoirs are known.
Total 3080 specimens from 54 bat species representing 11 bat families were screened
for hepadnaviral DNA (Drexel et al. 2013). Ten specimens (0.3%) from Panama and
Gabon yielded unique hepadnaviruses in coancestral relation to HBV. Hepatic
tropism in bats was shown by quantitative PCR and in situ hybridization. Infected
livers showed histopathologic changes compatible with hepatitis. Human hepato-
cytes transfected with all three bat viruses cross-reacted with sera against the HBV
core protein, concordant with the phylogenetic relatedness of these hepadnaviruses
and HBV. Phylogenetic analyses carried out with generated virus sequences
suggested that bat HBV was more closely related to primate HBV than to those of
other mammalian orders (Bonvicino et al. 2014). These data suggest that bats may
have been ancestral sources of primate hepadnaviruses.

Hepatitis delta virus (HDV) is an unusual RNA agent that replicates using host
machinery but exploits hepatitis B virus (HBV) to mobilize its spread within and
between hosts (Bergner et al. 2021a). In doing so, HDV enhances the virulence of
HBV. Among 96,695 RNA sequence datasets, delta viruses were shown to infect
bats, rodents, and an artiodactyl from the Americas but were absent from geograph-
ically overrepresented Old-World representatives of each mammalian order,
suggesting a relatively recent diversification within the Americas (Bergner et al.
2021b). A field study also showed that common vampire bats (Desmodus rotundus)
in Peru were infected by two divergent delta viruses, indicating multiple introduc-
tions into a single host species. One vampire bat-associated delta virus was detected
in the saliva of up to 35% of individuals, formed phylogeographically compartmen-
talized clades, and infected a sympatric bat, illustrating horizontal transmission
within and between species on ecological timescales (Bergner et al. 2021b). Con-
sistent absence of HBV-like viruses in two delta virus-infected bat species indicated
acquisitions of novel viral associations during the divergence of bat- and human-
infecting delta viruses. Such data are supportive of an American zoonotic origin of
HDV and reveal prospects for future cross-species emergence of delta viruses.

Hepatitis A: The hepatitis Avirus (HAV) is a leading cause of acute viral hepatitis
worldwide. It is transmitted mainly by direct contact with patients who have been
infected or by ingesting contaminated water or food. The virus is endemic in
low-income countries where sanitary and sociodemographic conditions are poor.
Paradoxically, improving sanitary conditions in these countries, which reduces the
incidence of HAV infections, can lead to more severe disease in susceptible adults.
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The populations of developed countries are highly susceptible to HAV, and large
outbreaks can occur when the virus is spread by globalization and by increased travel
and movement of foodstuffs (Migueres et al. 2021). The existence of evolutionarily
ancestral hepatoviruses in bats and shrews compared with the presence of more
closely related viruses in rodents and primates is reminiscent of hantavirus host
associations (Drexler et al. 2015). Of eight HAV-positive sera (7.3%), six were from
West African Eidolon helvum, and one each from Central African Rousettus
aegyptiacus and Micropteropus pusillus (Drexler et al. 2015).

34.3 Dengue (DENV) and Zika (ZIKV)

Bats are important natural reservoir hosts of a diverse range of viruses that can be
transmitted to humans and have been suggested to be involved in the transmission
cycle of Dengue (DEN) and Zika (ZIK) viruses. However, the exact role of bats in
the epidemiology of Flaviviruses is still controversial.

34.3.1 Dengue Virus

The presence of antibodies against dengue virus (DENV) and/or viral RNA have led
to the hypothesis that neotropical bats could have a potential role in the transmission
cycles of DENV (Aguilar-Setién et al. 2008; de Thoisy et al. 2009; Machain-
Williams et al. 2013; Sotomayor-Bonilla et al. 2014; Calderón et al. 2019, 2021).
Considering some previous reports about the susceptibility of bats to DENV (Rea-
gan and Brueckner 1952; Platt et al. 2000), the Aguilar-Setién group carried out a
sampling of neotropical bats from DENV-endemic areas of the Pacific and Gulf
coasts of Mexico, finding that out of 162 sampled bats of several species, 19 (12%)
presented DENV antibodies (Aguilar-Setién et al. 2008). In this study, DENV
serotype 2 was also detected by RT–PCR in four samples from three bat species:
two frugivorous, Artibeus jamaicensis (2/9) and Carollia brevicauda (1/2), and one
insectivorous, Myotis nigricans (1/11) (Aguilar-Setién et al. 2008). Supporting this
finding, DENV RNAwas reported in 14 species of neotropical bats sampled between
2001 and 2007 in French Guyana (de Thoisy et al. 2009). Other authors have also
reported the presence of antibodies and/or RNA of DENV in bats from different
countries in the Americas (Calderón et al. 2019, 2021; Machain-Williams et al.
2013; Sotomayor-Bonilla et al. 2014). Furthermore, an experimental infection of
Artibeus bats with different viral loads of DENV-2 was performed (Perea-Martínez
et al. 2013). Unexpectedly, a high percentage (43%) of bats developed macroscopic
lesions consisting of bruises (hemorrhage) on the chest and/or on the wings (Fig. 1).
Histological analyses showed structural alterations in the spleen and bleeding in the
liver and intestine, but the virus was not detected by RT-PCR in any of the analyzed
tissues except for one infected bat kidney, by seminested RT-PCR. In sera, the viral
RNA was detected by seminested RT-PCR in 39% of bats, but only 8% of bats
seroconverted. Overall, these data indicate that DENV-2 replicates poorly in these
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bats, suggesting they are not suitable hosts to this virus (Perea-Martínez et al. 2013).
It is possible that the observed macroscopic lesions (hemorrhage) and histopatho-
logical alterations could not be due directly to DENV as experiments were made
using bats captured in the wild and other factors as other microbiological and/or
physical agents could intervene in such pathologic manifestations.

Supporting the poor replication of DENV in experimentally infected Artibeus
bats, no evidence of sustained replication of DENV was documented in experimen-
tally inoculated Artibeus jamaicensis bats with DENV serotypes 1 or 4 (Cabrera-
Romo et al. 2014).

Additionally, in vitro studies using several neotropical bat cell lines and experi-
mental infection of Artibeus bats with DENV confirmed that these species of bats are
inadequate hosts and likely do not play an important role in DENV transmission
(Bittar et al. 2018; Cabrera-Romo et al. 2014; Moreira-Soto et al. 2017).

34.3.2 ZIKA Virus

For ZIKV, anecdotal experimental infections and field studies performed in the
1950s–1960s have documented the susceptibility and presence of clinical signs in
African and American bat species (Reagan et al. 1955; Shepherd andWilliams 1964;
Simpson et al. 1968). Based on these previous studies and considering the

Fig. 1 Some of the macroscopic and microscopic changes founded in experimentally infected bats
with DENV or ZIKV. (a) Hemorrhages in a bat experimentally infected with DENV B and C:
Epididymis H&E 600 X . (b) Control Artibeus bat non infected; (c) Artibeus bat inoculated
with ZIKV
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neotropical bat species richness as well as limited information of ZIKV hosts to date,
1872 bats were sampled (blood for ZIKV detection by qRT-PCR) within the
ZikAlliance consortium, belonging to different neotropical species and countries
(Peru, French Guyana, and Costa Rica) between 2010 after the emergence of Zika
virus into the Americas (2015) and 2019 before the arrival of the disease. Sampling
included 33 genera from 6 bat families. None of these 1872 bats was positive for
either Zika antibodies or RNA. This lack of detection was consistent with another
serosurvey of Brazilian bats (Bittar et al. 2018). However, a sampling bias cannot be
excluded, due to the diversity of bat species in Latin America.

In 2019, ZIKV experimental infection was performed in a breeding colony of
Artibeus jamaicensis bats. ZIKV antigens were detected in several organs (salivary
glands, testes, SNC, and lung), and antibodies identified by ELISAwere observed in
less than half of the nine studied animals (Malmlov et al. 2019). ZIKV antigens were
detected by PCR in only three samples (two urine samples and one nervous tissue)
(Malmlov et al. 2019). Some ZIKV inoculated animals presented histopathological
alterations in testes and CNS. These results raised the possibility that bats may have a
role in ZIKV ecology which could even endanger bat populations. Another ZIKV
experimental infection of Artibeus bats captured in the wild was conducted in Mexico
(Aguilar-Setién et al., unpublished data). The results were consistent with Malmlov
et al. 2019, findings, as ZIKV RNAwas detected by rtPCR in only two urine samples,
and none of the experimentally infected animals presented antibodies against ZIKV,
measured by the more specific virus neutralization test (L’Huillier et al. 2017). As in
the first study, in the present also histopathological alterations were found in infected
animals mainly in testicles, ovaries, and SNC of some infected animals. Additionally,
as it was reported for DENV, we observed that some infected animals showed
hemorrhages on the chests, wings, and one animal presented on the bladder, as with
DENV, without this being shown to directly attribute to ZIKV (Fig. 1).

Despite the difficulties in detecting ZIKV RNA in free-living bats, a recent
Mexican study has detected ZIKV RNA in 9% (2/22) of Artibeus bats in Merida,
Yucatan (Torres-Castro et al. 2021). Similarly, in our ZIKV experimental infection
study, we had to exclude a few individuals that tested positive prior to inoculation for
ZIKV RNA in urine samples (Aguilar-Setién et al., unpublished results).

As with the DENV, the set of obtained results with ZIKV seems to indicate that
the bats studied are inadequate ZIKV hosts and maybe do not play an important role
in ZIKV transmission. Nevertheless, a consistent fact in the two studies of experi-
mental infection of bats with ZIKV carried out to date is the appearance of histo-
pathological alterations mainly in the reproductive tract which opens the possibility
that this virus could affect the reproduction of these animals.

34.3.3 Bats as Potential Reservoirs or Vectors of DENV and ZIKV

Some reports that inform concerning the presence of antibodies and/or DENVor ZIKV
RNA speculate about how Chiropters could be contaminated with these Flaviviruses.
The most logical explanations are that DENV Or ZIKV vectors feed on bats or that
bats were contaminated consuming DENV or ZIKV vectors. Vicente-Santos et al.
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(2017) in a peri-domestic study found only limited exposure of bats to a DENV likely
due to closeness to humans and consumption of DENV vectors (Vicente-Santos et al.
2017). Nevertheless, information on vectors of arbovirus feeding on bats and con-
sumption of these vectors by bats is scarce. Aedes mosquitoes are the main vectors of
ZIKVand DENV. Some studies demonstrated that Aedes funereus mosquitoes fed on
flying foxes (Pteropus sp.) (Ryan et al. 1997). In an experiment, Artibeus bats were
bitten by Aedes aegyptimosquitoes in an attempt to infect these mammals with DENV
(Cabrera-Romo et al. 2014), suggesting that Aedes mosquitoes could feed on bats.
However, it is not known how often this happens and in which bat species. DENVand
ZIKV have been isolated from mosquitoes other than Aedes such as Culex and
Mansonia (Musso and Gubler 2016). DENV serotype 2 (DENV-2) was reported for
the first time in Sao Paulo, Brazil, in Culex spp. and Culex vaxus pools, while ZIKV
was identified in Anopheles cruzii, Limatus durhamii, and Wyeomyia confusa pools
suggesting the possibility of a sylvatic enzootic cycle in these areas (Barrio-Nuevo
et al. 2020). However, it is not known if these mosquito species feed on bats or are
consumed by bats (Barrio-Nuevo et al. 2020).

Regarding the relationship of mosquitoes other than Aedes and bats, Tiawsirisup
et al. (2012) collected mosquitoes from five genera inside a bat cave in Thailand to
investigate the sylvatic circulation of Japanese Encephalitis Virus (JBEV). These
collections included Culex quinquefasciatus, which was shown to mainly feed on
Leschnault’s rousette (Rousettus leschenaulti) bats. In the State of New York,
Culiseta morsitans mosquitoes, the known vector of Eastern Equine Encephalitis
Virus (EEEV), were found to have unfrequently fed on Eastern pipistrelle bats
(Pipistrellus subflavus), as these blood meals comprised only 1% of the total blood
meals identified from this mosquito species (Molaei et al. 2006). In Africa, blood of
Egyptian roussette (Rousettus aegyptiacus) bat was detected in Coquillettidia
fuscopennata mosquitoes in the Congo basin region (Crabtree et al. 2013). Insectiv-
orous bats play an important role to reduce harmful insect populations and may
constitute an appropriate biological control system for many mosquito-borne
zoonotic viruses with a direct impact on human health (Hutson et al. 2001; Puig-
Montserrat et al. 2020). In Canada, Myotis lucifugus was shown to feed predomi-
nately on mosquitoes suggesting that this species could play an important role in
biological control of these important viral vectors; in Australia, foraging ranges of
insectivorous bats Vespadelus vulturnus were shown to shift relative to changes in
mosquito Aedes vigilax abundance (Facione et al. 1991). It is not known if bats could
be contaminated by eating mosquitoes harboring arboviruses. Logically, in frugiv-
orous bats, this source of contamination is less likely; however, it has been shown
that frugivorous species could shift their diets to some degree of insect consumption
to meet their protein requirements (Dinerstein 1986; Herrera et al. 2002).

The susceptibility of bat-adapted ectoparasitic diptera to DENV or ZIKV is not
well known. In Hidalgo Mexico, Flavivirus sequences in 38 pools of specific
ectoparasites (Diptera: Streblidae, Strebla wiedemanni, and Trichobius parasiticus)
of common vampire bats (Desmodus rotundus) were detected by RT-PCR using
primers specifically directed against the NS5 gene, a gene highly conserved among
Flaviviruses. Phylogenetic inference analysis performed using the maximum likeli-
hood algorithm showed that six sequences clustered with DENV (Abundes-Gallegos
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et al. 2018). In order to verify the susceptibility of the bat ectoparasitic fly Strebla
wiedemanni to DENV infection, we performed an experimental infection of organ
explants of S. wiedemanni using as controlMelophagus ovinus (a sheep ectoparasitic
fly) organ explants, and C6/36 cells culture was performed. Viral titers (UFP/mL)
were determined at 0, 48, and 96 hours post infection (PI). Infected organs were
observed by electron microscopy and under the confocal microscopy indirect immu-
nofluorescence (IIF) using specific conjugates against DENV. The infected organs of
both species of ectoparasites replicated DENVat similar titers to those obtained with
the C6/36 cell cultures (�106 UFP/mL). Electron microscopy and IIF showed
DENV replication in the digestive tract, tracheoles, and milk glands (MG) of both
fly species. Areas with a high affinity for the DENV were observed in the fatty
bodies of the MG ofM. ovinus (Aguilar-Setién et al. 2017). The replication of DENV
in organs of S. wiedemanni andM. ovinus was thus demonstrated in this work. Such
data could suggest parallel cycles with maintenance of DENV in other nonclassical
vectors and mammal hosts but will need to be confirmed (Table 1).

The results obtained from sampling different species of bats show a low and
infrequent presence of DENV and ZIKV antibodies and/or viral RNA ranging from
negative results (Bittar et al. 2018; Cabrera-Romo et al. 2016) to less than 15% (Aguilar-
Setién et al. 2008; Calderón et al. 2019, 2021; de Thoisy et al. 2009; Irving et al. 2020;
Sotomayor-Bonilla et al. 2014), confirming bat exposure to DENV and ZIKV in
different geographic areas, where bats may be either accidental hosts or dead-end hosts.

Concerning experimental infections of bats with DENV and ZIKV, results indi-
cate that bat species studied replicated poorly these Flaviviruses suggesting that they
are not suitable hosts and do not play an important role in the epidemiology of these
zoonotic viruses. Nevertheless, some histopathological alterations were observed
mainly in the reproductive tract of bats infected with ZIKV suggesting a clinical
impact on infected bats.

Most field or experimental studies were conducted using either blood samples
(sera for serological tests) or different tissues such as spleen, heart, kidney, or liver
for viral RNA detection. However, urine samples were rarely analyzed. Some studies
in humans showed that ZIKV RNA can be detected in urine samples at higher levels
and for a longer time period after the onset of infection compared to blood and other
fluids (Duarte et al. 2017; Lamb et al. 2016; Van den Bossche et al. 2015). In the two
experimental infections of Artibeus bats with ZIKV, viral RNAwas only detected in
four urine samples and in one nervous tissue sample, but not in other organs, despite
the fact that ZIKVantigens were detected by immunohistochemical tests in testes or
lungs of these bats. It suggests that urine samples may be most appropriate to seek
for flaviviruses in bats. Fagre et al. (2021) recently demonstrated that subgenomic
flavivirus RNA (sfRNA) of the 30 untranslated region (UTR), which persists in
tissues due to XRN-1 stalling during RNA decay, was more effective to detect
ZIKV RNA in bats than the more commonly used amplification of NS5 gen
sequences; as in experimentally infected bats with ZIKV, viral RNA was detected
in most tissues when primers directed against the 30 untranslated region (UTR)
(sfRNA) were used, while none was positive when using primers directed against
NS5 gen (Fagre et al. 2021).
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Japanese encephalitis: A recent study in Indonesia suggests a reservoir role for
Japanese encephalitis virus in bats from western Kalimantan (Diptyanusa et al.
2021). As the presence of pig holdings is uncommon in West Kalimantan, another
reservoir host might have played a role in the local transmission of JE virus in this

Table 1 Family and
genera of neotropical bats
sampled for ZIKV
anitibodies and viral RNA
by the ZikAlliance
Consortium*. All animals
resulted negative

Family Genera

Phyllostomidae Anoura

Artibeus

Carollia

Chiroderma

Dermanura

Desmodus

Glossophaga

Linchonycteris

Lionycteris

Lonchaphylla

Lonchorhina

Lophostoma

Mimon

Mycronycteris

Phylloderma

Phyllostomus

Platyrrhinus

Rhinophylla

Sturnira

Tonatia

Trachops

Uroderma

Molosidae Cynomops

Eumops

Molossus

Vespertilonidae Eptesicus

Rhogeessa

Myotis

Emballonuridae Peropteryx

Rhynchonycteris

Saccopteryx

Noctilionidae Noctilio

Mormoopidae Pteronotus

ZikaAlliance Consortum: Blood sampled were taken in Costa Rica
French Guyana, México and Peru by: Aguilar-Setién A, Salas
Rojas M, Gálvez Romero G, Almazán Marín C, Moreira Soto A,
Alfonso-Toledo J, Obregón Morales C, García Flores M, García
Baltazar A, Serra-Cobo J, López-Roig M, Reyes Puma N, Piche-
Ovares M, Romero-Vega M, Barrantes-Murillo D, Soto-Garita C,
Alfaro-Alarcón A, Corrales-Aguilar E and Drexler JF
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area. A total of 373 blood samples from bats were tested for JE virus, among which
21 samples (5.6%) showed positive results, mainly from Cynopterus brachyotis
(lesser short-nosed fruit bat) found in residential areas. In Chinese bats, a high-
genetic homogeneity among the bat JEVs isolated in different geographical areas
from various bat species at different time periods was observed. All eight bat JEV
isolates belonged to genotype III, indicating that bats might be involved in the
natural cycle of JEV (Liu et al. 2013a).

34.4 Bacterial Zoonoses

34.4.1 Enteropathogenic Bacteria

34.4.1.1 Salmonella, Shigella, Yersinia, and Campylobacter
Enteric pathogens such as Salmonella, Shigella, Yersinia, and Campylobacter spe-
cies have occasionally been found in bats (Mühldorfer 2013). A variety of different
Salmonella serotypes have been isolated from apparently healthy and diseased bats.
Almost all of them are serotypes with a broad host-range. Salmonella Enteritidis and
Salmonella Typhimurium have been frequently identified, which belong to a small
group of Salmonella serotypes mainly associated with disease in humans and
animals. Both serotypes have been isolated from organ tissues of three individual
bats of the family Vespertilionidae that were found dead or severely injured near
human habitations (Mühldorfer 2013). It was also reported in vampire bats (Hoar
et al. 1998). In Trinidad, of 377 tested bats, representing 12 species, 4 bats (1.1%)
were positive for Salmonella spp., 49 (13.0%) were positive for E. coli, and no bats
were positive for E. coli O157 or Campylobacter spp. (Adesiyun et al. 2009).
Isolated serotypes of Salmonella included Rubislaw and Molade, both from Noctilio
leporinus, a fish-eating bat, Caracas recovered from Molossus major, and Salmo-
nella Group I from Molossus ater, both insect-eating bats. Of the 49 isolates of
E. coli tested, 40 (82%) exhibited resistance to one or more antimicrobial agents. The
presence of Campylobacter and Salmonella was examined in 631 fresh fecal sam-
ples of wild insectivorous bats from the Netherlands, using a specially developed
method for the simultaneous isolation of low numbers of these pathogens in small-
sized fecal samples (� 0.1 g) (Hazeleger et al. 2018). Salmonella was not detected,
but thermotolerant Campylobacter species were confirmed in 3% (n ¼ 17) of the
bats belonging to six different bat species, at different sites, in different ecosystems
during the whole bat flying season. Molecular typing of these 17 isolated strains
indicated C. jejuni (n ¼ 9), C. coli (n ¼ 7), and C. lari (n ¼ 1), including genotypes
also found in humans, wildlife, environmental samples, and poultry.

Shigella, causing a dysenteric infection in humans, was isolated from aMolossus
bondae bat in Colombia (Arata et al. 1968). Shigella strains of serogroups B to D
have been isolated from mega- and microbats of diverse feeding habitats
(Mühldorfer 2013). Shigella flexneri in particular was detected in more than 3% of
bats investigated.
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A high prevalence of different Yersinia species (�35%) was detected in the feces
of 70 insectivorous Myotis myotis collected from natural populations in Poland
(Mühldorfer 2013). Most of the Yersinia species isolated from bats are widely
distributed in the environment and rarely associated with disease in mammals and
birds. Cases of systemic Y. pseudotuberculosis infection have been described once in
an adult insectivorous bat (M. myotis) found dead in Germany after hibernation
(Mühldorfer 2013) and a bat in England (Hoar et al. 1998), respectively. More
recently, Yersinia enterocolitica was also isolated from the intestines of 3 out of
11 deadMiniopterus schreibersii bats in the Republic of Georgia after a massive die
off in a cave (Imnadze et al. 2020).

In the same country, several zoonotic pathogens were detected in bats (Bai et al.
2017), as 218 bats belonging to eight species collected from four regions of Georgia
were examined for Bartonella (see below), Brucella, Leptospira, and Yersinia using
molecular approaches. Brucella DNA was detected in two Miniopterus schreibersii
bats and in two Myotis blythii bats, all of which were from Imereti (west-central
region). LeptospiraDNAwas detected in 25 (13%) bats that included 4M. schreibersii
bats and 21 M. blythii bats collected from two regions. The Leptospira sequences
represented five genetic variants with one of them being closely related to the zoonotic
pathogen L. interrogans (98.6% genetic identity). No Yersinia DNAwas detected in
the bats. Mixed infections were observed in several cases. One M. blythii bat and one
M. schreibersii bat were coinfected with Bartonella, Brucella, and Leptospira; one
M. blythii bat and one M. schreibersii bat were coinfected with Bartonella and
Brucella; and 15 M. blythii bats and 3 M. schreibersii bats were coinfected with
Bartonella and Leptospira (Bai et al. 2017).

34.4.2 Vector-Borne Bacteria

34.4.2.1 Borrelia, Bartonella, and Neorickettsia
Several Borrelia and Bartonella species and the causative agent of Potomac horse
fever disease Neorickettsia risticii have been detected in blood and organ tissues of
bats (Mühldorfer 2013). The majority of infected animals appear to be healthy; only
two vespertilionid bats (Pipistrellus sp. and Natalus tumidirostris) revealed severe
borrelial spirochetemia.

In recent years, many new Bartonella species have been isolated or detected from
bats around the world, including the United Kingdom, Kenya, Guatemala, Peru, the
Republic of Georgia (Bai et al. 2012, 2017), Taiwan (Lin et al. 2012), France, and
Mexico (Stuckey et al. 2017a, c). In the Republic of Georgia, Bartonella DNAwas
detected in 77 (35%) bats from all eight species and was distributed in all four
regions. The prevalence ranged 6–50% per bat species. The Bartonella DNA
represented 25 unique genetic variants that clustered into 21 lineages (Bai et al.
2017). Phylogenetic analyses of Bartonella strains derived from bats identified
several distinct phylogroups indicating the presence of a variety of novel Bartonella
species in bats. It is notable that bats of the same species as well as bats of the same
geographic origin and ecological niche (i.e., Desmodus rotundus, members of the
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family Vespertilionidae) shared closely related strains of Bartonella (Stuckey et al.
2017b). It is not known if these Bartonella species are zoonotic. Furthermore, soft
ticks (family Argasidae) and other ectoparasites commonly found on bats or in bat
habitats are infected with Bartonella, Borrelia, and Rickettsia species, posing a
potential risk of intra- and interspecies transmission cycles between bats, humans,
and domestic animals (Mühldorfer 2013).

In a European study, 221 bat fecal and 118 bird pellet samples were collected
from Hungary and the Netherlands and screened for a broad range of vector-borne
bacteria using PCR-based methods (Hornok et al. 2018). Rickettsia DNA was
detected in 13 bat-fecal DNA extracts, including the sequence of a rickettsial insect
endosymbiont, a novel Rickettsia genotype, and Rickettsia helvetica. Fecal samples
of the pond bat (Myotis dasycneme) were positive for a Neorickettsia sp. (N. risticii)
and for hemoplasmas of theMycoplasma haemofelis group. Therefore, bats can pass
rickettsia and hemoplasma DNA in their feces (Hornok et al. 2018).

34.4.3 Other Bacterial Pathogens

A variety of pathogenic Leptospira species have been identified in bats in Asia,
Europe, Australia, and the Americas (Bessa et al. 2010; Cox et al. 2005; Hoar et al.
1998; Mühldorfer 2013; Vashi et al. 2010). To date, Leptospira infection has been
evidenced in over 50 bat species belonging to eight of the nine investigated bat
families, encompassing various geographical regions in the tropics and subtropics,
as well as Europe, although to a limited extent (Dietrich et al. 2015). The prevalence
of leptospiral infections in bats varied from almost 2% to 35% depending on the
sample size of the respective study. The family Phyllostomidae comprised the
majority of microbats infected with Leptospira, whereas in obligate insectivorous
species (i.e., families Vespertilionidae and Molossidae) leptospiral infection with
pathogenic strains has occasionally been found. In Australia, native flying fox
populations (genus Pteropus) were suggested as possible carriers of pathogenic
Leptospira responsible for infections in humans and other animals because of high
bacterial detection rates in kidney (11%) and urine samples (39%) and high
seroprevalences (18%, 28%) (Mühldorfer 2013). Similarly, bats from Madagascar
and Comoros islands harbor a notable diversity of Leptospira spp., a finding similar
to the diversity found in a comparable investigation of bats in the Amazon region
(Lagadec et al. 2012; Matthias et al. 2005). Leptospirosis incubation is 1–32 days
(median 9 days) and median duration is 14 days. Most symptomatic patients develop
a mild illness consisting of fever, chills, headache, and myalgia. Severe forms of the
disease may manifest in acute renal failure, hepatitis, jaundice, myocarditis and
meningoencephalitis, and outbreaks of severe pulmonary hemorrhagic leptospirosis
have occurred resulting in high morbidity and mortality (Leshem et al. 2011). More
recent data of Leptospira infection in bats have been reported (Cilia et al. 2021;
Dietrich et al. 2015). Direct transmission of bat-borne Leptospira to humans has
already been suggested, but never evidenced, following a case of serologically
confirmed human leptospirosis after bat exposure (Dietrich et al. 2015).
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A few other zoonotic agents, such as Coxiella burnetii, the agent of Q fever, or
Mycobacterium bovis, were isolated from bats in Morocco and southern USSR and
from captive Indian fruit bats in England, respectively (Hoar et al. 1998). Agglutinin
antibodies against Brucella were detected in 5 of 53 vampire bats captured in areas
of Brazil where incidence of brucellosis in cattle was high (Ricciardi et al. 1976).
Similarly, Coxiella burnetii DNAwas detected in bats, as four samples (3.4%, 95%
CI, 0.9–8.3) out of 119 bats were positive for the htpAB gene of C. burnetii [spleen
(2), liver (1), and heart (1)] (Ferreira et al. 2018). Several Pasteurella species (i.e.,
P. multocida, P. pneumotropica, and Pasteurella species B) have been identified as
primary pathogens in bats responsible for a variety of localized and systemic
infections in European bat species; most Pasteurella strains isolated from organ
tissues of 29 vespertilionid bats represented P. multocida ssp. septica (85%) and
capsular type A (75%) (Mühldorfer 2013).

34.5 Protozoan Parasites

34.5.1 Trypanosoma, Toxoplasma, Coccidia, and Leishmania

Few parasites of bats are known to be pathogenic to humans and are usually trans-
mitted mechanically via an intermediate vector (Hoar et al. 1998). Many species of
trypanosomes can infect bats, but one of main concern is Trypanosoma cruzi, the agent
of Chagas disease. Bats have long been associated with blood-borne protozoal try-
panosomes of the Schizotrypanum subgenus, which includes the zoonotic parasite
Trypanosoma cruzi, agent of Chagas disease (Hodo et al. 2016). Another member of
the subgenus, Trypanosoma dionisii, infects bats of Europe and South America, and
genetic similarities between strains from the two continents suggest transcontinental
movement of this parasite via bats. Hearts and blood from eight species of insectiv-
orous bats from 30 counties across Texas were collected (Hodo et al. 2016). Using
PCR and DNA sequencing, 593 bats for trypanosomes were tested, with 1 bat positive
for T. cruzi (0.17%), 9 for T. dionisii (1.5%), and 5 for Blastocrithidia spp. (0.8%), a
group of insect trypanosomes. The T. cruzi-infected bat was carrying TcI, the strain
type associated with human disease in the USA. In the T. dionisii-infected bats, three
unique variants associated with the three infected bat species were detected. A new
genotype of T. cruzi, associated with bats from anthropic areas and which could be a
potential source of infection to humans, has been described (Marcili et al. 2009).
Chagas disease is commonly transmitted by reduviid bed bugs. In humans, the disease
is characterized by high fever, adenitis, anemia, and facial edema in the acute form and
myocarditis in the chronic form. Pathogenicity of bat trypanosomes for humans is not
clearly established. T. cruzi has been detected in vampire bats, Desmodus rotundus,
which can be of concern in terms of zoonotic transmission, as these bats feed on
mammals, including humans (Ramírez et al. 2013).

Infection of bats with Toxoplasma gondii has been reported based on serological
studies and more recently on its isolation from bats in Brazil (Cabral et al. 2013; Sun
et al. 2013). Therefore, consumption of undercooked bats could be a source of
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human infection. In bats, systemic toxoplasmosis caused by T. gondii was diagnosed
in two juvenile, captive flying-foxes (Pteropus conspicillatus and P. scapulatus),
which died following respiratory distress. One animal displayed clinical signs
suggestive of neurological disease (Sangster et al. 2012).

Coccidia of the genus Eimeria have been isolated from several species of bats in
many parts of the world (Hoar et al. 1998). Many new Eimeria species have been
reported (McAllister et al. 2012). Prevalence in bats is usually low (<1 to 5%), and it
is not known if they are pathogens for humans (Hoar et al. 1998).

Leishmaniasis is a zoonotic disease caused by parasites of the genus Leishmania.
It has expanded beyond its natural range and is becoming increasingly urban
(Shapiro et al. 2013). Using PCR and PCR-RFLP, Leishmania (Viannia) braziliensis
was detected in two bats (Chiroptera) in Mato Grosso do Sul, Brazil, an endemic
area. The animals testing positive were found in both a rural site and an urban site.
These results indicate the need for further research into the viability of Leishmania in
bats. It could have implications for public health in that part of Brazil, given the large
populations of urban bats, their mobility, and their ability to roost at close proximity
to humans within residences and other buildings (Shapiro et al. 2013). In Spain,
samples from spleen, hair, and blood were analyzed to detect L. infantum DNA in
bats from the Community of Madrid (Azami-Conesa et al. 2020). Infection by
L. infantum was detected in 59.2% of the bats studied (n ¼ 16/27), with the spleen
being selected as the site for detection, yielding 14/16 positive results (87.5%
sensitivity), followed by hair (n ¼ 7/16) and blood (n ¼ 6/16), the first report of
L. infantum detection in the common urban bat (Pipistrellus pipistrellus) in Europe.

34.6 Fungal Pathogens

34.6.1 Histoplasma, Coccidioides, and Other Fungal Infections

Despite the emergence of white nose syndrome caused by Pseudogymnoascus
destructans, which destroyed an estimated 6 to 7 million bats in North America in
recent years (first reported in 2007 in some New York state caves), the main zoonotic
fungal diseases related to bats is histoplasmosis and to a lesser extent coccidioido-
mycosis and a few other fungal infections also identified in bats (Hoar et al. 1998).

Histoplasmosis: Histoplasmosis is caused by Histoplasma capsulatum, a dimor-
phic fungus that is endemic in the Americas and parts of Asia and Africa (Hoar et al.
1998). There are two varieties that are pathogenic to humans, var. duboisii and var.
capsulatum. The former exists only in Africa, while var. capsulatum is most
prevalent in regions of North, Central, and South America, but has also been
reported from parts of Africa, Southern and Eastern Europe, Eastern Asia, and
Australia (Cottle et al. 2013). It grows as a mold in soil enriched with bird or bat
guano; human infection occurs after inhalation of the dust generated when such soil
is disturbed. Visiting caves, collecting or being exposed to bat guano, are the main
sources of human contamination from bats (CDC 2012; Cottle et al. 2013; Hoar et al.
1998; Jülg et al. 2008; Kajfasz and Basiak 2012; Schwarz and Kauffman 1977). The
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threat of Histoplasma capsulatum infection in bat-inhabited caves should be empha-
sized to travelers and also to physicians, as 3 of 4 travelers were hospitalized after
returning from visiting bat-infested caves in Ecuador and having contact with bat
guano (Kajfasz and Basiak 2012). Bats usually are healthy carriers and shed the
fungus in their feces. In humans, clinical manifestations in humans vary according to
host immunity and exposure intensity, ranging from asymptomatic infection (in most
healthy persons exposed to a low inoculum; about 80% of the time) to life-
threatening pneumonia with respiratory failure (Cottle et al. 2013; Hoar et al.
1998). Between these extremes, clinical presentations include acute or subacute
pulmonary disease, pericarditis, rheumatological syndromes with erythema
nodosum, progressive disseminated disease, and mediastinal complications. Acute
pulmonary histoplasmosis in returning travelers typically presents as a flu-like
illness with high-grade fever, chills, headache, nonproductive cough, pleuritic
chest pain, and fatigue. Chest radiographs often show diffuse reticulonodular infil-
trates and mediastinal lymphadenopathy. Symptom onset is usually 1 to 3 weeks
following exposure, and most individuals recover spontaneously within 3 weeks.
Disseminated disease is a rare complication, more likely to occur in persons with
severely impaired cellular immunity (Cottle et al. 2013). The African species,
H. capsulatum var. duboisii, is associated with cutaneous lesions and occasionally
infection of long bones (Hoar et al. 1998).

Coccidioidomycosis: Coccidioides immitis, causing coccidioidomycosis, also known
as valley fever in California, has been isolated from bat guano (Krutzsch and Watson
1978). Coccidioidomycosis is a systemic disease caused by Coccidioides immitis and
C. posadasii spp., which are predominant in arid zones of the American continent,
mainly in the Southwestern United States and the northern states of Mexico, as well as
other regions with different environmental conditions (Welsh et al. 2012). Some
countries of Central and South America are also endemic zones. Most infected patients
are asymptomatic. Disseminated disease develops in less than 5% of clinically affected
individuals. Culture, biopsy, and DNA probes are used for fungus identification.
Prognosis is related to low antibody detection and a positive intradermic skin reaction
to coccidioidin. Immunosuppressed patients and pregnant women require special atten-
tion in diagnosis, therapy, and prognosis. Amphotericin B in its different forms,
itraconazole, and fluconazole, is the most frequently used treatment. Both fungi have
been detected in bats and bat guano (Krutzsch and Watson 1978; de Cordeiro et al.
2012). In Brazil, Coccidioides posadasii was recovered from Carollia perspicillata bat
lungs (de Cordeiro et al. 2012). Immunologic studies detected coccidioidal antibodies
and antigens in Glossophaga soricina and Desmodus rotundus bats.

Candidiasis: Candida albicans, which causes mucocutaneous candidiasis
(“thrush” or oropharyngeal candidiasis) in the mouth or throat of humans, was
isolated from liver, kidney, spleen, and intestinal content of several bats captured
in Nigeria (Oyeka 1994). The most common symptoms of oral thrush in humans are
white patches or plaques on the tongue and other oral mucous membranes. It was
indicated that bat consumption is common in that country and people could get
infected by improper handling of bats or consumption of raw or undercooked bat
meat (Oyeka 1994). In a recent study conducted in Brazil, 7 (12.3%) of 57 bats
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showed yeasts in their feces. Five species of the genus Candida were isolated:
C. guilliermondii, C. krusei, C. lusitaniae, C. parapsilosis, and C. pelliculos
(Botelho et al. 2012).

Other fungal infections: Other fungal infections have been described in bats,
some of which could potentially be transmitted to humans. Bats are susceptible hosts
and reservoirs for Histoplasma capsulatum, Paracoccidioides brasiliensis, and
Sporotrichum schenckii (Raymond et al. 1997). Sporothrix schenckii, Scopulariopsis
sp., and Cryptococcus neoformans have been isolated from bats or bat guano in the
Americas (Hoar et al. 1998; Kajihiro 1965). Blastomycosis is a granulomatous
disease of mucous membranes. Blastomyces dermatitidis has been isolated from
the lungs of an asymptomatic insectivorous bat (Rhinopoma hardwickei hardwickei)
from India, and insectivorous bats orally inoculated with B. dermatitidis transiently
shed viable organisms in their feces. Mexican free-tailed bats (Tadarida brasiliensis)
intraperitoneally injected with B. dermatitidis developed systemic blastomycosis
and excreted viable fungi in their feces. Apparently, bats can serve as both hosts
and vectors for B. dermatitidis and may be potential sources for human infection
(Raymond et al. 1997).

34.7 Conclusion

Bats themselves have an undeniable impact on our planet; with over 1200 chiropteran
species identified to date, bats comprise one-fifth of all mammalian species globally
and provide critical ecosystem services ranging from pollination to insect control
(Wibbelt et al. 2010). Their vast numbers, capability of flight, and a variety of
ecological, immunological, and socioeconomic factors also enable bats to transmit
an increasingly recognized spectrum of pathogens (Calisher et al. 2006; Mühldorfer
2013; Wibbelt et al. 2010; Wood et al. 2012). The potential for the emergence of
zoonoses will continue to increase, as demonstrated by the COVID19 pandemic, as
human development encroaches on bat populations. As such, future research will be
needed to monitor infection and better understand those underlying drivers of disease.

34.8 Cross-References

▶A Review of Hendra Virus and Nipah Virus Infections in Man and Other Animals
▶Elimination of Rabies: A Missed Opportunity
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Abstract

Vector-borne zoonoses (VBZ) are diseases caused by a range of pathogens that
affect animals and humans. A plethora of vectors, such as mosquitoes, ticks, fleas,
phlebotomine sand flies, lice, and kissing bugs, may transmit numerous bacteria,
protozoa, helminths, and viruses to animals and humans. The burden of VBZ is
still considerable in poor rural areas in tropical and subtropical regions. Indeed,
some of these diseases represent a current public health concern in low- and
middle-income countries as well as in wealthy ones. A number of factors, such as
increases in travel and trade, climate and land-use changes, and socioeconomic
and political upheavals, may drive or alter the dynamics of VBZ in animals and
humans. In this chapter, we review selected aspects of VBZ affecting animal and
human populations worldwide. Unresolved issues regarding the epidemiology
and control of this group of zoonoses are also discussed.
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35.1 Introduction

Vector-borne zoonoses (VBZ) constitute a group of diseases caused by a wide range
of pathogenic organisms, including bacteria (e.g., Rickettsia conorii, Rickettsia
rickettsii, and Borrelia burgdorferi), protozoa (e.g., Babesia divergens, Babesia
microti, Plasmodium knowlesi, and Trypanosoma cruzi), helminths (e.g., Dirofilaria
immitis, Dirofilaria repens, Onchocerca lupi, and Thelazia callipaeda), and viruses
(e.g., Crimean-Congo hemorrhagic fever virus, West Nile virus, and tick-borne
encephalitis virus) (Colwell et al. 2011; Dantas-Torres et al. 2012b; Kilpatrick and
Randolph 2012; Otranto et al. 2013; Bezerra-Santos et al. 2021; Mendoza-Roldan
et al. 2021a). These pathogenic agents may be transmitted to animals and humans
through the bite (during blood feeding) of a variety of arthropods, such as mosqui-
toes (family Culicidae), fleas (order Siphonaptera), lice (order Phthiraptera),
phlebotomine sand flies (subfamily Phlebotominae), black flies (family Simulidae),
biting midges (family Ceratopogonidae), kissing bugs (subfamily Triatominae), fruit
flies (subfamily Steganinae), and ticks (order Ixodida). Some diseases such as
plague, a flea-borne disease that claimed the lives of thousands of people since the
Byzantine Empire (Gage and Kosoy 2005; Raoult et al. 2013; Bezerra et al. 2022),
have been part of humankind for long time and have changed the course of our
history. In recent years, a number of new VBZ have also been described (Dantas-
Torres et al. 2012b), with direct implications for the diagnosis of this group of
zoonoses, whose clinical features may overlap (Paddock et al. 2008).

The epidemiology and distribution of VBZ are influenced by several factors, but
the presence of animal hosts and arthropod vectors in a given area is a sine qua non
condition for the enzootic and zoonotic cycles to occur. For instance, small mammals
and reptiles may act as hosts for a number of pathogens (e.g., Babesia microti,
Borrellia burgdorferi, Rickettsia spp.) potentially causing disease in humans and
may also serve as hosts for arthropod vectors, such as ticks (Dantas-Torres et al.
2012a; Mendoza-Roldan et al. 2021b). Importantly, the complex interactions
between animal hosts, arthropod vectors, and people occurring in the enzootic and
zoonotic transmission cycles of vector-borne pathogens partly explain the difficulties
faced by public health authorities trying to control this group of diseases.

The burden of VBZ is still heavier in poor rural areas in tropical and subtropical
regions, where arthropod vectors find a more suitable environment for their perpet-
uation and where access to health care services is often limited. For example,
leishmaniasis and Chagas disease are still one of the leading causes of disability
worldwide and responsible for thousands of deaths, mainly in rural and peri-urban
areas of several low-income countries (Alvar et al. 2006; Bern et al. 2008; Christou
2011; Lozano et al. 2012). Furthermore, climatic, socioeconomic, and political
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changes have caused a profound impact on the epidemiology and distribution of
VBZ, some of which currently represent a public health concern in industrialized
countries as well (Vorou et al. 2007; Otranto et al. 2013). In the present chapter, we
provide an overview on selected aspects of VBZ affecting animal and human
populations around the world. Unresolved issues regarding the epidemiology and
control of this group of zoonoses are also addressed.

35.2 Morbidity and Mortality

From a global perspective, VBZ such as leishmaniasis, Chagas disease, and African
trypanosomiasis are still causing a considerable burden in terms of morbidity and
mortality in a number of countries. Particularly, the burden of such VBZ is still
heavier in low- and middle-income countries as compared with high-income coun-
tries. On the other hand, several VBZ such as tick-borne encephalitis and Lyme
disease are also increasing in many industrialized countries (Bhate and Schwartz
2011). Nonetheless, it is difficult to estimate the actual burden of VBZ, mainly in
developing countries due to the absence of surveillance and/or deficiencies in the
national case notification system. Furthermore, many cases of VBZ remain without a
definitive diagnosis, particularly in remote rural areas where the access to basic
health care services is still incipient.

Human leishmaniasis is a group of phlebotomine sand fly-borne diseases caused
by several species of Leishmania, which are prevalent in at least 98 countries and
three territories in all continents, except Oceania (Alvar et al. 2012); the Leishmania
species circulating presently in Australia is apparently restricted to kangaroos. The
global burden of leishmaniasis in terms of morbidity and mortality has recently been
reassessed. It has been estimated that approximately 0.2–0.4 million visceral leish-
maniasis cases and 0.7–1.2 million cutaneous leishmaniasis cases occur each year in
countries where these diseases are endemic (Alvar et al. 2012). Remarkably, more
than 90% of all visceral leishmaniasis cases reported worldwide occur in six
countries: India, Bangladesh, Sudan, South Sudan, Brazil, and Ethiopia. In a similar
manner, Afghanistan, Algeria, Colombia, Brazil, Iran, Syria, Ethiopia, North Sudan,
Costa Rica, and Peru are responsible for 70–75% of the cutaneous leishmaniasis
cases estimated to occur annually. It has also been estimated that 20,000–40,000
leishmaniasis deaths occur each year worldwide. Nevertheless, the number of cases
and deaths that remain underreported is probably higher than currently estimated.

Trypanosomiases are neglected tropical diseases caused by Trypanosoma species,
which might be transmitted by different arthropod vectors. American trypanosomiasis
(Chagas disease) is caused by Trypanosoma cruzi, which is primarily transmitted by
kissing bugs. In spite of the efforts toward the elimination of the vectorial transmission
of T. cruzi in endemic areas, Chagas disease is still a leading cause of morbidity and
mortality worldwide. Indeed, it is estimated that 10–20 million people are infected
with T. cruzi, mostly in Latin America, causing between 20,000 and 50,000 deaths per
year (Tarleton and Curran 2012; Leony et al. 2019). Differently, African trypanoso-
miasis (sleeping sickness) is caused by species of Trypanosoma (Trypanosoma brucei
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rhodesiense and Trypanosoma brucei gambiense), which are transmitted by tsetse flies
(Glossina genus). The disease is restricted to sub-Saharan Africa, where 70 million
people are estimated to be at risk of infection. Importantly, the number of cases of
sleeping sickness in Africa decreased about 82% in recent years (e.g., 37,991 cases in
1998 and 6743 cases in 2011), which is the result of the control efforts toward the
elimination of the disease from this continent (Simarro et al. 2012).

Tick-borne bacterial diseases such as Lyme disease, Rocky Mountain spotted
fever, Mediterranean spotted fever, granulocytic anaplasmosis, monocytic ehrlichi-
osis, and Q fever constitute emerging public health concerns worldwide (Christou
2011; Dantas-Torres et al. 2012b). For instance, Lyme borreliosis is on the rise in
Europe, where more than 50,000 cases are reported each year. Similarly, over
250,000 cases of Lyme borreliosis were reported between 2000 and 2010 in the
United States (Dantas-Torres et al. 2012b). Furthermore, human granulocytic ana-
plasmosis has been increasing in incidence and expanding its distribution in the
United States in recent years (Christou 2011; Matos et al. 2022).

Arboviruses (i.e., arthropod-borne viruses) such as yellow fever virus, dengue fever
virus, Japanese encephalitis virus, West Nile virus, tick-borne encephalitis,
Chikungunya virus, Zika virus, Rift Valley fever virus, and Crimean-Congo hae-
morrhagic fever virus are responsible for considerable morbidity and mortality world-
wide (LaBeaud et al. 2011). For instance, the World Health Organization official
estimates indicate that 50–100 million dengue infections occur annually around the
globe, but a more recent estimate increased this figure to 390 million dengue infections
per year (Bhatt et al. 2013). Moreover, around 200,000 cases and 30,000 deaths by
yellow fever are estimated to occur each year in tropical areas of Africa and Latin
America, respectively. Similarly, more than 67,000 cases of Japanese encephalitis are
estimated to occur each year throughout most Asia and parts of western Pacific, with a
case-fatality rate ranging from 10–30% (Hu et al. 2012). Furthermore, more than 5300
West Nile virus disease cases occurred in 2012 in the United States, representing the
highest number of cases reported to the Centres for Disease Control and Prevention
since 2003 (http://www.cdc.gov/ncidod/dvbid/westnile/index.htm).

The recent introduction and subsequent emergence of several exotic VBZ (e.g., West
Nile virus, Chikungunya virus, and Zika virus) worldwide appears to be influenced by
several biotic and abiotic factors, including increased travel and trade, which ultimately
favoured the introduction and/or the expansion of arthropod vectors. Nonetheless, the
emergence or re-emergence of endemic VBZ (e.g., Lyme disease, tick-borne encepha-
litis, leishmaniasis, and malaria) has been attributed to climate changes, land-use, and
social changes, which have greatly impacted on the ecology of vector species (Colwell
et al. 2011; Kilpatrick and Randolph 2012; Dantas-Torres 2015).

35.3 Drivers and Dynamics of VBZ

At the local level, the probability (or the risk) of being exposed to and, thus,
becoming infected by a vector-borne pathogen depends on the contact with compe-
tent vectors, which in turn may be influenced by several factors (e.g., living
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conditions, labor and leisure activities, knowledge of the disease transmission and
control). From a broader perspective, the dynamics of VBZ in a given area are driven
by several biotic (e.g., reservoir and vector population densities) and abiotic factors
(e.g., land-use and social changes, increased travel and trade), which may vary in
time and space.

In the past century, a number of exotic VBZ were introduced and established into
new areas. For instance, canine thelaziasis is a VBZ caused by the spirurid nematode
Thelazia callipaeda, which is transmitted by the fruit fly Phortica variegata (Fig. 1)
(Otranto et al. 2013). The disease was initially thought to be restricted to the former
Soviet Union and to countries in the Far East (the People’s Republic of China, South
Korea, Japan, Indonesia, Thailand, Taiwan, and India), but nowadays it is widespread
in Europe (Otranto et al. 2013), and it has also been reported in the USA (Schwartz
et al. 2021). Cases have been reported in almost all European countries (e.g., Italy,
Belgium, France, Greece, Portugal, Spain, and Switzerland) as well as in the Balkans
(Caron et al. 2013; Otranto et al. 2013, 2021). The emergence of thelaziosis in several
European countries has been attributed to several factors, such as movement of
infected animals, local changes in vector ecology and distribution, as well as to
increased awareness of medical physicians, veterinary practitioners, and parasitolo-
gists. Indeed, the increasing in trade and travel is considered as a major driver of exotic
vector-borne pathogen introductions into non-endemic areas (Kilpatrick and Randolph
2012; Dantas-Torres 2015). For instance, infected livestock and people as well as
migratory or dispersing birds are potential carriers for the introduction of exotic
pathogens (e.g., Crimean-Congo haemorrhagic fever, Chikungunya virus, and West
Nile virus) into new regions (Kilpatrick and Randolph 2012).

Upon arrival in a new area, an exotic pathogen needs to find suitable reservoir
hosts and arthropod vectors to establish locally. For example, the immigration waves
of Europeans from leishmaniasis endemic countries (e.g., Portugal, Spain, and Italy)
into the New World, since the arrival of the Conquistadores, resulted in multiple
introductions of Leishmania infantum, the causative agent of zoonotic visceral
leishmaniasis, into this region (Kuhls et al. 2011; Dantas-Torres et al. 2012c). The
establishment of L. infantum in the New World was likely facilitated by the presence

Fig. 1 Phortica variegata,
the vector of Thelazia
callipaeda, feeding on a
human eye
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of highly susceptible human populations and competent animal hosts, such as foxes,
domestic dogs, and other wild animals co-habiting the same environment (Desjeux
2004; Dantas-Torres et al. 2012c). In the same way, the existence of a ubiquitous
competent vector (Lutzomyia longipalpis sensu lato), migration waves from rural to
urban areas, and increased trade have probably favored the rapid spread of zoonotic
visceral leishmaniasis in some Latin American countries such as Brazil (Desjeux
2004; Kuhls et al. 2011; Dantas-Torres et al. 2012c).

The presence of an established vector population and of susceptible hosts that are
immunologically naïve to the introduced pathogen might result in explosive epi-
demics of VBZ (Kilpatrick and Randolph 2012). Indeed, the emergence of endemic
VBZ might be driven by several factors, which may bring large contingents of
non-immune people into contact with vectors and associated pathogens. Road
building, oil prospecting, mining, farming, irrigation, forestry development, tourism,
as well as political upheavals, military conflicts, and natural disasters (e.g., the
hurricane Katherine) have been associated with the emergence of several VBZ
such as dirofilarioses, leishmaniasis, malaria, yellow fever, and tick-borne enceph-
alitis (Desjeux 2004; Colwell et al. 2011; Kilpatrick and Randolph 2012; Antinori
et al. 2013). For example, the largest outbreak of cutaneous leishmaniasis recorded
in Colombia occurred during 2005–2009 in soldiers of the Colombian Army, when
roughly 40,000 cases were detected (Vélez et al. 2012). In this outbreak, military
incursions into the jungle, with the mission to combat illicit crops and the guerrilla,
resulted in exposure of soldiers and military dogs to infected phlebotomine sand
flies. Similarly, the emergence of malaria by Plasmodium knowlesi in south-eastern
Asia has been associated with males who had a history of visiting or staying for some
days in jungle areas, where wild macaques and anopheline mosquitoes maintain the
natural cycle of the parasite (Singh et al. 2004; Lee et al. 2011; Antinori et al. 2013).

While deforestation (for road building, establishment of grazing areas, crop
plantations, etc.) may be associated with the emergence of VBZ, reforestation
has also been linked with changes in local abundance of animal hosts and
arthropod vectors of certain pathogens. For instance, the emergence of Lyme
disease in north-eastern United States in the mid-twentieth century has been
partly attributed to the rise in deer (Odocoileus virginianus) and tick (Ixodes
scapularis) populations as a result of reforestation occurring during the twen-
tieth century (Barbour and Fish 1993). On the other hand, forest fragmentation
in eastern regions of Canada and the United States and changes in predators’
communities have been associated with increases in the relative abundance of
wildlife hosts of Borrelia burgdorferi and in the infection prevalence in
nymphal ticks (Logiudice et al. 2008; Levi et al. 2012). Certainly, forest
fragmentation and/or reforestation may exert profound changes in wildlife
host communities, with potential effects on arthropod vectors and associated
pathogens. The effects of these changes in the dynamics of several VBZ may be
unpredictable (Dantas-Torres 2015).

Socioeconomic and political changes may also increase the risk of VBZ (Otranto
et al. 2017). For example, the upsurge of tick-borne encephalitis in central and
eastern European states has been correlated with poverty and household expenditure
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on food, after the collapse of the Soviet Union (Sumilo et al. 2008). Indeed, changes
in land-use, reduced use of pesticides, increased unemployment, and poverty might
have resulted in increased interactions between people and infected ticks. The
linkage between poverty and VBZ is well documented for some neglected diseases,
such as leishmaniasis, African trypanosomiasis and Chagas disease. For example,
the cracked walls and damp earth floors, together with an absence of sanitation and
inadequate garbage collection in impoverished urban and peri-urban settings create
phlebotomine sand fly breeding sites and increase the risk of leishmaniasis (Alvar
et al. 2006). In the same way, people living in poor rural communities in Latin
America, in proximity to forest areas and under precarious housing conditions and
underlying poverty are at risk of VBZ, such as Chagas disease (Briceno-Leon 1987).

35.4 Clinical and Diagnostic Considerations

Patients (whether animal or human) suffering from a given VBZ may present with a
suit of clinical signs and symptoms, ranging from a single, localized skin ulcer to
severe, life-threatening systemic disease. For instance, canine and human patients
affected by American cutaneous leishmaniasis caused by Leishmania braziliensis
may present localized skin ulcers or mucocutaneous lesions. In turn, those suffering
from zoonotic visceral leishmaniasis by L. infantum may exhibit systemic clinical
signs (e.g., weight loss, fever, lymph node enlargement, and hepatosplenomegaly)
with a potential fatal outcome (Lainson and Shaw 2005; Dantas-Torres 2009). Other
leishmanial species such as Leishmania amazonensis may induce a range of clinical
signs in dogs and humans and eventually produce a visceral form of leishmaniasis
that may be confounded with L. infantum infections (Lainson and Shaw 2005;
Dantas-Torres 2009),

Human patients affected by spotted fever rickettsioses may present with unspecific
clinical signs and symptoms (e.g., flu-like illness) in the early stages of the disease
(Dantas-Torres 2007), potentially leading to misdiagnosis, delays in treatment initia-
tion, and death. Certainly, the variety of clinical signs and symptoms animals and
humans may present when suffering from VBZ make the clinical diagnosis a chal-
lenging task for physicians and veterinary practitioners working in both endemic and
non-endemic areas. In endemic areas, they may be more used to typical clinical
presentations of endemic VBZ, but atypical cases in immunosuppressed individuals
and co-infections may further complicate the clinical diagnosis.

Vector-borne nematodes may cause ocular infestations in animals and humans
(Otranto and Eberhard 2011; Otranto et al. 2013). For instance, thelaziosis is a VBZ
of animals (e.g., dogs and cats) and humans caused by T. callipaeda, whose adults
live primarily under the nictitating membrane of the eye and may induce lacrimation,
epiphora, conjunctivitis, keratitis, and even corneal ulcers (Otranto and Eberhard
2011). However, several other vector-borne nematode species may invade the eyes
of animals and humans and must be included in the differential diagnosis. As
examples, a rare nematode (Pelicitus genus) was retrieved from the eye of a
human patient from the Amazon region in Brazil (Bain et al. 2011) and an enigmatic
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Dirofilaria sp. molecularly close to Dirofilaria immitis was characterized from a
human patient from northern Brazil (Otranto et al. 2011a). In addition, cases of
Onchocerca lupi ocular infestations was originally diagnosed in a patient from
Turkey (Otranto et al. 2011b) and afterwards in Germany, Tunisia, and Iran (Otranto
et al. 2012a; Rojas et al. 2021). Remarkably, O. lupi is a little known, but emerging
parasite of dogs in parts of the United States and Europe (Labelle et al. 2013; Otranto
et al. 2012b), whose zoonotic potential was underestimated until recently. Finally,
human infestations by Dirofilaria spp. often result in pulmonary nodule formations,
which may be erroneously diagnosed as malignant neoplasm, hence representing a
further challenge to physicians (Genchi et al. 2011).

A number of rickettsial organisms have been described in recent years and some
of them have been implicated in human disease (Dantas-Torres et al. 2012b; Oteo
and Portillo 2012). For example, Rickettsia massiliae was originally described from
ticks in 1994 from France and recently found to be a ubiquitous emerging pathogen
of humans (Vitale et al. 2006; Parola et al. 2008; García-García et al. 2010). All
published cases of R. massiliae infections were clinically similar to Mediterranean
spotted fever suggesting that many cases of R. massiliae infections are likely to be
misdiagnosed as by Rickettsia conorii infections (Parola et al. 2008). The same is
true for Rickettsia parkeri, which has been described as a human pathogen in the
United States and South America, where the disease is likely to be misdiagnosed as
other infectious illnesses, including Rocky Mountain spotted fever, dengue fever,
and leptospirosis (Romer et al. 2011).

The above-mentioned examples illustrate how difficult the clinical diagnosis of
VBZ may be and underline that medical physicians and veterinary practitioners, as
well as public health authorities should be prepared to react promptly in face of
atypical cases in endemic and non-endemic areas. It is vital to avoid delays in the
treatment initiation, which may eventually result in the death of the patient (Dantas-
Torres et al. 2012b).

35.5 Advancements in VBZ Diagnosis

There have been several advancements in the field of VBZ diagnosis in the past few
decades. The refinement of serological tests and the development of molecular biology
tools, along with the decipherment of the genomes for several pathogens, have
improved considerably our capacity to diagnose VBZ in animals and humans, allo-
wing the detection and characterization of new, emerging pathogens (Otranto 2015).
Moreover, the adoption of a holistic diagnostic approach has culminated in the
discovery of new human pathogens, including several bacterial species. For instance,
R. rickettsii, the causative agent of Rocky Mountain spotted fever, was for many years
the only rickettsial agent to be definitely associated with human diseases in the United
States. In 2004, the use of a comprehensive diagnostic approach (including serological
testing, immunohistochemical staining, cell culture isolation, and molecular methods)
led to the description of the first cases of rickettsiosis by R. parkeri, a spotted fever
group first identified 65 years ago in Gulf Coast ticks (Amblyomma maculatum)
collected from the southern United States (Paddock et al. 2004).
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Remarkably, R. parkeri has been detected in A. maculatum and A. triste in several
South America countries, which suggests that the distribution of this Rickettsia in the
western hemisphere is probably wider than currently known. Furthermore, a case
report from Argentina suggested that R. parkeri infections in this region are likely to
be misdiagnosed as other infectious diseases, including Rocky Mountain spotted
fever and dengue fever (Romer et al. 2011). The use of molecular tools has been
proven essential for the correct aetiological diagnosis of tick-borne spotted fever
rickettsioses in the United States and other countries of the western hemisphere.

Human malaria has traditionally been associated to four human-adapted Plasmo-
dium species: Plasmodium falciparum, Plasmodium malariae, Plasmodium ovale,
and Plasmodium vivax. Recently, a fifth species (namely, P. knowlesi) was impli-
cated in several cases of human malaria across south-eastern Asia (Antinori et al.
2013). These cases were initially misidentified as P. malariae infections by micros-
copy, but refined molecular study revealed a large focus of naturally acquired human
infections by P. knowlesi in Malaysian Borneo (Singh et al. 2004). Importantly, the
initial suspicion that another Plasmodium species was involved in human malaria in
Malaysian Borneo was based on clinical (e.g., fever with chills and rigor, headache,
cough, and vomiting), epidemiological (e.g., mostly adults), and laboratory data
(e.g., high parasitaemia, over 5000 parasites per μl) (Singh et al. 2004). Once again,
the “P. knowlesi example” underlines the importance of using a comprehensive
approach, coupling clinical and epidemiological data with modern diagnostic test
results toward a correct diagnosis of VBZ.

The use of molecular biology in epidemiological studies has also advanced our
understanding of the transmission dynamics and origin of several pathogens causing
VBZ. For long time, Leishmania chagasi was considered to be the agent of zoonotic
visceral leishmaniasis in the New World and referred to as a distinct species from
L. infantum. However, molecular analyses confirmed the Old World origin of the
so-called L. chagasi, which is now widely accepted as a synonym with L. infantum
(Kuhls et al. 2011). Another example of the utility of molecular tools in the diagnosis
of VBZ is represented by the first ever described case of zoonotic ocular infestation
by O. lupi in a patient from Turkey (Otranto et al. 2011b). The nematode detected in
a subconjunctival mass was detected on the superonasal quadrant of bulbar con-
junctiva, but cut during the surgical removal. The nematode was initially identified
as belonging to the genus Onchocerca and later on molecularly characterized as
O. lupi. After this first occurrence, additional cases were detected in human patients
as well as in dogs and cats worldwide (Rojas et al. 2021).

The development of rapid tests including point-of-care assays is also an important
advancement in terms of diagnosis of VBZ such as leishmaniasis and Chagas disease
(Barfield et al. 2011; Grimaldi et al. 2012; Leony et al. 2019; Rodrigues et al. 2022).
For instance, a new rapid test (PATH-Lemos rapid test) for the point-of-care diagnosis
of Chagas disease was compared with a commercially available rapid test (Chagas
STAT-PAK, Chembio). As compared to the reference test (the Ortho T. cruzi ELISA,
Johnson & Johnson), the PATH-Lemos rapid test demonstrated an optimal sensitivity
of 99.5% and specificity of 96.8%, respectively, while the Chagas STAT-PAK showed
a sensitivity of 95.3% and specificity of 99.5% (Barfield et al. 2011). More recently, a
study assessed the performance of chimeric proteins for the detection of anti-T. cruzi
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IgG antibodies in dogs, with promising results in terms of sensitivity and specificity
(Leony et al. 2019). Some of these chimeric proteins were used to develop an
immunochromatographic rapid test for the serological diagnosis of T. cruzi infection
in wild and domestic canids (Rodrigues et al. 2022). These results show that both rapid
tests present high levels of sensitivity and specificity, representing reliable tools for
screening and diagnosis of Chagas disease. As another example, a new rapid test for
plague detection in humans and other mammalian hosts has recently been developed,
with high sensitivity and specificity (Bezerra et al. 2022).

Undoubtedly, these advancements will influence the clinical practice of medical
physicians and veterinary practitioners. Hopefully, these tools will also be made
available for point-of care use in poor rural settings in VBZ-endemic countries in
order to improve the diagnostic standard for VBZ in these areas.

35.6 Unresolved Issues

The epidemiology and distribution of VBZ is changing due to several factors, such as
unplanned urbanization, illegal deforestation, changing demographics, economic crisis,
increased global movement of animals and people, changes in human behavior, land use
and practices (Colwell et al. 2011; Kilpatrick and Randolph 2012; Dantas-Torres 2015).
As a consequence, our understanding regarding several aspects (from aetiology to
control) of VBZ has also changed in recent years. For example, the refinement and
widespread use of genetic tools has greatly improved our capacity of detecting and
identifying microorganisms in animals, humans, and arthropods. Indeed, a number of
microorganisms have recently been detected in arthropods (e.g., ticks) and some of them
have been implicated in human disease (Dantas-Torres et al. 2012b). On the other hand,
the pathogenic potential of several recently described organisms remain largely
unknown and further research is fundamental to predict the emergence of novel VBZ
in animals and humans.

The diagnosis of VBZ in animals and humans has advanced considerably in the
past decades. For example, rapid immunochromatographic diagnostic tests and
PCR-based tools have been developed (Dantas-Torres et al. 2012c), even if most
of these tools are still largely restricted to research institutes and reference diagnostic
centers. Indeed, the effective implementation of these new diagnostic tools in the
field may still be far from reality in some VBZ-endemic areas. Considering the
diversity of pathogenic agents that may potentially infect animals and humans in
tropical and subtropical regions, the use of accurate diagnostic methods is funda-
mental to improve clinical practice. Similarly, a precise and rapid etiological diag-
nosis is pivotal to expedite treatment decisions.

It is acknowledged that the control of VBZ in animals and humans is a difficult task
due to the inherent complexities involved in the transmission cycles of these diseases.
When a VBZ is established in a given area, it is very difficult to eradicate the pathogen
and/or the vector or even to reduce the burden of disease. An appropriate example is the
case of zoonotic visceral leishmaniasis, which is still causing considerable morbidity and
mortality in endemic areas. In Brazil, for example, a control program against zoonotic
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visceral leishmaniasis has been in place since more than 50 years ago with limited or no
impact on the incidence of the disease in dogs and humans (Romero and Boelaert 2010;
Dantas-Torres et al. 2019). For any VBZ to be controlled, it is fundamental to reduce the
contact between susceptible hosts (animals and people) and vectors. A number of tools
for reducing the contact of animals with arthropods (e.g., phlebotomine sand flies,
mosquitoes, and ticks) have been developed in recent years, such as collars and spot-
on pipettes containing active compounds with insecticide and repellent activity (Dantas-
Torres et al. 2012c). Insecticide impregnated bed nets may reduce the exposure of
humans to arthropod vectors and thus contribute to VBZ control (Kroeger et al. 2003).
Unfortunately, most people living in poor rural communities, tropical and subtropical
regions of the world cannot handle the costs of preventive tools. In such cases, public
health authorities should elaborate and implement governmental programs for the
control of VBZ in order to reduce the burden of these diseases in animals and humans
living in poor rural communities.

Continuous education for medical physicians and veterinary practitioners is
pivotal for controlling VBZ, as they are in the front line and should be up-to-date
regarding recent advances in VBZ and base their clinical practice on the highest
quality scientific evidence available. Improving VBZ detection and reporting in
developing countries is central to have more precise burden estimates in these
countries, which in turn is important to define priority in terms of control and
management. In this context, the adoption of a One Health approach toward the
management of VBZ has also been emphasized in recent years (Day 2011; Dantas-
Torres et al. 2012b; Bezerra-Santos et al. 2021; Mendoza-Roldan et al. 2021a) and
will be a critical step toward the control of these diseases. Indeed, it is imperative to
reduce the gap of communication between, medical physicians, veterinarians, and
public health authorities dealing with VBZ worldwide, particularly (but not exclu-
sively) in low- and middle-income countries. Certainly, this is a simple but important
step toward reducing the burden of VBZ in animals and humans around the world.

35.7 Cross-References

▶Crimean-Congo Hemorrhagic Fever Virus: An Emerging and Re-emerging Path-
ogen of Public Health Concern

▶Human African Trypanosomiasis: The Smoldering Scourge of Africa
▶Q Fever (Coxiella burnetii)
▶West Nile Virus: From Africa to Europe, America, and Beyond
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Abstract

Lyme borreliosis (LB) and relapsing fever (RF) are zoonotic diseases that are
caused by spirochetal bacteria belonging to the genus Borrelia. The agents are
generally maintained in natural transmission cycles by vector ticks (exception:
body louse) and reservoir hosts. Lyme borreliosis (synonym in North America:
Lyme disease, LD) is the most frequently reported tick-borne disease in Europe and
North America. It mainly affects skin, large joints, nervous system or heart and is
considered a multi-system disorder. Relapsing fever manifests as recurrent febrile
attacks accompanied by headaches, muscle and joint aches, interrupted by afebrile
intervals. It mainly occurs in tropical and subtropical regions including North and
South America, Africa, Asia, and South European countries. In this chapter we
describe the genus Borrelia, the huge diversity that has become apparent in recent
years, the geographical distribution of its species, and the complex genome that is
reflected in the complex ecology and disease symptoms. We also give information
on diagnostics and its challenges, therapy, and prophylactic measures.

Keywords

Lyme borreliosis · Relapsing fever · Taxonomy · Diagnosis · Vector ticks

36.1 Introduction

Lyme borreliosis (LB) and relapsing fever (RF) are zoonotic diseases that are caused by
spirochetal bacteria belonging to the genus Borrelia. The agents are generally
maintained in natural transmission cycles by vector ticks (exception: body louse) and
reservoir hosts. Lyme borreliosis (synonym in North America: Lyme disease, LD) was
named after the town Old Lyme in Connecticut, United States, where a cluster of
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juvenile arthritis cases (Steere et al. 1976, 1978, 2016) led ultimately to the discovery of
the spirochetal agent of LB, Borrelia burgdorferi (Burgdorfer et al. 1982). The bacte-
rium was described as species in 1984 (Johnson et al. 1984). In Europe, it had been
suspected since the turn of the last century that a tick-borne agent(s) was the cause of
medical conditions that are now recognized as LB (reviewed by Stanek et al. 2002).

Descriptions of conditions reminiscent of relapsing fever go back to antiquity and
Hippocrates’ times, but only in 1843 was the name “relapsing fever” coined by
David Craigie during an epidemic in Edinburgh. The first microscopic observation
of the etiological agent of louse-borne relapsing fever, now known as Borrelia
recurrentis, was in 1868 by Otto Obermeier in the blood of febrile patients and
reported to the Berlin Medical Society (“Berliner medicinischen Gesellschaft”) in
1873 (reviewed by Warrell 2019, see references therein). The spirochetal agent of
louse-borne relapsing fever was originally named Protomycetum recurrentis,
Spirochaeta obermeieri, or Spirochaeta recurrentis (Lebert 1876; Cutler 2010) and
then Borrelia recurrentis, when the genus was renamed after the French microbiol-
ogist Amédée Borrel by Swellengrebel in 1907 (Bergey 1925; Skerman et al. 1980).
“Tick fever” – now known as tick-borne relapsing fever – was initially described in
East Africa in 1904 and later documented in other parts in Africa (Elbir et al. 2013;
Trape et al. 2013). New species are still being discovered (Fingerle et al. 2016), and
the taxonomy of soft tick vectors is still under investigation (Trape et al. 2013).
Louse-borne RF had probably the most severe impact on humankind of all Borrelia
species causing huge epidemics during times of war, migration, poverty, and poor
hygiene (reviewed by Warrell 2019, for a historical report see Lebert 1876).

Lyme borreliosis is the most frequently reported tick-borne disease in Europe and
North America. It can affect tissues and organs and is considered a multi-system
disorder. It may affect the skin, joints, nervous system, and other internal organs
(Steere 2001; Stanek et al. 2011). A typical manifestation of LB is erythema migrans
(also called bull’s-eye rash), which is a skin manifestation that appears as a roundish
red lesion (often around a central clearing) that slowly grows in diameter. Other
manifestations are lymphocytoma (lymphadenosis benigna cutis), meningopoly-
neuritis (also known as Garin-Bujadoux-Bannwarth syndrome), unilateral or bilat-
eral facial palsy, meningitis, cranial neuropathies, acrodermatitis chronica
atrophicans, Lyme arthritis, and Lyme carditis. Lyme neuroborreliosis is a condition
that appears to be more frequent in Europe than in North America but with a more
similar clinical picture than often assumed (Stanek et al. 2012; Koedel et al. 2015).

Relapsing fever manifests as recurrent febrile attacks accompanied by headaches,
muscle and joint aches interrupted by afebrile intervals (Cutler 2010; Warrell 2019).
It mainly occurs in tropical and subtropical regions including North and South
America, Africa, Asia, and South European countries (Rebaudet and Parola 2006).
Borrelia species that have been reported to cause relapsing fever in humans include
B. duttonii, B. crocidurae, B. hispanica, Ca. B. kalaharica in Africa, B. persica in
Asia, B. hermsii, and to a lesser extent B. turicatae and B. parkeri in Western North
America (Hinnebusch et al. 1998; Rebaudet and Parola 2006; Schwan et al. 2007;
Elbir et al. 2013; Fingerle et al. 2016). Borrelia recurrentis causes louse-borne
relapsing fever, which is often more severe than tick-borne relapsing fever (Warrell
2019). Upon antibiotic treatment, a condition called Jarisch-Herxheimer reaction can
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be provoked (less often and less severe also in other RF species) and trigger organ
failure that may cause death of the patient. Nowadays, B. recurrentis is mainly found
in the Horn of Africa (Hoch et al. 2015).

One tick-borne RF species is an exception to the rule: Borrelia miyamotoi is
vectored by ticks of the genus Ixodes, occurs in the temperate zones of the Northern
Hemisphere, and can cause untypical RF illness (Fukunaga et al. 1995; Scott et al.
2010; Platonov et al. 2011; Hovius et al. 2013; Telford et al. 2015; Boden et al. 2016).

In this chapter, we describe the genus Borrelia, the huge diversity that has become
apparent in recent years, the geographical distribution of its species, and the complex
genome that is reflected in the complex ecology and disease symptoms. We also give
information on diagnostics and its challenges, therapy, and prophylactic measures.

36.2 The Genus Borrelia

The genus Borrelia (emended Margos et al. 2018) was first described by
Swellengrebel 1907, with Borrelia anserina as the chosen type species (Skerman
et al. 1989). The species is an avian pathogen that can cause clinical disease in fowl
and has a worldwide distribution (CAB International 2002). The genus currently
comprises 60 proposed and named species (Table 1), several of which have
“Candidatus” status, which means that cultured isolates are not available
(Stackebrandt et al. 2002) (see also List of Prokaryotic Names with Standing in
Nomenclature (LPSN), https://www.bacterio.net/). There are 22 species with validly
published names under the International Code of Nomenclature of Prokaryotes (ICNP)
within the RF group of spirochetes, 20 species with validly published names within the
LB group of spirochetes (also termed Borrelia burgdorferi sensu lato (s.l.) species
complex), and one species (B. turcica Güner et al. 2004) within a third group,
sometimes called reptile-associated group (Margos et al. 2018). Apart from these
species, there is a large diversity of species that have not yet been named officially
or do not have validly published names and their pathogenic potential is largely
unknown (Mitani et al. 2004; Lin et al. 2005; Takano et al. 2011; Fedorova et al.
2014; Ivanova et al. 2014; Ehounoud et al. 2016; Fingerle et al. 2016; Loh et al. 2017;
Kumagai et al. 2018; Qiu et al. 2019; Binetruy et al. 2020; Muñoz-Leal et al. 2020;
Norte et al. 2020; Bermúdez et al. 2021; Weck et al. 2022). A phylogeny based on 16S
rRNA sequences shows (Fig. 1 from Margos et al. 2020c) that some of these Borrelia
lineages cluster within clades of previously characterized Borrelia species or form
their own clades: for example, Candidatus B. kalaharica, Ca. B. texasensis, and
Borrelia sp. from Tanzania fall in the argasid-transmitted RF clade; Ca. B. aligera
(not shown), B. chilensis, and Ca. B. ibitipoquensis (not shown) fall in the Ixodes-
transmitted LB clade; while Ca. B. africana and Ca. B. ivorensis form their own clade
(Mitani et al. 2004; Lin et al. 2005; Ivanova et al. 2014; Ehounoud et al. 2016; Fingerle
et al. 2016; Muñoz-Leal et al. 2020; Norte et al. 2020). A significant diversity exists in
borreliae described from metastriate ticks that form unique, deeply branching lineages
within the genus; these include Ca. Borrelia tachyglossi from echidnas (Loh et al.
2017), several novel species from snakes (Takano et al. 2010), Testudines (Takano
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et al. 2011), lizards (Panetta et al. 2017; Kaenkan et al. 2020; Supriyono et al. 2019),
and two putative species associated with Haemaphysalis spp. and Asian deer
(Kumagai et al. 2018). Given the growing diversity in the genus Borrelia illustrated
in Fig. 1, it would not be surprising if more species were found in the future (Elbir et al.
2013; Fingerle et al. 2016; Stete et al. 2018).

Fig. 1 Phylogenetic trees of Borrelia species based on the 16S rRNA locus. (Figure taken from
(Margos et al. 2020c) with permission)
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Historically, bacterial systematics relied on morphological and biochemical dif-
ferences for differentiating bacterial taxa (Gajdacs 2019). Later on, bacterial taxon-
omy was complemented with DNA-DNA hybridization, melting temperature
differences and 16S rRNA sequence analyses for characterization of species/strains.
In the late 1990s and early 2000s, multilocus sequence typing (MLST), multilocus
sequence analysis (MLSA), and genome comparison were accepted for taxonomic
purposes (Stackebrandt et al. 2002; Gevers et al. 2006; Stackebrandt and Ebers
2006). For Borrelia, in 2008 an MLST/MLSA system has been deployed, which
uses sequence fragments of eight chromosomally located housekeeping genes
(Margos et al. 2008, 2009). The MLST database is maintained at the University of
Oxford, Department of Zoology, and is part of the bacterial isolate genome sequence
database (BIGSdb) (Jolley and Maiden 2010).

36.3 Borrelia Ecology: Hosts and Vectors

Borrelia are parasitic bacteria that depend on transmission between tick vectors and
vertebrate hosts for survival; there are no free-living forms. As shown in Table 1, for
B. burgdorferi s.l., a large array of vertebrates, including rodents, insectivores,
lizards, and birds, can serve as reservoir hosts. However, the breadth of the ecolog-
ical niches varies between species (Margos et al. 2019b). Some species, such as
B. burgdorferi sensu stricto (s.s.), can use a wide variety of reservoir hosts (e.g.,
rodents, insectivores, birds), while others, such as B. spielmanii, have a narrow
reservoir host spectrum, including dormice or potentially hedgehogs (reviewed by
Wolcott et al. 2021). The same is true for vector association; while some species are
adapted to use a wide range of vectors (e.g., B. garinii can utilize Ixodes ricinus,
I. persulcatus, I. pavlovskyi, I. uriae), others are restricted to one vector species (e.g.,
B. valaisiana is mainly adapted to I. ricinus) (Margos et al. 2012a; Masuzawa 2004).

The genus Borrelia has increased considerably in diversity in recent years, and in
addition to the classic division in relapsing fever group and B. burgdorferi s.l., there
are lineages that take an intermediate position in phylogenies. These “intermediate”
forms encompass several species that are associated with hard ticks and species that
are associated with reptiles (snakes, tortoises, lizards). Transovarial transmission was
suggested a regular feature in the ecology of RF spirochetes (at least for the soft tick-
associated Borrelia species) but has not been proven for all species and not for
intermediate, reptile-associated species (Kalmar et al. 2015). Given this ecology, i.e.,
transovarial transmission, it has been suggested that ticks not only function as vector
but also as reservoir host for RF spirochetes (Piesman and Schwan 2010; Schwan
and Raffel 2021; Schwan 2021). Thus, adaptation to vector tick species was thought
to be an ecological driver, and several species are named after the tick species they
were discovered in, e.g., Borrelia hermsii, Ornithodoros hermsi; Borrelia coriaceae,
O. coriaceus (Trevisan et al. 2021; Jakab et al. 2022). As shown in Table 1 and
reported by some researchers (Assous and Wilamowski 2009), this is not always the
case, and some relapsing species do not match the name of its vector (e.g.,
B. duttonii – O. moubata) or may be able to use several tick species as vector
(e.g., B. crocidurae –O. erraticus, O. sonrai). A notable exception in the RF group is
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Borrelia recurrentis, which is transmitted by the human body louse Pediculus
humanus humanus (Warrell 2019); there is no transovarial transmission in the
louse, and humans are the only known host for this species. Although reservoir
hosts may not be required for maintaining RF spirochetes in natural transmission
cycles, as all ticks must to take blood meals from hosts for developing into the next
stage or for egg production, spirochetes of the RF and the intermediate groups can
also infect hosts, which may then function as reservoirs (Piesman and Schwan 2010).

Adaptation to different reservoir hosts or vectors are considered main drivers for
diversification of species of the genus Borrelia and for determining the spatial range
and structure of populations (Piesman 2002; Kurtenbach et al. 2006; Ogden et al.
2008; Hoen et al. 2009; Vollmer et al. 2011; Margos et al. 2012a, b; Elbir et al. 2013;
Medlock et al. 2013; Mechai et al. 2015; Newman et al. 2015; Estrada-Peña et al.
2016; Talagrand-Reboul et al. 2018; Norte et al. 2020). As borreliae can be found in
ticks that are not vector species and in animals that are not reservoir hosts, definitions
for the terms vector and reservoir host have been established (Kahl et al. 2002):
vector species and reservoir hosts have to fulfill the criteria that (i) they can become
infected with borreliae, (ii) borreliae are maintained and can amplify, and (iii)
transmission to the next host/vector must be successful. That means that not every
tick or vertebrate that harbors Borrelia is also a “true” vector or reservoir host for that
particular species. Thus, ideally, vector competence and reservoir host competence
need to be experimentally confirmed (Margos et al. 2019b; Eisen 2020; Wolcott et al.
2021). The most reliable method for proving reservoir competence of a host and
vector competence for a tick species is to perform transmission experiments,
although this is laborious and logistically challenging. In xenodiagnosis, a common
method in parasitology (Schenone 1999), naïve tick larvae feed on a host that has
been challenged with Borrelia either by tick bite or needle inoculation. The viability
of Borrelia in the resulting nymphs is evaluated; only reservoir hosts will transmit
the bacteria to ticks (Ginsberg et al. 2005). If those nymphs are experimentally
shown to infect a new host, then the vector competence of the tick is proven.

Although life history traits of ticks may vary, what all tick species have in common
is that during their life cycle they produce eggs, larvae, nymphs, and adults. Larvae,
nymphs, and adult female ticks require a blood meal to molt into the next develop-
mental stage or to produce an egg batch, respectively (Sonenshine and Roe 2014; Gray
et al. 2016). In some species, adult males may attach to hosts to facilitate feeding of
females, but they do not require a blood meal (Wang et al. 1998). The number of
nymphal stages may vary between taxa; often soft ticks have several sequential
nymphal stages before molting into adult ticks. Soft ticks take fast blood meals within
minutes, while Ixodes ticks require days to finish their blood meal (Vial 2009;
Sonenshine and Roe 2014). Phenotypically, ticks can be nidicolous (endophilic) or
non-nidicolous (exophilic). Between blood meals nidicolous ticks remain in close
proximity to burrows or nests of their hosts; often they are more host specific than
non-nidicolous ticks. Non-nidicolous ticks occupy open habitats and quest (i.e., search
or wait for hosts) in the open (Apanaskevich and Oliver 2014). Ticks may vector a
large variety of pathogens, including protozoa, bacteria, and viruses, and the differ-
ences in vector biology may significantly impact the epidemiology of transmitted
microorganisms.
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In the life cycle of Borrelia, ticks that have a generalist feeding behavior attach to
a range of animals (including rodents and birds) and can serve as vectors for more
than one Borrelia species. A good example for a hard tick species in Europe is Ixodes
ricinus Linnaeus, 1758, which is known as vector for B. afzelii Canica et al 1993,
B. bavariensisMargos et al. 2013, B. burgdorferi s.s. Johnson et al. 1984, B. garinii
Baranton et al. 1992, B. lusitaniae Le Fleche et al. 1997, B. miyamotoi Fukunaga
et al. 1996 (a RF species), B. spielmanii Richter et al. 2006, and B. valaisianaWang
et al. 1997 (Comstedt et al. 2011; Eisen 2020; Margos et al. 2012a; Masuzawa 2004).
Transovarial transmission, which is well-known to occur in RF spirochetes, is
infrequently reported in B. burgdorferi s.l. and may depend on the Borrelia sp.-
Ixodes sp. combinations involved (Nefedova et al. 2004; Rollend et al. 2013; van
Duijvendijk et al. 2016). Therefore, since experimental transmission of tick-borne
agents in the laboratory is time-consuming and complex, researchers have (under the
assumption of absence of transovarial transmission in B. burgdorferi s.l.) used
infections in field-captured larvae collected feeding on hosts as a surrogate indicator
of reservoir host competence.

The majority of RF spirochetes can be maintained in vector populations by
transovarial transmission for prolonged periods of time because of the long life
span of some soft tick species (Piesman and Schwan 2010; Schwan and Raffel
2021). Thus, ticks may be considered as infected hosts (Barbour and Hayes 1986).
Certainly, the ticks need vertebrate animals for their blood meals and transmit
Borrelia bacteria they carry to animals, which may then serve as reservoirs
(Felsenfeld 1965; McCall et al. 2007; Cutler 2010; Elbir et al. 2013). Often, soft
ticks are indiscriminate in their host choice and take blood meals from whatever
hosts are available (Vial 2009).

As apparent in Fig. 1, the different clades of Borrelia use different tick genera as
vectors. For the LB group of spirochetes ticks of the genus Ixodes serve as vectors, and it
may appear in Fig. 1 that there is only one vector species per Borrelia species, but this is
not always the case; see Table 1 (Comstedt et al. 2011; Margos et al. 2012a; Masuzawa
2004). Of the genus Ixodes, the most important vectors for human pathogenic Borrelia
species (sometimes also termed bridge vectors) are the generalist species I. ricinus in
Europe, I. persulcatus Schulze 1930 in Eastern Europe and Asia, and I. scapularis Say
1821 and I. pacificus Cooley & Kohls 1943 in North America (Swanson et al. 2006).
Many of the RF species are transmitted by soft ticks of the genus Ornithodoros; one
species, B. recurrentis, is adapted to the body louse; the type species, B. anserina, is
associated with Argas spp., and one species, B. miyamotoi, is transmitted by Ixodes
species that also transmit LB species, i.e. I. pacificus, I. scapularis, I. ricinus, and
I. persulcatus (Fukunaga et al. 1995; Scoles et al. 2001; Richter et al. 2003; Warrell
2019; Trevisan et al. 2021; Jakab et al. 2022).

There can be a substantial fluctuation from year to year in tick and host abundance
and Borrelia infection prevalence (Randolph et al. 2002; Ostfeld et al. 2006; Bregnard
et al. 2020), and long-term data are required to address questions of increase/decrease
of populations (Coipan et al. 2013; Bregnard et al. 2020; Okeyo et al. 2020).
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36.4 Borrelia species: Geographic Distribution
and Disease-Causing Species

Generally, the LB group of spirochetes is roughly distributed in a belt-like fashion
between latitude 40 and 60, matching the presence of reservoir hosts and vector
species (Fig. 2). However, B. garinii also occurs in seabird transmission cycles in the
Southern and Northern Hemispheres, and in recent years, several species have been
described to occur in South America (e.g., B. chilensis, Ca. B. ibitipoquensis, Ca.
B. paulista) (Ivanova et al. 2014; Muñoz-Leal et al. 2020; Weck et al. 2022).
Specifically, the adaptation of Borrelia species to reservoir host and vector species
is reflected in the geographic distribution of individual species or populations
(Margos et al. 2019b). In the B. burgdorferi s.l. complex, there are (i) species that
are found in Europe only, including B. spielmanii and B. valaisiana; (ii) one species,
B. lusitaniae, is found in Europe and Northern Africa; (iii) species that are found in
Europe and Asia, e.g., B. afzelii, B. bavariensis, B. garinii, and B. turdi; (iv) species
that are restricted to Asia, e.g., B. japonica, B. sinica, B. tanukii, and B. yantzensis;
(v) species that have been found in North America, including B. americana,
B. andersonii, B. californiensis, B. carolinensis, B. kurtenbachii, B. lanei,
B. maritima, and B. mayonii; and (vi) species that are found in North America and
Europe, e.g., B. burgdorferi s.s. and B. bissettiae.

Not all species that belong to the B. burgdorferi s.l. complex cause disease in
humans. Six of the currently known 22 species are assured human pathogenic. Five
of the species pathogenic to humans occur in Europe, including B. afzelii,
B. bavariensis, B. burgdorferi s.s., B. garinii, and B. spielmanii (Fingerle et al.
2008; Stanek et al. 2011). Two species are the cause of human LD in North America,

Fig. 2 Geographic distribution of Lyme borreliosis spirochetes. Image taken with permission from
(Margos et al. 2019b), Frontiers in Ecology and Evolution
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B. burgdorferi s.s. and B. mayonii (Spielman 1994; Steere et al. 2004; Pritt et al.
2016). The latter species was only discovered in 2016 in patients visiting the Mayo
Clinic in Wisconsin (Pritt et al. 2016). Subsequently, additional symptomatic
B. mayonii-infected patients have been discovered (Kingry et al. 2018).

In Europe, two additional species have been discussed as human pathogens; these
are B. lusitaniae and B. bissettiae. Borrelia lusitaniae is commonly found in questing
ticks in Mediterranean countries (Zhioua et al. 1999; De Michelis et al. 2000; Younsi
et al. 2005; Dsouli et al. 2006; Amore et al. 2007; Norte et al. 2021). So far, two cases
have been described suspecting B. lusitaniae as a human pathogen (Collares-Pereira
et al. 2004; de Carvalho et al. 2008). One patient presented with vasculitis-like
syndrome, the other with chronic skin lesion. Borrelia bissettiae has rarely been
found in questing ticks in Europe (Hanincova et al. 2003; Coipan et al. 2016;
Blazejak et al. 2018). However, one human isolate of B. bissettiae was obtained
from a patient with symptoms resembling mild neuroborreliosis (Fingerle et al.
2008; Margos et al. 2016). In North America, B. bissettiae is commonly found in
questing ticks at a regional scale and in certain habitat types (Postic et al. 1998;
Picken and Picken 2000; Brown et al. 2006; Eisen et al. 2009; Fedorova et al. 2014),
but no patient isolates have been obtained from humans (Girard et al. 2011).

Borrelia valaisiana has been reported to be nonpathogenic for humans (Margos et al.
2017b). Reservoir hosts are bird species, such as thrushes (Turdus spp.); its vector is
I. ricinus; and it is being found as frequently as B. garinii in certain regions (Rauter and
Hartung 2005). Although commonly found in questing ticks, to date not a single human
isolate of B. valaisiana has been acquired (Margos et al. 2017b). For the remaining
species (Table 1), the human pathogenic potential is unknown. Reasons may be that:

(i) Many of these species are transmitted by ticks that do not bite humans, and
therefore, the species come not into contact with humans.

(ii) Or their genetic make-up may explain their lack of human pathogenicity.

Human disease-causing RF spirochetes often occur in subtropical and tropical
regions (Fig. 3). Relapsing fever spirochetes have been divided into old and new
world species (see Table 1). In North America, human disease-causing soft tick-
associated species are mainly B. hermsii and B. turicatae, to a lesser extent
B. parkeri (Piesman and Schwan 2010). Information on RF spirochetes in Central
or South America is scarce and patchy (Lopez et al. 2016). In Africa, human disease
is caused mainly by B. duttonii, B. crocidurae, and B. recurrentis (Elbir et al. 2013;
Trape et al. 2013). For the louse-borne-associated species, B. recurrentis, foci of
disease had been described in Peru and Africa, but nowadays, it seems to persist
mainly in countries of the Horn of Africa (Warrell 2019). Borrelia persica,
B. latyschevii, and B. caucasica cause human disease in the Middle and Central
East, and B. hispanica is known to cause human and animal disease in Southern
Europe and North Africa (Rebaudet and Parola 2006; Margos et al. 2020b). Borrelia
theileri and B. anserina have a worldwide distribution and can cause disease in
bovine and avian species, respectively (Trevisan et al. 2021; Jakab et al. 2022).
Borrelia miyamotoi is a hard tick-associated relapsing fever species that uses the
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same vectors as LB species in North America, Europe, and Asia (Fukunaga et al.
1995; Scoles et al. 2001; Richter et al. 2003; Mun et al. 2006). It can cause human
disease that neither represents typical relapsing fever nor typical LB (Platonov et al.
2011; Krause et al. 2013; Telford et al. 2015; Boden et al. 2016).

36.5 Cell Biology

Borreliae are helical bacteria. The cell body measures 0.2–0.3 μm in width and
10–30 μm in length (Barbour and Hayes 1986). Borrelia cell surface membranes
differ in lipopolysaccharide (LPS) and protein richness from that of typical gram-
negative bacteria (Takayama et al. 1987; Radolf et al. 1994). Borrelia possess a
diderm cell envelope consisting of an outer-surface membrane and a cytoplasmic
membrane, which are separated by a periplasmic space. The cytoplasmic membrane
is covered by a peptidoglycan layer. Depending on the species, 7–30 flagella are
inserted near the end of the protoplasmic cylinder of the cell extending into the
periplasmic space (Hovind-Hougen 1974, 1995; Karimi et al. 1979; Cutler et al.
1997; Rosa et al. 2005; Guyard et al. 2013). These endoflagella give the bacteria a
unique form of motility, permitting them to move in viscous media. They can flex
and bend, propel forward and backward, and rotate (non-translational mode of
motility) (Barbour and Hayes 1986; Charon et al. 2012), and this motility is crucial
for host/vector infection (Sultan et al. 2013) (Fig. 4).

Borreliae possess outer membrane proteins (OMPs), which are integral membrane
proteins that function as transporters for nutrients or other essential molecules (Kenedy
et al. 2016). It was shown by freeze fracture electron microscopy that the outer
membrane contains relatively few transmembrane proteins (Radolf et al. 1994; Shang
et al. 1998). Such studies provided evidence that blebs, which are shed from Borrelia

Fig. 3 Geographic distribution of relapsing fever spirochetes and their respective vectors. (Image
with modifications taken with permission from Rebaudet and Parola 2006)
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cells, are surrounded by a membrane(s), resembling the outer membrane, and/or the
cytoplasmic membrane, suggesting that blebs are pinched-off sections of the cells.

Inserted in the outer-surface membrane via lipid moieties are outer-surface proteins
(Osp’s) (Berström and Zückert 2010 ); >150 potential Osp’s have been identified in
B. burgdorferi s.s. (Fraser et al. 1997). They have been named alphabetically in order
of their identification, e.g., OspA, OspB, OspC, etc. Many of these proteins have
functions in the interaction of the bacteria with their environment (host or vector).

Many OMP and Osp’s are important for the interaction with host and vector in the
life cycle of Borrelia, and intensive research efforts are being made to understand
their function (e.g., Berström and Zückert 2010 ; Lin et al. 2012, 2014; Petzke and
Schwartz 2015; Kuleshov et al. 2020; Rosa and Jewett 2021). Particularly interesting
are the variable major surface protein (Vmp): the variable large and small surface
proteins (Vlp and Vsp, respectively) of RF spirochetes and variable major surface
protein-like proteins (vls) of LB spirochetes, which allow the bacteria to switch their
surface antigens in a programmed manner, also known as antigenic variation, and
escape from the hosts’ immune response. In this system(s), an expression cassette
lies adjacent to silent cassettes that contain variable sequences that can be imported
(or parts of it) into the expression cassette changing the dominant antigen epitope of
the protein (Barbour et al. 2006; Dai et al. 2006; Norris 2006; Chaconas et al. 2020;
Kuleshov et al. 2020). The Vlp and Vsp’s of RF spirochetes are similar to VlsE
(expressed variant) and OspC of LB spirochetes, respectively (Lescot et al. 2008).

Fig. 4 Candidatus Borrelia
kalaharica isolated from
blood, DAPI stain (courtesy
Dr. Volker Fingerle, German
National Reference Centre for
Borrelia, Oberschleißheim,
Germany)
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Vmp encoding regions have been located on a variety of plasmids, including lp23,
lp24, lp29, and lp41 (Lescot et al. 2008; Kuleshov et al. 2020).

The in vitro cultivation of Borrelia has facilitated or permitted progress on topics,
such as biology, genetics, genomics, and genetic manipulation of the bacteria. Other
than many pathogenic bacteria, Borrelia are fastidious bacteria that do not grow well
on plates but require a very rich liquid culture medium (Barbour and Hayes 1986).
As microaerophilic bacteria, they require either growth in closed glass vials or under
an atmosphere of 6% CO2 (Margos et al. 2015a). For LB spirochetes, some labora-
tories use in-house prepared MKP medium (Preac-Mursic et al. 1986; Ruzic-Sabljic
et al. 2006; Ruzic-Sabljic et al. 2014), but often a commercially available medium
(BSK-H) is used that may be supplemented already with rabbit serum (BSK-H
complete). For relapsing fever spirochetes, the use of BSK medium in various
modifications has also been reported (Cutler et al. 1994; Replogle et al. 2021),
while other reported the growth of B. recurrentis, B. miyamotoi, and B. hispanica
in modifications of MKP medium (Margos et al. 2015a; Marosevic et al. 2017;
Margos et al. 2020b). Growth in vitro varies for LB, reptile associated, and RF
species; the former grow slower, and generation times may be as long as 8–12 h
(Barbour and Hayes 1986; Güner et al. 2003).

36.6 Genomics

The genome of B. burgdorferi s.s. isolate B31 was the first to be completely sequenced
within the genus Borrelia (Fraser et al. 1997). The genome turned out to be relatively
small with a genome size of 1.5 Mbp. In addition, it is surprisingly fragmented (Fraser
et al. 1997): it consists of a linear chromosome of about 910 kbp and of 12 linear and
9 circular plasmids, contributing another 600 kbp of DNA sequence (Fraser et al.
1997; Casjens et al. 2010, 2012). The structure of the genome, i.e., comprising of a
linear chromosome as well as circular and linear plasmids, was found in all species
investigated so far, although the number of plasmids may differ within and between
species (Barbour 2016; Becker et al. 2016; Kingry et al. 2016, 2017a, b; Margos et al.
2017a, 2019a, b, 2020a; Casjens et al. 2018; Becker et al. 2020; Kuleshov et al. 2020).
The main chromosome of B31 contains 820 open reading frames (803 protein coding
sequences, 17 pseudogenes; 5 rRNA, 32 tRNA, 3 ncRNA), 10% of which match
hypothetical proteins and 29% have no match in a database. The G+C content of the
chromosome is around 28% (Fraser et al. 1997; Mongodin et al. 2013). The plasmids
in B31 range in size from 5 to 60 kbp, containing additional 700 coding sequences, of
which >90% have no convincing database match outside the genus Borrelia (Fraser
et al. 1997; Casjens et al. 2000). The chromosomes of various LB species are very
similar in size to B31 and show a high degree of synteny, although some chromosomes
may have right end extensions (Casjens et al. 2012; Margos et al. 2019a). Not all
Borrelia species/strains have as many plasmids as B31 (Margos et al. 2017a, 2019a;
Casjens et al. 2018), so far the smallest genomes, with 7 plasmids, have been found for
B. garinii isolate Far04 and B. maritima CA690 (Margos et al. 2020a).
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Genomes of relapsing fever spirochetes are similar in size as LB spirochetes and
range between 1.2 Mbp and 1.6 Mbp (Lescot et al. 2008; Elbir et al. 2014; Marosevic
et al. 2017; Kuleshov et al. 2020). Chromosome size ranges between 906 kbp and
930 kbp and plasmid sizes from 6 kbp to 165 kbp. The number of protein coding
genes on the chromosome ranges between 800 (20 pseudogenes) and 850 (22 pseudo-
genes); numbers of RNAs are 3 rRNA and 32 tRNA; G+C content is around 27.5%.

The linear components of the genomes, main chromosome and linear plasmids,
are terminated by covalently closed hairpin structures, called telomeres (Barbour and
Garon 1987; Hinnebusch et al. 1990; Casjens et al. 1997). These are created
involving a telomere resolvase, ResT, an enzyme encoded on plasmid cp26 in LB
spirochetes (Chaconas and Kobryn 2010; Kobryn and Chaconas 2014) and on
plasmid lp23 in B. recurrentis and B. duttonii (Lescot et al. 2008). Plasmid-encoded
genes are essential for the completion of the complex transmission cycle of Borrelia
in nature (Lin et al. 2014; Iyer et al. 2015) but may be lost under in vitro culture
conditions (Schwan et al. 1988; Norris et al. 1995; Labandeira-Rey and Skare 2001;
Biskup et al. 2011). Some plasmids that encode genes for proteins that are essential
for bacterial growth (e.g., cp26 containing the gene for the telomere resolvase ResT,
an enzyme important for resolving the telomeres) are not lost in culture.

Initially plasmids have been named according to whether they are linear or circular
and according to size, e.g., lp54 for a 54 kbp linear plasmids and cp26 for a 26 kbp
circular plasmid (Casjens et al. 2000). However, since several cp32 or lp28 plasmids of
similar size may be found in a single isolate and size differences of plasmids from the
same plasmid family have been detected in different isolates, nowadays plasmids are
typed according to their PFam32 locus. This locus was suggested to be homologous to
plasmid partitioning protein (ParA) encoding genes in other bacteria (Casjens et al.
2012). However, the function of the PFam32 protein and related proteins (PFam49,
PFam52, PFam57/60) in autonomous plasmid replication and maintenance needs to be
confirmed in Borrelia (Chaconas and Kobryn 2010; Schwartz et al. 2021). Although this
system of plasmid designation is well established and consistently used in LB spiro-
chetes, it has not been fully integrated into genome analyses of RF spirochetes
(Kuleshov et al. 2020; Kingry 2021).

Perhaps resulting from the parasitic life style, Borrelia have few genes for
biosynthesis of cell components (Fraser et al. 1997; Lescot et al. 2008). The majority
of chromosomal genes encode proteins for housekeeping and metabolic functions.
Many of the plasmid-located genes encode outer-surface proteins (Osp’s) that are
required for interaction with host or vector. In B. burgdorferi s.l., analyses of plasmid
sequences showed that extensive sequence rearrangements have taken place, and
plasmid numbers and structures vary not only between species but also between
strains of a single species (Casjens et al. 2012, 2017, 2018; Schwartz et al. 2021).
Plasmids of the cp32 family have been shown to contain sequences that resemble
prophages, and these may perhaps facilitate rearrangements and/or exchange of
genetic material (Eggers and Samuels 1999; Eggers et al. 2001; Schwartz et al.
2021). Information on content and structure of the B. burgdorferi s.l. genome has
been largely gained from strains of the species B. burgdorferi s.s. (Casjens et al.
2010, 2012, 2017). Although for other Borrelia species genomes have been
sequenced, due to the complexity of the genomes and sequence similarity in some
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plasmids, the complete set of plasmids has not been finalized for all of them (Becker
et al. 2016, 2020; Elbir et al. 2017; Kingry et al. 2017a; b; Marosevic et al. 2017;
Casjens et al. 2018; Kuleshov et al. 2018, 2020; Tyler et al. 2018; Kingry 2021;
Schwartz et al. 2021; Kneubehl et al. 2022). However, the use of new sequencing
technologies gives hope that this may be achieved in the near future (Margos et al.
2017a, 2020a; Kuleshov et al. 2020; Hepner, personal communication).

36.7 Epidemiology, Burden of Disease

The risk to become infected with Borrelia largely depends on contact of humans
with vectors infected with human-pathogenic Borrelia species. This in turn directly
correlates with the distribution of vector ticks, as well as the distribution, increase,
and spread of the human population.

Almost all cases of LB are reported from the Northern Hemisphere focusing on
the United States (USA) and Europe. Cases are also reported from Asia. There is
considerable epidemiological uncertainty regarding LB incidence and prevalence
(Lindgren and Jaenson 2006; Hofmann et al. 2017; Rauer et al. 2020). Not only
varies the yearly incidence of reported LB cases greatly across Europe and within
individual countries, the same is true for the United States: the basis of reported cases
differs between reports, some taking into consideration clinically diagnosed cases,
while others also report probable or suspected cases of LB (Lindgren and Jaenson
2006; Mueller et al. 2012; Wilking et al. 2015; Wilking and Stark 2014; Schwartz
et al. 2017; Enkelmann et al. 2018; Woudenberg et al. 2020; Kugeler et al. 2021). In
Europe, the reported incidence of LB cases for 100,000 inhabitants ranged from 0.6
in Ireland to 69 in Sweden and to 300 in Austria (Lindgren and Jaenson 2006). In
Germany, incident cases reported to the Robert-Koch Institute lead to an estimation
of about 85,000 cases of LB annually, while numbers extracted from a German
health insurance company amounted >200,000 cases each year in Germany
(Mueller et al. 2012). However, incidences based on health insurance data include
false diagnoses, consultation of several health practitioners or misassignment of
codes, etc. (Mueller et al. 2012; Kugeler et al. 2021). Thus, the lower numbers
may be underreporting, while higher numbers are overestimations, and the true
number of LB cases lies probably somewhere in between.

In the United States, a similar situation is reported. LB is a nationwide notifiable
disease in the United States since 1991, with 25,000–30,000 confirmed cases
annually reported to public health systems (Schwartz et al. 2017). In 1996 and
2008, marked increases of case numbers were noticed, which was likely due to the
changes in diagnostic procedures (1996) and the introduction of modified case
definition (2008) (Schwartz et al. 2017). A more recent analysis based on case
numbers in health insurance data, Kugeler et al. estimated that during 2010–2018
approximately 476,000 persons were diagnosed with LB annually (which also
includes false-positive diagnoses) in the United Stated (Kugeler et al. 2021).

Why is it problematic to get accurate numbers for LB cases? The answer lies partly
in the complexity of the biological system: the longevity of ticks and some Borrelia
reservoir hosts, the resulting long-term duration of transmission cycles that may
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fluctuate between years, the infrequency of long-term studies on vector populations
and Borrelia incidence, partly in inaccuracies with the official reporting systems, and,
even with clear clinical case definitions, uncertainties in diagnostic methods (Hofmann
et al. 2017; Kugeler and Eisen 2020; Rauer et al. 2020). In microbiological diagnos-
tics, the gold standard usually is the cultivation of the causative agents. Borrelia are
fastidious bacteria that need very rich culture medium and grow very slowly under
in vitro conditions (generation time 8–12 h) (Barbour 1984; Preac-Mursic et al. 1986;
Margos et al. 2015a). Compared with other bacterial infections, the numbers of
spirochetes in human biopsies or tissues are often very low making adaptation of the
bacteria to culture conditions difficult, because adaptation to artificial medium is a
strong selection process (Norris et al. 1997). Clinical and laboratory data (often based
on the detection of anti-Borrelia antibodies and borrelial DNA by PCR) as well as the
history of a tick bite need to be taken into consideration. Importantly, the interpretation
of test results requires ample diagnostic experience (Aguero-Rosenfeld et al. 2005;
Stanek et al. 2011; Stanek et al. 2012). As already mentioned above, guidelines for
diagnosis of LB (Mygland et al. 2010; Stanek et al. 2011; Hofmann et al. 2017; Rauer
et al. 2020) and the reporting of LB cases are inconsistent in European countries; LB is
a mandatory notifiable disease only in a few EU countries, and case definitions may
differ in various countries (Sykes and Makiello 2017).

For RF spirochetes, disease burden is difficult to estimate for other reasons.
Diagnostic procedures are comparatively easy as the bacteria can be detected in
Giemsa- or DAPI-stained blood smears or be detected by PCR (see section “Diagnos-
tics”). What can be problematic in malaria endemic regions is a lack of diagnostic
routine, and therefore, RF may be misdiagnosed as malaria or other febrile diseases
(Nordstrand et al. 2007). In North America, tick-borne RF cases caused by B. hermsii,
B. turicatae, or B. parkeri are rare; between 1999 and 2011 483 cases have been
reported mainly in California, Colorado, and Washington (https://www.cdc.gov/
relapsing-fever/distribution/index.html). Few cases of B. miyamotoi infection have
been reported in geographic regions, where the pathogen is present (Krause et al.
2015). There is only patchy data on RF spirochetes and its vectors from Central and
South America, making it difficult to estimate disease burden (Lopez et al. 2016).

While climate change and its consequences as well as anthropogenic land use
changes will most certainly have an effect on the habitats of vector and reservoir hosts,
encroachment of humans into natural habitats is another factor that increases the risk of
infection. As most soft ticks (vectors of RF spirochetes) have a nidicolous lifestyle,
changing environmental conditions that will affect their hosts may have an impact on
these vectors (Vial 2009). For LB spirochetes, the vector-pathogen-host life cycle is a
highly complex ecological system, in which ixodid ticks, Borrelia, and vertebrate
hosts interact at various environmental conditions. Consequently, each change in this
system, driven by natural phenomena or by human intervention, affects the ecological
balance and may alter the risk of human infection (Hartemink et al. 2008; Tsao 2009;
Estrada-Peña et al. 2016). Anthropogenic impacts such as climate change, land cover
changes, and geographical expansion of hosts (also incidental or dead-end hosts such
as humans) are considered to be the main reasons for the increase in tick abundance,
distribution of ticks in new habitats, and therefore the risk of infection (Bregnard et al.
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2020). However, in contrast to reports of increasing tick populations as well as
Borrelia prevalence and incidence (https://www.euro.who.int/data/assets/pdf_file/
0008/246167/Fact-sheet-Lyme-borreliosis-Eng.pdf), two meta-analysis conducted in
Europe for the periods 1984–2003 and 2010–2016, respectively, showed an increase
in Borrelia prevalence in ticks from Western to Eastern Europe, but the overall mean
prevalence remained the same 13.7% for the first period and 12.3% for the second
period. Interestingly, the prevalence in adult ticks was higher (18.6%) in the first
period than in the second period (14.9%), while in nymph, it remained stable (Rauter
and Hartung 2005; Strnad et al. 2017). Long-term studies (6–10 years) on Borrelia
prevalence in questing I. ricinus in Holland and Latvia showed that tick infection rates
with Borrelia burgdorferi s.l. remained stable or even decreased over the study period
(Coipan et al. 2013; Okeyo et al. 2020). Furthermore, reports based on seroprevalence
studies (note: seroprevalence is an indication of exposure of the population to
Borrelia) did not find an increase in incidence (Semenza and Menne 2009;
Vanthomme et al. 2012; Cuellar et al. 2020; Woudenberg et al. 2020). In fact, a
retrospective study conducted in Finland on the Borrelia seroprevalence of the
population from 1962 to 1972 revealed a seroprevalence of 20%, much higher than
that reported for 2011 (3.9%) (Cuellar et al. 2020).

Several studies on the transmission of Borrelia to humans after a tick bite suggest
a low risk of developing LB even after being bitten by a Borrelia-infected tick
(Fryland et al. 2011; Huegli et al. 2011; Wilhelmsson et al. 2016; Markowicz et al.
2021b). In these studies, around 5% of people being bitten by a tick received an
infection (established by analyzing seroconversion); participants that developed
symptoms ranged between 2% and 3%. Perhaps the situation in Europe is similar
to that in the United States, where from 2008 to 2015 annual cases of LB (LD) have
been stable in high incidence regions, where Borrelia-infected I. scapularis ticks
have been endemic, while cases have increased in neighboring regions (Schwartz
et al. 2017). Thus, published increases in incidence or annual cases may be due to
different data sources; changes in reporting procedures; invasion of ticks, hosts, or
Borrelia into low incidence regions; or increased awareness of general practitioners
or the lay public (Kugeler and Eisen 2020).

As Borrelia are strictly dependent on their reservoir hosts and vector ticks, it is
important to understand their ecology to discern the risk of humans to acquire the
agent and develop LB or RF. There is clearly a need to study these complex
ecological networks, over long periods of time, especially in the frame of climate
change, as tick life cycles can take several years to be completed and most Borrelia
reservoir hosts are long-lived.

36.8 Clinical Manifestations in Humans

36.8.1 Lyme Borreliosis

Lyme borreliosis (Lyme disease) typically affects skin, joints, heart, or nervous
system and has traditionally been divided into different stages (Steere 1989):
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Stage I: early, localized infection
Stage II: early, disseminated infection
Stage III: late infection

In clinical practice, the staging system may be used as a support to guide the choice
of treatment regimen; however, over the years, it has become evident that most patients
do not develop all stages, and overlaps between stages are not uncommon (Evans 2000).

The clinical manifestations and their relative frequencies differ between Europe
and North America, probably depending on the geographical distribution and
organotropism of the various human pathogenic B. burgdorferi sensu lato (s.l.)
species (van Dam et al. 1993; Balmelli and Piffaretti 1995; Piesman and Gern
2004). The early, localized skin lesion called erythema migrans (EM) is the most
commonmanifestation on both continents but tends to be associated with more systemic
symptoms and earlier dissemination in North American patients, where B. burgdorferi
sensu stricto (s.s.) generally is the causative species (Radolf et al. 2021). Since
B. burgdorferi s.s. is prone to disseminate to joints and heart, Lyme arthritis and carditis
are seen more frequently in North America. On the other hand, neurologic and late skin
manifestations are more frequently seen in Europe, where the neurotropic species
B. garinii and B. bavariensis, along with the dermatotropic B. afzelii, are the pre-
dominating species. Furthermore, asymptomatic seroconversion or subclinical infection
appears to be at least as common as development of clinical disease in Europe
(Wilhelmsson et al. 2016; Carlsson et al. 2018), whereas in North America, only a
minor proportion of infected persons are asymptomatic (Steere et al. 2003).

36.8.1.1 Dermatoborreliosis
EM, the most frequently occurring manifestation of Lyme borreliosis, constitutes
approximately 77–83.4% of all clinical cases (Berglund et al. 1995; Steere and Sikand
2003; Stanek and Strle 2018). It appears several days to weeks after the tick bite and
presents as a maculopapular rash at the site of the bite. However, many patients do not
recall the preceding tick bite (Strle et al. 2002; Wormser 2006), since these are not
painful and therefore frequently pass unnoticed. As the red or bluish-red rash slowly
enlarges, it may be associated with local symptoms, such as itching, burning, or pain,
and with systemic symptoms, such as fatigue, headache, and migrating myalgia (Strle
et al. 1996). Typically, the EM adopts an annular shape with a central clearing but can
also be more homogenous. The diagnosis is based on the clinical appearance. Serology
is positive in less than 50% of patients presenting with single EM (Strle et al. 1996)
and is therefore not needed or recommended. For a reliable diagnosis, the EM should
be at least 5 cm in diameter. Untreated EM may disappear spontaneously but can also
persist and expand over weeks to months and reach a considerable size, involving
several body parts like, for example, the trunk and extremities. Multiple EM lesions
occur and are a sign of spirochetal dissemination (Stanek and Strle 2003) (Fig. 5).

Borrelial lymphocytoma (BL) and acrodermatitis chronica atrophicans (ACA) are
other skin manifestations of European Lyme borreliosis, which are rarely, if ever,
seen in North American patients. BL is a solitary bluish-red swelling appearing in
the vicinity of the tick bite after weeks to months (Stanek and Strle 2003). It is
typically located at the ear lobe or the nipple and is more common in children than in

1114 G. Margos et al.



adults. For diagnosis, serology is essential (Stanek et al. 2011). In addition, PCR and
histological examination of a skin punch biopsy can be used in ambiguous cases.
ACA is a late dermatologic manifestation that develops slowly over months to years
and is almost exclusively associated with B. afzelii infection (Ohlenbusch et al.
1996; Stanek and Strle 2018). The onset is insidious with a slight bluish-red
discoloration and edema, most often located at the extensor sides of the hands,
feet, elbows, or knees (Stanek and Strle 2003). Polyneuropathy and arthritis may
occur in the same area as the affected skin. Gradually, the edema disappears and skin
atrophy is developed. ACA is more often diagnosed in women than in men, and the
patients are usually>40 years of age (Asbrink and Hovmark 1988). The condition is
easily misinterpreted as a sign of vascular insufficiency, especially when located at
the lower extremities. Unlike EM and BL, ACA does not resolve without antibiotic
treatment (Asbrink and Hovmark 1988). Practically all patients presenting with
ACA have high levels of specific IgG antibodies in serum, but PCR and histology
of a skin biopsy may be used as complementary diagnostic methods.

36.8.1.2 Neuroborreliosis
Neuroborreliosis (NB) is typically characterized by subacute meningitis and involve-
ment of cranial and peripheral nerves (Pachner and Steere 1985). In Europe, NB is the
second most common manifestation of Lyme borreliosis, constituting approximately
16% of all cases (Berglund et al. 1995). The neurologic symptoms usually occur 1–12
(mostly 4–6) weeks after the tick bite (Mygland et al. 2010). Borrelial meningitis, in
contrast to most other bacterial meningitis, usually causes relatively mild or intermit-
tent headache and moderate neck pain, although in some patients, these symptoms
may be more intense (Kristoferitsch 1991). Any cranial nerve can be involved, but the
facial nerve is by far the most frequently affected, resulting in unilateral or sometimes
bilateral peripheral facial palsy. If present, radiculoneuritis usually causes severe,
radiating pain that typically exacerbates at night. Fever, nausea, and vomiting may
occur in children but are usually absent in adults (Stanek and Strle 2003). Other
manifestations involving the central nervous system, such as encephalitis and myelitis,
are rare (Kristoferitsch 1991; Stanek et al. 2011). Occasional cases of NB presenting

Fig. 5 Erythema migrans. (a) shows the leg of an infected person. The EM is pale and covers a
substantial area of the leg. (b) shows the arm of an infected person. The EM is of typical annular
shape (courtesy Dr. Volker Fingerle, German National Reference Centre for Borrelia,
Oberschleißheim, Germany)
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with confusion, cerebellar ataxia, hemiparesis, stroke-like symptoms, and cerebral
vasculitis have also been reported (Mygland et al. 2010; Topakian et al. 2008). NB is
typically a subacute illness, with 95% of cases diagnosed as early NB (duration of
symptoms <6 months at the time of diagnosis). Less than 5% of NB patients present
with a symptom duration exceeding 6 months (classified as late NB) (Mygland et al.
2010). The diagnosis is based on the patient’s medical history, clinical signs, and
symptoms, along with simultaneous laboratory analysis of serum and cerebrospinal
fluid (CSF). The inflammatory parameters in serum are usually normal or only slightly
elevated, whereas the CSF shows moderate to prominent inflammation mirrored by
mononuclear pleocytosis, intrathecal production of Borrelia-specific antibodies, and
elevated levels of pro-inflammatory cytokines and chemokines (Mygland et al. 2010;
Pietikäinen et al. 2016; Lepennetier et al. 2019).

36.8.1.3 Articular Borreliosis
Borrelial arthritis (Lyme arthritis) is the most common clinical sign of disseminated
borreliosis in North America, constituting about 10% of all cases, but appears to be
less common in Europe, where only 3–7% of borreliosis cases present with arthritis
(Berglund et al. 1995; Steere 1989; Stanek and Strle 2018). Onset of borrelial
arthritis occurs weeks to months, most commonly 2–3 months, after the tick bite
(Steere et al. 1987; Herzer 1991). The condition is characterized by acute mono- or
oligoarticular inflammation of large joints, most commonly in one knee. Sometimes
an elbow, shoulder, ankle, or hip may be affected. The joints become swollen and
warm but are generally only moderately painful and not erythematous (Steere et al.
1987). Joint involvement is usually asymmetric and intermittent with inflammatory
attacks, lasting from a few days to several weeks, or sometimes several months. The
clinical course is variable, usually recurrent, and may continue for several years
(Stanek and Strle 2003). Arthritis may be associated with other manifestations of
borreliosis, such as EM, ACA, or NB (Berglund et al. 1995).

The diagnosis is based on the medical history, clinical features, and laboratory
analyses, most importantly serology, but detection of Borrelia DNA in synovial
tissue or synovial fluid is also recommended in ambiguous cases and in areas with
high seroprevalence. C-reactive protein is usually within the normal range, while the
white blood cell count in synovial fluid is elevated with a dominance of polymor-
phonuclear leukocytes (Stanek and Strle 2003; Nocton et al. 1994).

36.8.1.4 Carditis
Carditis has a reported relative frequency of 4–10% in North American Lyme borreliosis
patients and 0.5% in European patients (Berglund et al. 1995; Wormser 2006; Strle and
Stanek 2009). The condition often occurs within 2 months after the tick bite and
typically presents with acute onset of changing atrioventricular blocks grade I–II as a
result of conduction disturbances (Steere et al. 1980). There may be signs of peri-
myocarditis, and it is often accompanied by other manifestations of borreliosis, such as
EM, NB, or arthritis. The diagnosis is based on the patient’s medical history, clinical
signs, and symptoms together with serology, electrocardiography, and cardiac imaging.
Other evident explanations for cardiac disease should be investigated and excluded
(Strle and Stanek 2009).
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36.8.1.5 Rare Manifestations
Eye manifestations are rare and are either a result of inflammation in various eye
tissues (e.g., conjunctivitis, keratitis, iridiocyclitis, retinal vasculitis, optic neuritis)
or of extraocular involvement (such as paresis of cranial nerves and orbital myositis)
(Mikkilä et al. 2000). Diagnosis is challenging and should include medical history,
other clinical signs and symptoms indicative of borrelia infection, and serology.

Sporadic case reports of patients with, for example, myositis, osteomyelitis,
nodular fasciitis, scleroderma, and symptoms from other organ systems, such as
the liver, urinary tract, or respiratory tract, have been interpreted as manifestations of
borreliosis, although these associations still remain to be firmly established (Stanek
and Strle 2003) (Table 2).

36.9 Relapsing Fever

Louse-borne relapsing fever (LBRF), caused by B. recurrentis, and tick-borne
relapsing fever (TBRF), caused by several different Borrelia species, present with
similar clinical symptoms, of which recurrent episodes of high fever are the most
characteristic (Cutler 2015). However, LBRF generally has an epidemic occurrence,
causing outbreaks in vulnerable populations during poor sanitary conditions, for
example, in refugee camps due to wars or natural disasters, while TBRF causes
sporadic human cases in geographical areas, where the disease is endemic (Jakab
et al. 2022). The incubation time is 4–18 days (mean 7 days), mostly somewhat
shorter for LBRF (Jakab et al. 2022; Kahlig et al. 2021; Radolf and Samuels 2021).
Thereafter, a varying number of fever episodes, typically lasting for 2–7 days, are
separated by afebrile periods of up to 10 days (Jakab et al. 2022). The fever is usually
accompanied by chills, headache, back pain, myalgia, arthralgia, and abdominal
pain. Clinical examination may also reveal jaundice or a petechial skin rash.
Subconjunctival hemorrhages and epistaxis are common in LBRF (25% of cases),
and there may also be signs of gastrointestinal, respiratory, or intracranial bleeding or
even disseminated intravascular coagulopathy (Warrell 2019). White blood cell
count is usually within the normal range or slightly elevated. During a crisis episode,
leukopenia and thrombocytopenia may occur, and aminotransferase levels can be
elevated. Especially the TBRF Borreliae show a certain neurotropism and may cause
neurologic symptoms, such as facial palsy, radiculopathy, meningoencephalitis, and
confusion. Moderately elevated levels of mononuclear leukocytes and albumin are
found in the cerebrospinal fluid, while glucose levels typically remain normal.

The relapsing fever spirochete B. miyamotoi has rather recently been demon-
strated to be pathogenic to humans (Platonov et al. 2011). Unlike other TBRF, the
causative agent is transmitted by hard ticks within the Ixodidae family. Borrelia
miyamotoi disease (BMD) generally presents as a systemic illness with fever,
although recurrent fever episodes may not be quite as distinct as in other TBRF.
Associated symptoms may be headache, fatigue, chills myalgia, and arthralgia. Skin
rashes occur but are uncommon (Platonov et al. 2011; Molloy et al. 2015). Bio-
chemical analyses often reveal leukopenia, thrombocytopenia, and elevated amino-
transferases. BMDmay also present with meningoencephalitis, including neurologic
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and cognitive deficits, especially in immunosuppressed individuals (Gugliotta et al.
2013; Hovius et al. 2013), although there are indications that also immunocompetent
persons may be affected (Henningsson et al. 2019).

The mortality of untreated TBRF has been reported to be 2–10%, and with
antibiotic treatment, mortality is less than 2% (Jakab et al. 2022). The mortality of
untreated LBRF appears to be higher, up to 47.1% according to evidence-based data;
however, reported case fatality rates may have been affected by other factors, such as
malnutrition and insufficient healthcare (Kahlig et al. 2021). Mortality is highest
during a crisis episode or within 24 hours after initiation of antibiotic treatment,
when up to 80–90% of LBRF and 1–39% of TBRF patients may develop a Jarisch-
Herxheimer reaction (Kahlig et al. 2021; Butler 2017; Radolf and Samuels 2021).

36.10 Animals and Borreliosis

As indicated in Table 1, there are very few Borrelia species known to cause disease
in wild and domestic animals, and juvenile animals may be more at risk of devel-
oping symptoms than adult animals (Elelu 2018). Borrelia species known or
suspected to cause clinical symptoms in animals include B. anserina, causing
avian borreliosis in poultry, and B. hispanica and B. persica, which can cause
various disease symptoms in domestic cats and dogs, including lethargy, pale
mucosa, anorexia, cachexia, or mild abdominal respiration (Margos et al. 2020b;
Baneth et al. 2016, 2022). Borrelia anserina was an important disease in poultry
breeding early in the last century (Ataliba et al. 2007; McNeil et al. 1949; Hoffman
and Jackson 1946; Hoffman et al. 1946). Symptoms described include fever, depres-
sion, ruffled feathers, anemia, and greenish diarrhea (Cooper and Bickford 1993;
McNeil et al. 1949). Improvement of poultry houses and sanitation does prevent
establishment of tick populations, and this has diminished the threat of avian
spirochetosis in industrial breeding (Ataliba et al. 2007). It may, however, still be
present and reemerge in small flocks or free-range husbandry systems.

Borrelia theileri can infect cattle, sheep deer, and other ruminants (McCoy et al.
2014; Qiu et al. 2021) and has been suspected to cause bovine borreliosis, although
more recent research questions whether this condition is caused by B. theileri or
coinfecting Babesia spp. (reviewed by Elelu 2018). Borrelia coriaceae has been
hypothesized to cause epizootic bovine abortion, a condition widely distributed in
Western United States. However, other research suggests that an intracellular bacte-
rium (class δ-proteobacteria, order Myxococcales) that is also transmitted by
Ornithodoros coriaceus is the etiological agent of epizootic bovine abortion (King
et al. 2005; Teglas et al. 2011).

Although it is often considered that B. burgdorferi s.l. are not pathogenic for wild
mammal hosts (Wright and Nielsen 1990), juvenile Peromyscus leucopus or dusky-
footed woodrats (Neotoma fuscipes) may develop symptoms associated with
B. burgdorferi s.l. infection, including joint, cardiac, and muscle lesions (Moody
et al. 1994; Brown and Lane 1994). There is conflicting information of dogs
developing disease symptoms following Bbsl infection; the main symptom appears
to be arthritis and fever 2 to 5 months after exposure (Krupka and Straubinger 2010;
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Pantchev et al. 2015; Krämer et al. 2020). The association of B. burgdorferi infection
in dogs with so-called Lyme nephropathy (an immune-mediated glomerulonephritis)
is controversially discussed (Littman et al. 2006). Antibodies to B. burgdorferi have
been detected in cats, horses, and cattle, but no or rare associations with disease have
been reported (Hahn et al. 1996; Shaw et al. 2001; Butler et al. 2005).

36.11 Diagnosis

36.11.1 Hard Facts and Fake News

Laboratory testing is only supportive in the presence of clinical manifestations of
Lyme borreliosis (Stanek et al. 2011). Therefore, the decision for laboratory testing
requires a thorough clinical evaluation of the symptoms, and it should not be
performed in case of uncharacteristic symptoms. As for other infectious diseases,
two different approaches can be used to confirm Borrelia infection: the direct
identification of the pathogen, like culture or PCR, or indirect methods, reflecting
the immune response of the host. The latter includes the measurement of specific
antibodies or detection of chemokines or cytokines, reflecting the host’s immune
response after stimulation with pathogen-specific antigens. Each of these methods
has their advantages and limitations for particular infectious agents. Borrelia
burgdorferi s.l. is a fastidious microorganism, which requires special conditions
for cultivation, and it has a relatively long generation time. Moreover, low concen-
tration of the spirochetes in clinical samples hampers the sensitivity of this method,
and this also refers to PCR-testing. The performance of both methods is at highest
when analyzing skin samples from erythema migrans ranging from 35% to 81% (van
Dam 2011); however, the diagnostic utility is limited, as the diagnosis of this
manifestation is clinical in the majority of cases, and no laboratory confirmation is
required. Regarding Lyme neuroborreliosis and Lyme arthritis, the sensitivities are
not satisfactory from cerebrospinal fluid (CSF) and synovial fluid or synovial tissue
in the diagnostic routine. Direct detection of B. burgdorferi s.l. in blood or serum is
not recommended for any manifestation of Lyme borreliosis, because the concen-
tration of the spirochetes in blood is low, and if spirochetemia occurs, it is limited to a
short duration of time. This is in contrast to tick-borne relapsing fever borreliae, like
Borrelia miyamotoi, B. duttonii, and B. recurrentis, which are visible in a blood
smear during the febrile phase of the infection (Hoch et al. 2015).They are readily
visible in Giemsa- and/or DAPI-stained smears. In countries where malaria is
endemic, febrile conditions may be misdiagnosed when blood smears are not
taken on time. Recently, it was demonstrated that among patients who were regularly
tested by PCR after a tick bite in a course of a research study, 16 developed an
erythema migrans and only one of them showed a positive blood PCR result
(Markowicz et al. 2021b). In conclusion, direct detection of B. burgdorferi
s.l. plays a minor role for diagnosing Lyme borreliosis, and it is rather used for
research studies. There is promising evidence that other methods like metagenomics
sequencing (Branda et al. 2021) may be superior to traditional PCR testing in the
future, and these findings require further research.

36 Borrelia Ecology, Evolution, and Human Disease: A Mosaic of Life 1121



The most common method for indirect identification of B. burgdorferi s.l. in
clinical samples is serologic testing. Detection of Borrelia-specific IgG and IgM
consists of a screening test, e.g., ELISA, and a confirmatory test for borderline and
positive results of the screening test. Immunoblot can be used as the second-tier test,
and it has the advantage of demonstrating reactivity to various Borrelia-specific
proteins, whereas the first-tier test usually reacts with one or two proteins only. The
number of reactive bands determines the final interpretation of the immunoblot
result. Based on European guidelines, at least two positive bands lead to the positive
interpretation for IgG, whereas for IgM, the reactivity to the outer protein C (OspC)
is sufficient for a positive result (Dessau et al. 2018). Serology may be negative in the
early stage of infection; therefore, it is not recommended for erythema migrans. The
detection of IgG plays an important role for the confirmation of late, disseminated
manifestations of Lyme borreliosis (Stanek et al. 2011), and it is characterized by a
high negative predictive value. Therefore, lack of specific IgG rules out a late
disseminated disease. Specific Borrelia antibodies can be found in healthy persons
frequently exposed to ticks during occupational or recreational activities (Cetin et al.
2006) and in subjects after a successful treatment of different manifestations of Lyme
borreliosis. Therefore, it is essential to discriminate between persons in whom
positive serology points at an acute or chronic infection fulfilling the clinical criteria
and persons with background seroprevalence, which does not require treatment with
antibiotics. Although IgM antibodies occur in the early stage of the infection, the test
results must be also put in the clinical context (Hillerdal and Henningsson 2021).
Like IgG, IgM can persist after the infection and treatment, and the dynamics of
decline is dependent on the individual immune reaction. Possible explanation for the
persistence of IgM in healthy subjects are cross-reactive antigens of human or
environmental origin sharing the same epitope with OspC of B. burgdorferi
s.l. (Markowicz et al. 2021a), which is the key antigen in the early stage of Borrelia
infection. Other possible explanation for nonspecific IgM is polyclonal stimulation
of B cells (Goossens et al. 1999; Tuuminen et al. 2011). In conclusion, Borrelia IgM
is only relevant in the presence of clinical signs of an early Borrelia infection, and
unspecific test reactivities for IgM must be interpreted with caution.

36.11.2 Laboratory Diagnosis of Particular Manifestations of Lyme
Borreliosis

36.11.2.1 Early Skin Manifestations
Erythema migrans is the most frequent manifestation of Lyme borreliosis, and it is
caused by a local affection of the skin by B. burgdorferi s.l. Its typical appearance
does not require laboratory testing, and the diagnosis is made upon clinical exam-
ination. PCR or culture from skin biopsy is possible in case of atypical skin lesions
with a suspicion of Lyme borreliosis. The same recommendations apply to multiple
erythema migrans. Borrelial lymphocytoma requires laboratory confirmation by
serologic testing. Positive serology or seroconversion observed in a paired sample
is mandatory. The recommended time interval between the two tests is 2–4 weeks.
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Histologic examination of the skin and PCR or culture from the skin biopsy can be
considered as additional diagnostic procedures.

36.11.2.2 Lyme Neuroborreliosis
The most common manifestations of Lyme neuroborreliosis include meningoradi-
culoneuritis, lymphocytic meningitis, and cranial neuritis, and the pathophysiolog-
ical processes are localized in the CSF and the meninges (Ogrinc et al. 2022). Thus,
the analysis of the CSF is essential for the laboratory diagnosis (Mygland et al.
2010). First, demonstration of CSF inflammation is mandatory. Lymphoplasma-
cellular pleocytosis occurs in the first days after onset of symptoms, with an expected
cell count of 10–1000 leucocytes/mm3. Since the inflammation in the CSF is not
specific for Lyme neuroborreliosis, the etiology of the infection should be confirmed
by the intrathecal synthesis of Borrelia-specific antibodies. With this method, the
fractions of Borrelia-specific antibodies in blood and in the CSF are compared, and
their relation is expressed as the antibody index (AI). Value >1,5 indicates intrathe-
cal synthesis (Tumani et al. 1995). Noteworthy, the synthesis of such antibodies is
delayed in comparison to the pleocytosis, and – in contrast to the total cell count –
the AI can be still elevated even for years after successful treatment. Therefore, this
parameter is not suitable for monitoring the efficacy of treatment. Further laboratory
findings in the CSF can be high protein concentration, whereas the glucose ratio is
usually normal (Hansen et al. 2013).

In recent years, it became evident that the B cell attracting chemokine CXCL13
can be used for the laboratory diagnosis of Lyme neuroborreliosis (Rupprecht et al.
2014; Henningsson et al. 2018). High concentrations of CXCL13 in the CSF can be
measured in the early phase of the infection, and they occur before the AI becomes
positive. Moreover, the concentration decreases more rapidly than the cell count
after treatment. High concentration of the chemokine in the CSF is often able to
distinguish between Lyme neuroborreliosis and other inflammatory conditions of the
central nervous system. However, CXCL13 is not specific for Lyme neurobor-
reliosis, and it can occur in other diseases like lymphoma, neurosyphilis, or multiple
sclerosis (Dersch et al. 2015; Fischer et al. 2009). There are numerous studies
demonstrating that the cutoff values are dependent on the test system and on the
selection of study groups. Given these circumstances, CXCL13 can be used as a
complementary method for diagnosing Lyme neuroborreliosis, but it should not
replace the methods mentioned above.

36.11.2.3 Late, Disseminated Manifestations
Clinical suspicion of late disseminated manifestations of Lyme borreliosis like Lyme
arthritis and acrodermatitis chronica atrophicans requires confirmation by serologic
testing. High specific IgG levels are expected in these cases. Typically, a broad range
of antigens is reactive in the immunoblot. A PCR from tissue – skin or synovial fluid
or synovial tissue – may be helpful as an additional test, but negative test results do
not exclude the infection due to limited sensitivity (Hofmann et al. 2017; Jaulhac
et al. 2019; Rauer et al. 2020).
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36.11.2.4 Rare Manifestations
Ocular and cardiac manifestations require confirmation of specific serum antibodies.
Possible ophthalmic affections like conjunctivitis, uveitis papillitis, keratitis, and
episcleritis are diagnosed during routine ophthalmologic examinations. Lyme
carditis usually presents with varying degrees of atrioventricular block, rarely with
pericarditis and myocarditis. Routine cardiologic examinations including electrocar-
diogram should be performed. In case of rare manifestations of Lyme neurobor-
reliosis, e.g., chronic meningitis, encephalomyelitis, the same diagnostic approach is
recommended as was described for Lyme neuroborreliosis (Hansen et al. 2013;
Kristoferitsch et al. 2018).

36.12 Methods with Insufficient Evidence to Support
the Diagnosis of Lyme Borreliosis

There are numerous test methods that are not useful for the diagnosis of Borrelia
infection. One reason are misconceptions – e.g., for microscopic examinations of
blood in LB, despite known biological evidence that B. burgdorferi s.l. does not
cause high levels of spirochetemia (Aase et al. 2016). An exception is B. mayonii, a
novel Borrelia species restricted geographically to the Midwestern United States
(Pritt et al. 2016). With regard to some diagnostic approaches, which are used for
other diseases like interferon gamma release assay or lymphocyte transformation
assay, there is increasing evidence questioning their utility for clinical practice
(Baarsma et al. 2022; Dessau et al. 2014; van Gorkom et al. 2018). A recent case
control study involving 271 patients did not show that the performance of these
methods was higher compared to serologic testing, and the results highlighted their
low specificity (Baarsma et al. 2022). Therefore, such methods require additional
optimalisation and validation by independent experts using well-characterized
human specimens before being fit for conventional, clinical use. Finally, testing of
ticks removed from the skin for presence of B. burgdorferi s.l. is not recommended.
Although it was shown, that the risk for infection with Borrelia is higher when the
spirochete was detected by PCR in such ticks (Markowicz et al. 2021b), there is no
evidence to recommend antibiotic prophylaxis after a bite of an infected tick, since
only a small fraction of individuals bitten by Borrelia-positive ticks will develop
symptoms of Lyme borreliosis (Wilhelmsson et al. 2016).

36.13 Diagnosis of Tick-Borne Relapsing Fever

In contrast to Lyme borreliae, the agents of tick-borne relapsing fever cause
spirochetemia, making the microscopic identification in blood smears diagnostically
useful. Giemsa- or DAPI-stained spirochaetes (Fig. 4) confirm the diagnosis in
patients with corresponding clinical picture in endemic regions (Hoch et al. 2015).
The examination is essential for travelers returning from regions, where malaria is
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endemic, because the symptoms of both diseases are similar. Serologic tests for tick-
borne relapsing fever are based on the detection of antibodies against glyceropho-
sphodiester phosphodiesterase (glpQ), which is a protein present in relapsing fever
spirochaetes but not in B. burgdorferi s.l. (Schwan et al. 1996). However, the assay is
not able to discriminate between particular relapsing fever Borrelia species due to
cross-reactivity.

36.14 Conclusions for Laboratory Diagnostics

Due to substantial limitations of direct detection of B. burgdorferi s.l. from clinical
samples, the serologic testing remains the main method for the laboratory diagnosis
of Lyme borreliosis. Importantly, serology should be only used in the presence of
clinical symptoms, suggestive of Lyme borreliosis. Erythema migrans is the only
manifestation, which is diagnosed clinically. For other manifestations, the presence
of specific antibodies should by confirmed by two-tier testing. Examining serum and
CSF is required to diagnose Lyme neuroborreliosis, by demonstrating pleocytosis
and the intrathecal synthesis of specific antibodies. CXCL-13 is elevated in the CSF
and can be helpful for the diagnosis. Since antibodies to Borrelia can be detected in
healthy individuals, reflecting the background seroprevalence after tick exposure,
and since antibodies are common after successful treatment, there is still an urgent
need for identifying a marker of an active Borrelia infection from blood. This would
help to reduce unnecessary treatment and overuse of antibiotics and to avoid missing
other underlying diseases. Before new diagnostic approaches can be introduced to
the laboratory routine, profound validation studies by independent experts are
mandatory. Results of such investigations need to be reproduced on various well-
characterized samples and patient populations in order to demonstrate which groups
of patients can benefit from them.

36.15 Notes on Antibiotic Therapy

Lyme borreliosis is principally considered to be an efficiently treatable disease with a
good prognosis, especially the early forms of the disease. Therefore, every clinical
manifestation of Lyme borreliosis should be treated with antibiotics. In this context,
it is worthwhile mentioning that even without antibiotic therapy, early manifestations
of Lyme borreliosis do not lead inevitably to a late manifestation but can heal
spontaneously (Hofmann et al. 2017; Mygland et al. 2010; Cerar et al. 2010;
Lantos et al. 2021; Pfister et al. 1989; Koedel et al. 2015). Post-therapeutic com-
plaints without tangible signs of a still ongoing infection (like signs of inflammation
in cerebrospinal fluid) may be experienced due to a defective healing process
(especially following longer diseases with organ damage) or in the sense of a
postinfectious syndrome. In these cases, further antibiotic interventions are not
indicated, but a symptomatic therapy would be required.
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The main goals of antibiotic therapy include to shorten the clinical course of
disease, to prevent complications including defective healing, and to prevent the
development of later forms of the disease (Hofmann et al. 2017; Lantos et al. 2021;
Rauer et al. 2020; Jaulhac et al. 2019).

36.16 Antibiotic Selection

Many in vitro studies have shown that the different B. burgdorferi s.l. species are
susceptible to some second- and third-generation cephalosporins, tetracyclines,
penicillins, and macrolides, while they are intrinsically resistant to fluoroquinolones,
rifampicin, trimethoprim-sulfamethoxazole, and first-generation cephalosporins
(Preac Mursic et al. 1996; Hunfeld et al. 2003, 2004, 2005; Morgenstern et al.
2009; Veinović et al. 2013, 2021; Baradaran-Dilmaghani and Stanek 1996). So far,
there is no evidence for emergence of secondary antibiotic resistance in
B. burgdorferi s.l. to the antibiotics recommended.

The choice of antibiotics as well as the mode and duration of administration
depend on the clinical manifestation, the age of the patient, the severity of the
disease, drug-allergy and side-effect profile, and possible coinfections with other
tick-borne pathogens. Notably, although there are differences with respect to
B. burgdorferi s.l. species and clinical manifestations between Europe and North
America, therapy recommendations and therapy outcome are remarkably similar
(Hofmann et al. 2017; Lantos et al. 2021; Rauer et al. 2020; Jaulhac et al. 2019).

The preferred medications for therapy of early manifestations – except Lyme
neuroborreliosis (LNB) – are doxycycline, amoxicillin, cefuroxime axetil, and
phenoxymethylpenicillin, while macrolides, e.g., azithromycin, seem to be less effec-
tive in vivo and therefore are recommended as second-line treatment. Late forms can
be treated orally with doxycycline or amoxicillin and intravenously with ceftriaxone,
cefotaxime, or penicillin G. (Hofmann et al. 2017; Lantos et al. 2021; Jaulhac et al.
2019; Luft et al. 1996). LNB is usually treated intravenously with ceftriaxone,
cefotaxime, or penicillin G but can also be treated orally with doxycycline (Rauer
et al. 2020; Arnason and Skogman 2022; Stupica et al. 2021; Bremell and Dotevall
2014; Borg et al. 2005; Ljøstad et al. 2008).

The duration of treatment is between 5 and 30 days, depending on the clinical
manifestation and the antibiotic used. A significant prolongation is normally not
advisable as the risk of severe side effects, such as pseudomembranous colitis,
increases disproportionately (Nguala et al. 2021).

The minimum duration necessary for successful antibiotic treatment for the
different antimicrobial agents has never been assessed in detail. For erythema
migrans, it has been shown that a 10-day course of oral doxycycline was not inferior
compared to 2 weeks (Stupica et al. 2012; Wormser et al. 2003). However, relevant
studies regarding a shorter treatment for immunocompromised patients or for anti-
biotics other than doxycycline are not available.

Actually, most guidelines recommend antibiotic therapy for 10–21 days in case of
early localized disease and a 2–4-week course for disseminated and late-stage
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manifestations (Hofmann et al. 2017; Lantos et al. 2021; Rauer et al. 2020; Jaulhac
et al. 2019; Pancewicz et al. 2015).

The success of therapy can only be assessed weeks to months after the end of
therapy, especially in the case of long-standing disease manifestations (Table 3).

36.17 Therapy During Pregnancy and Lactation

In principle, pregnant and nursing women are treated with the same antibiotics and
same duration as nonpregnant women. However, doxycycline should not be adminis-
tered in the third trimester and macrolides not during the first trimester. In pregnancy
and lactation, oral therapy with amoxicillin is the first choice. Alternatively, penicillin G
and ceftriaxone can be used, the latter especially in cases of neurological manifestations
(Hofmann et al. 2017; Rauer et al. 2020; Jaulhac et al. 2019; Lakos and Solymosi 2010;
Maraspin et al. 2011). In cases of proven penicillin allergy, azithromycin or cefuroxime
axetil may be prescribed according to strict indications. Under clinical supervision,
ceftriaxone can also be given intravenously, since the risk of cross-allergy with third
generation cephalosporins is only about 1% (Buonomo et al. 2014).

36.18 Therapy of Children

Children from the age of 8 years, after enamel formation is complete, can be treated
with doxycycline. In children under 8 years of age, the therapy of choice is
amoxicillin (Table). This antibiotic is required to be given in three daily doses,
which may be difficult in kindergarten and school children. Alternatively,
cefuroxime axetil, azithromycin, or clarithromycin can be used (Nizič et al. 2012).

36.19 Therapy of Immunocompromised Individuals

Although only limited data on treatment of LB are available for immunocompro-
mised patients, the recommended antibiotic treatment approach – same antibiotics,
dosage and duration – appears to be effective also in this group of individuals
(Merkac et al. 2015; Fürst et al. 2006; Maraspin et al. 1999, 2006). One study on
patients receiving tumor necrosis factor-alpha (TNF-α) inhibitors reported treatment
failure in 25% (4/16); however, re-treatment resulted in an overall favorable outcome
also for these patients (Maraspin et al. 2019).

36.20 Long-Term Antibiotic Therapy

Several randomized clinical trials did not provide relevant support for prolonged
antibiotic treatment in patients who suffer from persistent symptoms after
recommended antibiotic treatment attributed to “persistent” Lyme borreliosis
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(Berende et al. 2016; Klempner et al. 2001; Krupp et al. 2003; Fallon et al. 2008).
Treatment beyond 30 days for late manifestations is therefore not recommended
(Hofmann et al. 2017; Lantos et al. 2021; Rauer et al. 2020; Jaulhac et al. 2019).

36.21 Not Recommended Therapeutic Interventions

Therapeutic interventions that cannot be recommended include, but are not limited
to, fluconazole, vancomycin, gyrase inhibitors, metronidazole, hydroxychloroquine,
long-term-, combination-, or pulsed-antibiotic therapy, photon therapy, electrother-
apy, intravenous bismuth or H2O2, colloidal silver, hyperthermia, hypothermia, or
stem cell transplantation (Hofmann et al. 2017; Koedel et al. 2015; Rauer et al. 2020;
Figoni et al. 2019).

36.22 Treatment of Tick-Borne Relapsing Fever

Relapsing-fever Borrelia can be treated very effectively using appropriate medica-
tion, although well-designed studies regarding optimal length of therapy, dosing, or
efficacy of different antimicrobial agents with regard to the different RF species are
scarce to nonexistent. There are no reports of acquired antibiotic resistance, but
rifampicin, sulfonamides, fluoroquinolones, aminoglycosides, and metronidazole
are intrinsically poor or not effective. Tetracyclines, penicillins, and other ß-lactam
antibiotics are most suitable for therapy, the latter especially in pediatric patients,
where the use of tetracyclines is usually not recommended for children under
8 years. The efficacy of macrolides is less well-established, but they are an alterna-
tive in the second and third trimesters of pregnancy or intolerance for ß-lactams and
tetracyclines. Chloramphenicol is also effective but is rarely used outside developing
countries, mainly because of the well-tolerated alternatives. In general, the use of
tetracyclines is favored because they are the most effective, and the lowest recur-
rence rate has been observed (Guerrier and Doherty 2011; Jakab et al. 2022). Oral
tetracycline (4 � 500 mg per day) or doxycycline (2 � 100 mg per day) or
intravenous doxycycline (2 � 100 mg per day) is usually used. Alternatively,
intravenous or intramuscular penicillin G (600.000 IU daily) is available as standard
therapy, meanwhile mostly replaced by ceftriaxone (1 � 2 g per day) especially in
patients with central nervous system involvement. Erythromycin (4 � 500 mg per
day) given orally or intravenously is a further alternative.

In louse-borne, RF therapy can be administered as a single dose, while in cases of
TBRF, a single dose is usually not sufficient. This is at least partly due to the stronger
CNS affinity of TBRF Borrelia. Particularly in compartments with limited antibiotic
penetration capacity, such as the CNS, there are often niches in which the pathogens
persist in spite of antibiotic treatment resulting in relapses. Relapse rates of up to
20% (despite antibiotic therapy) are observed in TBRF (Jakab et al. 2022).
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Table 3 Lyme borreliosis: therapy

Manifestation Drug/administration

Dosage per day Duration
in daysAdults Children

Erythema
migrans,
Borrelial
Lymphocytoma

Doxycycline/p.o.a 1 � 200 mg or
2 � 100 mg

4 mg/kg (max.
200 mg) in 1–2
doses

10–21

Amoxicillin/p.o. 3 � 500–1000 mg 50 mg/kg (max.
2 g), in 3 doses

14–21

Cefuroxime axetil/
p.o.

2 � 500 mg 30 mg/kg, in
2 doses

14–21

Azithromycin/p.o.b 500 mg 5–10 mg/kg 5–10

Neuroborreliosisd Doxycycline/p.o.a,c 1 � 200 mg or
2 � 100 mg

4 mg/kg (max.
200 mg) in 1–2
doses

14–21

Ceftriaxone/i.v. 1 � 2 g 50–100 mg/kg
(max. 2 g) in
1 dose

14–21

Cefotaxime/i.v. 3 � 2 g 150 mg/kg in
3 doses

14–21

Penicillin G/i.v. 4 � 5 Mio IU 0.25–0.5 Mio
IU /kg in
4 doses (max.
4 � 5 Mio IU)

14–21

Carditise Doxycycline/p.o.a 1 � 200 mg or
2 � 100 mg

4 mg/kg (max.
200 mg)

14–21

Amoxicillin/p.o. 3 � 500–1000 mg 50 mg/kg (max.
2 g), in 3 doses

14–21

Ceftriaxone/i.v. 1 � 2 g 50–100 mg/kg
(max. 2 g) in
1 dose

14–21

Cefotaxime/i.v. 3 � 2 g 150 mg/kg in
3 doses

14–21

Lyme Arthritis,
Acrodermatitis
Chronica
Atrophicans

Doxycycline/p.o.a 1 � 200 mg or
2 � 100 mg

4 mg/kg (max.
200 mg)

21–30

Amoxicillin/p.o. 3 � 500–1000 mg 50 mg/kg (max.
2 g), in 3 doses

21–30

Ceftriaxone/i.v. 1 � 2 g 50–100 mg/kg
(max. 2 g) in
1 dose

14–28

Cefotaxime/i.v. 3 � 2 g 150 mg/kg in
3 doses

14–28

i.v. intravenous; p.o. oral; IU international units; NA not available
aRelative contraindication for age<8 years. Not for adolescents or adults under 50 kg body weight;
absorption of doxycycline may be affected by 2- or 3-valent cations (dairy products, calcium-
containing fruit juices), magnesium in antacids, iron preparations, medicinal activated charcoal, and
cholestyramine. Keep a time interval of 2–3 h between intake and meals
bOnly for patients intolerant to doxycycline, amoxicillin, and cefuroxime
cOnly in uncomplicated cases; possibly 300 mg/day needed
dFor late neuroborreliosis therapy for 14–28 days
eIn first-degree atrioventricular block and PR <30 ms oral therapy for 14–21 days

36 Borrelia Ecology, Evolution, and Human Disease: A Mosaic of Life 1129



According to a recent review, the recommended treatment duration is usually
7–10 days, in the case of central nervous system involvement 10–14 days.

36.23 Jarisch-Herxheimer Reaction

During therapy, within a few hours after taking the first dose of antibiotics, a
sometimes life-threatening Jarisch-Herxheimer reaction (JHR) can occur as a result
of cytokine release (especially TNF-alpha). An initial chill phase with restlessness,
intense rigors, sharp rise in temperature and blood pressure, tachycardia, tachypnea,
delirium, gastrointestinal symptoms, cough, and limb pains is followed by a flush
phase with massive sweating, drop in blood pressure, and a slow decline in temper-
ature. Treatment with intravenous tetracycline carries the highest risk for a JHR; in
children JHR is less common (Bryceson et al. 1970; Warrell 2019). In louse-borne
RF, a JHR is observed in around 50% (up to 100%) of patients and in TBRF in about
20% (up to 40%) of all cases (Jakab et al. 2022; Butler 2017). Therapy is only
symptomatic.

TBRF-related case fatality rate is around 6.5%, range of 2–10% (Goddard 2018).
Mortality in TBRF appears to be primarily due to neurologic complications
and ARDS.

36.24 Prophylaxis

Lyme borreliosis (Hofmann et al. 2017; Lantos et al. 2021; Figoni et al. 2019; Eisen
and Dolan 2016; Pages et al. 2014; Due et al. 2013): Since no vaccine for humans is
available, prophylaxis is limited to measures to reduce the risk of tick bites and to
remove already attached ticks as early as possible. The risk of being bitten can be
reduced by wearing light-colored clothing that covers the body, avoiding tick-infested
areas and using repellents on the skin and clothing. After spending time outdoors, the
body should be searched promptly and the tick removed as early and gently as
possible, as the risk of transmission increases with the duration of the ticks’ blood
meal. To do this – if necessary with the aid of a magnifying glass – grasp the tick, e.g.,
with pointed, sturdy tweezers, as close as possible to the skin and slowly pull it out.
Commercially available tools, such as a tick card or tick loop, can also be used
according to the manufacturer’s instructions; if no tools are at hand, simply use your
fingernails. Finally, the wound must be thoroughly disinfected. If tick parts remain are
still visible in the wound during the final inspection, it is merely the tick’s proboscis,
which is an intracutaneous foreign body with no specific risk of infection. Avisit to the
doctor is necessary if typical symptoms occur. Prophylactic antibiotic administration
cannot be recommended in Europe at present. In the United States, a single dose of
oral doxycycline within 72 h of tick removal for adults and children is recommended
but only if the tick bite was from an identified tick vector species and occurred in a
highly endemic area and the tick was attached for �36 h. In general, serological
monitoring, self-performed point-of-care (POC) tests, and an examination of the tick
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for Borrelia are not indicated. During the following 6 weeks, the tick-bite area should
be checked for development of an erythema migrans. In that case, medical advice
should be sought and the tick-bite should be mentioned.

Repellents for the prevention of tick bites for direct application on the skin
include DEET (N,N-Diethyl-meta-toluamide), icaridin, IR3535 (ethyl-3-(N-n-
butyl-N-acetyl) aminopropionate), or Eucalyptus citriodora oil hydrated/cyclized
(EC oil (H/C))(p-menthane-3,8-idol). They should only be applied to uncovered
areas of the skin strictly according to the manufacturer’s instructions and should not
be applied together with sunscreen (Schalka et al. 2014). Permethrin that kills ticks
on contact provide highly effective protection and can be used to impregnate
clothing. However, its tolerability in case of regular long-term use has never been
assessed (Faulde et al. 2015; Vaughn et al. 2014).

Soft Tick-Borne Relapsing Fever (CDC; ECDC): Measures in countries where
TBRF is endemic should mainly focus on preventing human-tick contact.
Recommended measures include avoiding tick-infested areas, avoiding sleeping in
rodent-infested areas, wearing light-colored clothing that covers the body and
tucking trouser legs into socks, using tick repellents (see above) for the skin and
permethrin-impregnated clothing, and using permethrin-impregnated sleeping bags
or bed nets tucked under the mattress when sleeping on the ground or camping.
Furthermore, rodenticides and acaricides to treat “cracks and crevices” or natural
predators, like domestic cats, are recommended, as well as reducing rodent-friendly
environments inside and around buildings.

Due to the short feeding period and the immediate transmission of the pathogen,
recommending early removal of soft ticks is inefficient.

36.25 Cross-References

▶Vector-Borne Zoonoses
▶Wild Birds and Zoonotic Pathogens
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Abstract

The burden of the two different diseases, “cystic echinococcosis” (CE), due to
several species of Echinococcus among the E. granulosus sensu lato cluster, and
“alveolar echinococcosis,” due to E. multilocularis, has long been
underestimated. Other species, E. oligarthra and E. vogeli, may also cause
disease in humans, similar to CE and AE, respectively. CE is usually maintained
by a synanthropic domestic cycle (dog/domestic ungulates); a cycle in wild
animals (fox/small mammals) allows E. multilocularis to subsist in nature, and
environmental factors play a critical role. The larval stage of Echinococcus spp.,
the “metacestode,” is characterized by a germinal layer surrounded by a lami-
nated layer and an adventitial layer. The germinal layer forms isolated cysts
(CE) or aggregated microcysts (AE), which are filled with a water-like liquid
(“hydatid fluid”). The diagnosis of both diseases in humans relies on imaging:
ultrasound examination (also useful for mass screening), computed tomography,
and magnetic resonance imaging, which provides pathognomonic images; inci-
dental diagnosis is frequent. WHO-US-based classification of CE cysts (CE-1 to
CE-5) and staging system for AE (PNM classification) are used to choose among
a variety of therapeutic options available, including surgery to remove the lesions
and nonsurgical image-guided interventions to sterilize CE cysts or treat compli-
cations in CE and AE. Benzimidazoles – with a strict monitoring to ensure
optimal efficacy and avoid adverse events – are still the only antiparasitic agents
available. For CE as well as AE, there is a need to find new antiparasitic
compounds and evaluate therapeutic strategies.

Keywords

Cestodes · Echinococcus spp. taxonomy · Cystic echinococcosis · Alveolar
echinococcosis · Neotropical echinococcosis · Burden of diseases ·
Epidemiology · Parasite immunology · Ultrasound diagnosis · Medical imaging ·
Positron emission tomography (PET) · Serology · Molecular biology · Hepatic
surgery · “PAIR” (puncture–aspiration–injection–reaspiration) · Perendoscopic
procedures · Benzimidazoles · Albendazole · Mebendazole · WHO-Informal
Working Group on Echinococcosis

37.1 Introduction

Echinococcosis and Echinococcus. Echinococcosis is the disease caused by cestode
helminths of the genus Echinococcus (E.) (Kern et al. 2017). Actually, this generic term
applies to two rather different diseases, due respectively to E. granulosus, “cystic
echinococcosis” (CE), also previously designated as “hydatid disease,” hydatidosis, or
“hydatid cyst,” a condition already recognized at Hippocrates’ times, and to
E. multilocularis, alveolar echinococcosis (AE), a tumor-like disease only identified
170 years ago (Virchow 1855). In addition, both species differ by their usual animal
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reservoir, i.e., mostly domestic animals, for E. granulosus, and mostly wild animals, for
E. multilocularis. However, for more than a century, since the characterization of the
“Taenia echinococcus” by the German scientist Carl Theodor Ernst von Siebold and the
diagnosis of the first human cases of AE in the 1850s, there was no distinction between
the two species (Vuitton et al. 2011). Other species of Echinococcus may also cause
disease in humans, albeit far more rarely and only in South America; they are
E. oligarthra (also wrongly called E. oligarthrus or oligarthus) and E. vogeli, both
responsible for “neotropical” echinococcosis (NE) (D’Alessandro and Rausch 2008).
The clinical symptoms of “polycystic echinococcosis,” due to E. vogeli, are very close to
those of AE, and species diagnosis relies on the south-American residence of the patient
and on molecular identification (Grenouillet et al. 2013). The very rare cases of
E. oligarthra infection present as single cysts (D’Alessandro and Rausch 2008). The
clinical presentation of both NE is thus similar to that of AE and CE, respectively, and
these two species will not be described in detail in this chapter. Finally, a new species of
Echinococcuswas disclosed recently in wild animals and in dogs on the Tibetan plateau,
China, E. shiquicus (Xiao et al. 2005); however, no disease in humans has been
attributed to this species until now.

37.2 The Echinococcus Genus: a Single Genus for an Increasing
Number of Species, and Two Rather Different Diseases in
Humans

A New Taxonomy. A taxonomic revision of the members of the genus Echinococ-
cus (Cestoda: Taeniidae) has been proposed, which follows molecular phylogeny.
The full description of the genomes of E. multilocularis and E. granulosus is now
available (Tsai et al. 2013) as well as the complete mitochondrial genome for all
species (Nakao et al. 2013). E. multilocularis still appears as a single species,
although variations in its genome, best detected by using the EmsB microsatellite
marker, may identify strains and has allowed epidemiologists to track its geograph-
ical spreading in the northern hemisphere (Knapp et al. 2010). Conversely,
E. granulosus has been split into several species, which were previously considered
as strains, numbered from G1 to G10, and characterized by their most usual
intermediate animal host. The phylogenetic relationships of the various “strains”
of E. granulosus with E. oligarthrus, E. vogeli, E. multilocularis, and E. shiquicus
have also been studied (Nakao et al. 2007). It is now acceptable to differentiate,
within the previously named “E. granulosus,” E. granulosus sensu stricto (ex-sheep
strain), E. equinus (ex-horse strain), E. ortleppi (ex-cattle strain), and E. canadensis
(ex-camel, pig, and cervid strains) (McManus 2013). E. felidis was also described as
a distinct species, although it is phylogenetically closely related with E. granulosus
sensu stricto (Hüttner et al. 2008). Although the definition of two species within
E. canadensis is still debated (Nakao et al. 2015), it is now accepted to include
E. granulosus sensu stricto, E. equinus, E. ortleppi, and E. canadensis within the
E. granulosus sensu lato cluster (Wen et al. 2019). The basal positions of the
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phylogenetic tree are occupied by the so-called “neotropical” endemic species,
E. oligarthra and E. vogeli, whose definitive hosts are derived from carnivores
that emigrated from North America after the formation of the Panamanian land
bridge (Nakao et al. 2007). Nowadays, the accepted nomenclature of species should
be used in any scientific publications regarding the Echinococcus genus. An inter-
national consensus on the terminology to be used in English in this field, in order to
avoid inappropriate words and expressions used in the past, has been found after a
2-year process of “formalized consensus,” and published in 2020 (Vuitton et al.
2020). Adaptation of the international terminology to the French language has been
recently published (Bellanger et al. 2021a). It was also established that only three
names are now formally accepted for the human diseases associated with infections
by Echinococcus spp. metacestodes: Cystic echinococcosis (CE) due to
E. granulosus s.l., alveolar echinococcosis (AE) due to E. multilocularis, and
neotropical echinococcosis (NE) due to E. vogeli or E. oligartrha.

As no restriction to a single animal host has been identified for the various “new”
species described from the previously named “E. granulosus,” and no marked
differences have been identified between the clinical presentation of CE depending
on the species, for the following description, “E. granulosus” will be used as a
general name for all three new “zoonotic” species, E. granulosus sensu stricto,
E. ortleppi, and E. canadensis. E. equinus has never been recognized to infect
humans; it thus cannot be considered as “zoonotic”; and the pathogenicity of
E. felidis to humans is unknown (Vuitton et al. 2020).

Cystic Versus Alveolar: Similar Structure of the Metacestode, but Different
Lesions, Depending on the Immune Response of the Intermediate Host. The
larval stage of Echinococcus spp., also called “metacestode,” is characterized by the
germinal layer, a syncitial monolayer of parasite cells surrounded by the laminated
layer, an acellular layer of polysaccharides which is the interface between the
parasite and the host’s cellular immune response while allowing exchanges between
them (Vuitton and Gottstein 2010). The germinal layer forms “buds,” then “vesicles”
(cysts), which are filled with a water-like liquid (“hydatid fluid” or “cyst/vesicle
fluid”). These cysts may be single (typically for CE) or multiple and aggregated
(typically for AE, hence the adjective “alveolar,” i.e., composed of alveoli), and
small (from 1 mm to 1 cm, typically for AE) or large (from 1 cm to 20 cm, typically
for CE) (Eckert and Deplazes 2004). Fertility is characterized by the growth and
budding of “protoscoleces” from the germinal layer, and their release into the cyst
fluid. In all species of Echinococcus, the “protoscolex” is that multicellular organism
that ensures the transformation of the larva into an adult worm in the intestine of the
definitive hosts after a process of evagination when the cysts are ingested, with the
offal of domestic intermediate hosts (for CE) or with the rodent intermediate hosts as
prey (for AE) by the appropriate carnivores. Hundreds to thousands of worms then
settle in the small intestine of the definitive host where they attach through their
hooks and suckers, reach maturity, characterized by egg-containing last segments
within 2–3 weeks, and release them into the environment with the feces for an
average of 1 month (Eckert et al. 2001; Torgerson et al. 2011; Kern et al. 2017). Each
species of Echinococcus was in the past carefully described based on the shape and
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length of its segments, hooklets, and suckers, since the morphology of the adult stage
(worm) was thought to be species-specific: The molecular taxonomy has now shown
that different species can have similar morphology, and subtle differences are not
important for species differentiation, which is now based on molecular biology
(Thompson and Eckert 1983; Eckert et al. 2001; Lymbery 2017). The most striking
differences lie in the histological aspect of the respective metacestodes. In CE, cells
of the host’s immune response have nearly totally disappeared when the cyst is
disclosed in an intermediate host, either animal at slaughtering or human at diagno-
sis, and the cyst with its germinal and laminated layer is surrounded by paucicellular
fibrous area, the adventitial layer (Vuitton et al. 2020). The cyst may contain
hundreds of protoscoleces. After damage to the germinal layer (rupture or fissure)
occurs, the cyst may either degenerate or produce “daughter cysts,” usually inside
and more rarely outside the germinal layer, which gives a “multivesiculated” appear-
ance to the lesions, quite different from the “multi-cystic” aspect of NE or from the
“alveolar” aspect of AE (Rogan et al. 2006; da Silva 2019) (Fig. 1). Protoscoleces
may also be disseminated into the peritoneal or pleural cavity when a liver or lung
cyst ruptures or after surgical opening (Kern et al. 2017; Vuitton et al. 2020). In AE,
the laminated layer is surrounded by a layer of epithelium-like macrophages (“epi-
thelioid cells”), then concentric layers of cells of the immune response, including
macrophages, lymphocytes, eosinophils, and giant cells, of cells involved in fibrosis
development, such as fibroblasts and myofibroblasts, and of collagen bundles and
various components of the extracellular matrix (Ricard-Blum et al. 1992; Ricard-
Blum et al. 1996; Grenard et al. 2001). This “granulomatous” periparasitic infiltrate
is usually bordered by T-lymphocytes, at the immediate proximity of the liver or lung
parenchyma. In AE, the extent of the periparasitic infiltrate and the presence or
absence of protoscoleces in the parasite vesicles depend on the susceptibility of the

Fig. 1 Cystic (CE) and alveolar (AE) echinococcosis typical images. (a) CE: daughter cysts in a
liver cyst, as shown at magnetic resonance imaging; (b) AE: necrotic cavity (pseudocyst) in the
center of a huge lesion invading the right and left liver, as well as the liver hilum; at the periphery of
the hypodense necrotic cavity, hyperdense calcifications are well shown in the pseudotumoral lesion
by computer tomography (CT)
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host to the development of the metacestode, and may thus be different in the various
species of intermediate hosts (Vuitton 2003; Vuitton and Gottstein 2010). Necrosis
may also be observed in the periparasitic infiltrate; in degenerating lesions, espe-
cially after years of evolution in humans, massive necrosis may occur in the center of
lesions, with the constitution of necrotic cavities, which give a “pseudocystic”
appearance to AE lesions; however, such pseudocysts have irregular walls and are
filled with solid and liquid necrotic debris, and are thus in no way similar to the real
“cysts” of CE (Kern et al. 2017; Vuitton et al. 2020) (Figs. 1 and 2).

37.3 The Parasite Life Cycle and the Burden of Echinococcus
spp. in Animals

E. granulosus sensu lato. The adult cestode develops in the small intestine of the
definitive host, a carnivore (Kern et al. 2017; Romig et al. 2017; Wen et al. 2019)
(Fig. 3). The last segments (proglottids) of this worm (3–5 mm long) contain
oncospheres (eggs); they are released into the intestine, and the oncospheres are
dispersed on the grass with the feces of the host. When the oncospheres are eaten by
the intermediate host (usually a mammal), the hexacanth embryo, released into the
duodenum, passes through the intestinal wall and most usually settles in the liver or
in the lung as “cysts” (also called “hydatids” by parasitologists). Domestic animals
such as sheep, goats, cattle, horses, camels, swines, caribous, or reindeers serve as
intermediate hosts, with some but not strict specificity depending on the species
within E. granulosus sensu lato (Vuitton et al. 2020). Commonly, dogs are infected
by eating raw infective offal containing parasite cysts. Humans become accidentally
infected either by touching dogs with contaminated hair, or by ingesting vegetables,
water, or soil infected by dog feces (Fig. 3). Less commonly, the cycle involves a
wild carnivore such as the wolf, jackal, or coyote and a wild herbivore such as wild
elk, caribou, reindeer, or other cervids. As mentioned above, the animal species
specificity of the various parasite species is not strict. Cattle, for instance, may be
infected by E. granulosus sensu stricto or by E. canadensis as well as by E. ortleppi.

Fig. 2 Alveolar echinococcosis; macroscopical view after surgical hepatectomy. (a) Fibrous aspect
of the lesions at the surface of the liver. (b) Necrotic cavity in the center of a very advanced lesion
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CE is usually maintained by the synanthropic domestic cycle (dog/domestic
ungulate) and represents a persistent zoonosis in rural livestock-raising areas
where humans cohabit with dogs fed on raw livestock offal. Infection of dogs by
the worms of E. granulosus does not cause specifically identified disease or symp-
toms. Infection of domestic ungulates by the metacestode (larval form) of
E. granulosus s.l. is characterized by single or multiple cysts, usually in the liver
or the lung of the animals. The burden of E. granulosus infection in domestic
animals has long been neglected and was considered to be minimal, since generally
the infected animals do not present any overt disease. Moreover, in rural family-type
farming, the fact that cysts might affect offal was not considered to be of great
economical importance. However, more recent evaluation estimates the annual
livestock production loss of at least US $141,605,195 and possibly up to US
$2,190,132,464 (Budke et al. 2006).

Risk factors for domestic animal infection by E. granulosus metacestodes have
been reviewed in an exhaustive analysis of the current literature (Otero-Abad and
Torgerson 2013). Prevalence of CE differs between study locations or different
livestock origin; there are seasonal variations in CE prevalence, as found by abattoir
meat inspection; high altitudes and increasing annual rainfall are significant risk
factors, as well as the age of the host for many farm species: higher CE prevalence
is observed in old animals compared to young ones, and the number of cysts in a farm
animal also increases with age. The gender of the intermediate host has also been
identified as a possible determinant of CE, with females more at risk in most studies.
Among host species, on a farm, small ruminants have frequently been observed with
the highest rates of infection; but cattle have also been identified in many studies as
bearing the highest prevalence of CE of those observed in farm species. Farm location
and, especially, management factors are important determinants for infection: e.g., pigs
reared in intensive conditions had significantly lower CE prevalence compared to pigs

Fig. 3 Parasite cycles of E. granulosus (left cycle) and E. multilocularis (right cycle)
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reared in free-range conditions or on family-owned farms, while sheep and goats from
mixed-farming systems showed higher rates of hydatid infection compared to small
ruminants from pastoral systems (Otero-Abad and Torgerson 2013).

Livestock represents the parasite reservoir, while the infection of definitive hosts,
mainly dogs, is responsible for the maintenance of the parasite cycle in animals and
for the transmission to humans. The most important risk factor is the potential access
of dogs to raw (uncooked) and infected offal, and thus depends on their food sources,
access to the location where animals are slaughtered, access to livestock carcasses,
rural location of dogs, whether dogs are free to roam (with a higher risk for stray
dogs, in rural as well as in periurban areas, close to dumps or open-air abattoirs), the
type of dog, its age (younger dogs being more at risk), and also the knowledge of the
owners about echinococcosis and their socioeconomic background; dog’s gender
does not seem to be a significant risk factor (Otero-Abad and Torgerson 2013).
Conversely, indoor or chained dogs are less at risk. Avoiding home slaughtering and
preventing consumption of livestock offal by dogs, by proper disposal of carcasses
by incineration/burial, or as more recently proposed, by boiling cyst-containing
livers or lungs (Li et al. 2014), protects dogs, thus humans, from infection.

E. multilocularis. A cycle in wild animals allows E. multilocularis to subsist in
nature (Fig. 3). The adult cestode usually develops as a worm (2–4 mm long) in the
small intestine of the fox (Deplazes and Eckert 2001; Conraths and Deplazes 2015).
The last segments are released into the intestine; the oncospheres (eggs) they contain
are dispersed on the ground with the feces where they contaminate the grass.
Oncospheres are surrounded by an envelope which allows them to resist very low
temperatures (to �40 �C), but they die at +60 �C. When eggs are eaten by the
intermediate host, usually a wild rodent, i.e., voles of a number of different species,
depending on the endemic area, and in the lagomorph Ochotona curzoniae , on the
Tibetan plateau of China (Vuitton et al. 2003), the hexacanth embryo is released into
the duodenum, passes through the intestinal wall, and enters the liver where it usually
settles. AE lesions consist of a mass of small vesicles produced by a single or several
embryos, which may occupy a considerable part of the liver. The metacestode may
then directly invade all organs and tissues close to the liver, or disseminate in
microthrombi to any possible organs through the hepatic veins, heart, and pulmonary
and systemic arteries. The life cycle is completed when the intermediate host,
containing infected larvae with protoscoleces, is eaten by foxes. Dogs are the most
common definitive hosts in some areas, such as China (Vuitton et al. 2003; Guo et al.
2021). Less commonly, other carnivores including raccoon dogs, coyotes, and cats can
also serve as definitive hosts (Torgerson et al. 2011; Romig et al. 2017).

As for E. granulosus infection, gut infection by worms of E. multilocularis
species does not result in clinical symptoms or disease, in foxes as well as in dogs
or other definitive hosts. As most of the intermediate hosts are wild rodents and
lagomorphs, there is no special veterinary or economic impact from the infection of
the intermediate hosts by the metacestode. However, in all endemic areas, including
Europe and Asia, larval infection with symptoms close to those observed in humans
has more and more often been recognized in a number of domestic animals, such as
horses, pigs, boars, or even dogs which appear to also serve occasionally as
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intermediate hosts (Vuitton et al. 2003; Scharf et al. 2004; Ueno et al. 2012; Böttcher
et al. 2013). In addition, AE cases observed in zoo animals, such as monkeys or
lemurs, have received much attention in the recent years in Europe and Japan
(Rehmann et al. 2005; Umhang et al. 2016), and AE was also observed in exotic
pets, such as chinchillas (Staebler et al. 2007).

Environmental factors play a critical role in E. multilocularis infection in foxes,
resulting in a heterogeneous geographical distribution of the parasite (Giraudoux
et al. 2013; Romig et al. 2017). From continental to regional scales, AE forms
discrete patches of endemicity within which transmission hotspots of much larger
prevalence may occur. Each transmission ecosystem has its own characteristics, and
lies on a subtle interplay between altitude, climate, landscape characteristics, land
use, and predator/prey relationship (Giraudoux et al. 2013; Romig et al. 2017; Knapp
et al. 2018; Guo et al. 2021). Regional meteorological conditions, such as low
temperatures or high annual precipitations, have been reported as being associated
with the infection rates. The importance of the availability and predation level on
potential intermediate hosts for the successful transmission of E. multilocularis is
well demonstrated. Changes in land use, such as promotion of permanent pastures,
deforestation, or privatization of the land, are prone to influence E. multilocularis
infection in small mammals and foxes, by favoring periods of high densities of small
mammals with exclusive preying of foxes on these potentially infected mammals
(Giraudoux et al. 2003; Wang et al. 2004, 2006a, 2016; Giraudoux et al. 2019).
Involvement of dogs in the life cycle of E. multilocularis, as it occurs in rural western
China, has been shown to be responsible for higher prevalence of AE in humans than
fox infection alone (Wang et al. 2016; Cai et al. 2021). On the other hand, despite a
higher prevalence in foxes from rural areas when compared with urban areas of
Europe, there is a high infection pressure frequently reported in the periphery of the
cities, and fox – as well as coyotes – urbanization has become a new threat, also by
considerably increasing the human population at risk (Deplazes et al. 2004; Robardet
et al. 2008; Robardet et al. 2011; Catalano et al. 2012; Luong et al. 2018).

37.4 Epidemiology of Echinococcosis in the World

CE in the World. The disease is prominent in rural areas where humans, dogs, and
sheep/goat and cattle coexist closely, with poor housing conditions and low level of
sanitation and is most common in the regions of the world where raising livestock is
a major industry. The estimated minimum global human burden of human CE
averages 285,000 disability-adjusted life years (DALYs) or an annual loss of US
$194,000,000 (Budke et al. 2006). CE is found in the entire Mediterranean littoral
including North Africa; former USSR; East Africa, with highest prevalence found in
Turkana region, in Kenya, and in Sudan; and South America, particularly Uruguay,
Argentina, and Chile, but also parts of Peru and Brazil (Deplazes et al. 2017).
Highest prevalence is observed in Western China, where an average of 1–5% of
the population may harbor a cyst when screened systematically using ultrasound
examination of the liver (Torgerson et al. 2011). Recent data from China and
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Kyrgyzstan suggest a “hot spot” distribution for CE, with some territories or
communities being at higher risk than others (Paternoster et al. 2020). The disease
is present in Nepal, India, Pakistan, and Bangladesh; it is still frequent in North
Africa, Turkey, and all Middle-East countries, where it had been identified since
Greek/Roman Antiquity. It is re-emerging in several countries where it had been
partially controlled after the Second World War, and especially in all endemic
ex-USSR territories, e.g., Bulgaria, Romania, Europe, and all central Asia republics
(Torgerson et al. 2011; Deplazes et al. 2017; Mustapayeva et al. 2020; Paternoster
et al. 2020; Tamarozzi et al. 2020b; Mustapayeva et al. 2021; Colpani et al. 2021).

Because of active control campaigns, New Zealand and Australia, which were
highly endemic in the past, are now far less infected, and an increasing proportion of
CE human cases are in immigrants from endemic areas (Torgerson et al. 2011;
Deplazes et al. 2017). This is also true for the United States as well as for most of
countries of the European Union, including Italy, Spain, and Portugal, which were
still highly endemic in the past. Nevertheless, recent epidemiological studies show
that CE remains endemic in these countries, especially in Italy where, out of the
436 patients with CE seen in a reference center, 248 (56.9%) were born in Italy,
while 188 (43.1%) were foreign-born (Zammarchi et al. 2020; Vola et al. 2022).
Strict regulations on slaughtering and control campaigns have contributed to
decrease very significantly the transmission to humans despite persistent low level
infection in domestic animals which can still be tracked by veterinary inspection,
especially in Spain, Greece, Southern Italy, and France (especially in Sicily, Sar-
dinia, and Corsica) (Brundu et al. 2014; Deplazes et al. 2017; Bosco et al. 2021). The
diagnosis should thus be evoked for any suspect cystic lesion of the liver when it
occurs in immigrants or travellers. A special situation occurs in the United Kingdom,
where low level of infection by E. granulosus sensu stricto in sheep and in humans is
still present in Wales, but most of animal infection is due to E. equinus, with horses
as intermediate hosts and apparently no transmission to humans (Romig et al. 2006).
Nonpublished results from abattoir surveillance including species genotyping seem
to indicate a potential resurgence of E. ortleppi infection including human cases in
Europe, e.g., in France, which should raise attention of public health authorities
(Grenouillet et al. 2014; Basmaciyan et al. 2018).

AE in the World. Although always limited to the Northern hemisphere and
restricted to specific geographical areas characterized by their ability to sustain the
proper functioning of E. multilocularis lifecycle among its definitive and interme-
diate hosts, AE endemic regions have never ceased to extend, from the discovery of
the first human case in 1852 in southern Germany. Initially only diagnosed in the
mountainous areas of Jura and Alps in central Europe (from Eastern France to
Western Austria), and in Russia, from Moscow area and Siberia to the far Eastern
region of Kamchatka, AE cases were subsequently recognized during the first half of
the twentieth century in Alaska, in Turkey, and in northern Japan, where the parasite
was “artificially” introduced by foxes imported from the Kuril islands to Rebun
island, then to Hokkaido, to fight agriculture pests [see references on the history of
AE epidemiology in (Vuitton et al. 2011; Eckert and Thompson 2017)]. Since the
1940s, the epidemiological situation seemed quite stable, with AE considered to be a

1162 D. A. Vuitton et al.



rare disease, even in the endemic area. The rare occurrence and low prevalence of
AE in so-called “endemic areas,” at usually less than 10/100,000 in regions with the
highest contamination pressure (infection of 70% of foxes) was explained both by
the rare encounter of humans with infected fox feces, and by the natural resistance of
humans as intermediate host for the parasite (Vuitton 2003; Vuitton and Gottstein
2010). This might also explain why, despite mild-level infection in all Central/
Northern states of the United States and Southern provinces of Canada, so few AE
cases had been observed in North America (Massolo et al. 2014).

However, the situation has changed radically since the 1980s. Western China is
now likely to be the world region with the highest number of human AE cases
(Vuitton et al. 2003; Craig and Echinococcosis Working Group in China 2006). Nine
provinces and autonomous regions are concerned, including Qinghai, Xinjiang,
Gansu, Sichuan, Tibet, and Ningxia in Western China where human cases and
animal epidemiology are very well documented, and where both types of echino-
coccosis are found. In Inner Mongolia in North-Western China, as well as Heilong-
jiang and Jilin in North-Eastern China, E. multilocularis infection of animals and
human AE cases have been observed, but the epidemiological situation is less
known. Prevalence of the disease may reach 10% of the population in some “high
risk” districts of Gansu and Ningxia, 100 times higher than in the previously known
endemic areas of Europe. China is, with Turkey and central Asia, the only region in
the world where CE and AE are known to coexist in some communities, and
sometimes in the same patient (Wen et al. 1992; Yang et al. 2006a; Ran et al.
2019), or in the same definitive host (Vuitton et al. 2003). Estimates show that in
China there are about 380,000 cases of echinococcosis (including CE and AE), and
50 million people are at risk of Echinococcus spp. infection (Wang et al. 2012). From
the analysis combining human capital method with DALYs to analyze the indirect
CE economic burden on a total of 2’018 CE patients attending the hospitals in
Xinjiang, China, between 2004 and 2008, the per-person direct medical cost for the
treatment of echinococcosis was estimated to be US$ 1493.12 and the per-person
direct nonmedical cost to be US$ 19.67. The indirect economic cost was US$
1435.96 per person, and the disability-adjusted life-years (DALY) lost was approx-
imately 1.03 DALY/person (Wang et al. 2012; Kern et al. 2017).

Since the 1990s, the recognized extent of the endemic area has progressed a lot in
Europe, with fox E. multilocularis infection disclosed in all countries, except the
United Kingdom, Spain, and Portugal. It also now reaches Western France, Northern
Germany, and Eastern Austria, regions that were not previously known to host
E. multilocularis-infected foxes. Emergence (or recent recognition?) of the disease
in the Baltic States is the most striking epidemiological finding of the beginning of
the twenty-first century (Marcinkutė et al. 2015). Lithuania in particular now defi-
nitely appears to be a major endemic area, with 80 patients diagnosed between 1997
and 2006 for a total population of 3,535,547 inhabitants, 57% of foxes, several
farmer dogs, and various intermediate hosts found infected by E. multilocularis
(Vuitton et al. 2015; Deplazes et al. 2017). Meanwhile, in Japan and in Europe, fox
E. multilocularis infection has reached the city, thanks to the increased number and
the “urbanization” of foxes, which poses new and unresolved questions for the
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prevention of AE (Deplazes et al. 2004; Robardet et al. 2008); and dogs and cats are
increasingly recognized to be significant definitive hosts (Robardet et al. 2011;
Knapp et al. 2018; Da Silva et al. 2020).

Finally, the second decade of the twenty-first century has seen the emergence of
North America, especially Canada, as an endemic area for human AE; ecological
studies point to the role of semiurban coyotes in the vicinity of cities in Alberta; and
to the responsibility of European strains of E. multilocularis (and not the autoch-
thonous “Alaskan” strains) in human infection, often revealed in immunodeficient
patients (Catalano et al. 2012; Massolo et al. 2014, 2019; Liccioli et al. 2015; Mori
et al. 2019).

In fact, the immunodeficient status of the human population in a given endemic
area has become one of the parameters which must be taken into account in
epidemiological studies. Changes in the sensitivity of the human hosts to
E. multilocularis infection and larval development are also involved in the increased
incidence of AE; this is particularly obvious in the emergence of cases in North
America, and this contributes to the increased incidence of cases seen in European
endemic areas since the beginning of the twenty-first century (Vuitton et al. 2019;
Wen et al. 2019). Such AE cases found in immunosuppressed patients appear to be
more and more frequent; a systematic study from the French registry of human AE
cases has shown that their incidence was significantly higher than the overall
increased incidence of AE cases observed in the French endemic areas in the last
two decades (Chauchet et al. 2014). A recent study in a Swiss endemic area has
confirmed that new diagnoses have increased fourfold in immunocompetent and
ten-fold in immunocompromised patients in the past decade (Lachenmayer et al.
2019). Cases in patients with primary immune deficiency or AIDS are rare (Sailer
et al. 1997; Zingg et al. 2004; Chauchet et al. 2014; Haskologlu et al. 2020); most of
cases of “opportunistic AE” are observed in patients with immunosuppressive
treatments (chemo- and/or immunotherapy) for malignant or chronic inflammatory
diseases, or to avoid organ rejection after transplantation (Chauchet et al. 2014;
Lachenmayer et al. 2019).

37.4.1 Diagnosis and Follow-up of Echinococcosis in Humans

Clinical Presentation of CE. CE presents usually as a cyst (“hydatid cyst”), in the
liver or in the lung, which may remain clinically silent for a long time and is often
discovered incidentally during routine abdominal ultrasound (US) examination or
chest X-ray/CT scan. All other anatomical locations are possible but rarer, as shown
in a large collection of cases by the Australian Hydatid Register in 1976 where the
most frequent locations of 1802 cysts were liver (63%), lung (25%), muscles, (5%),
bones (3%), kidney (2%), spleen, brain (1%), and heart, breast, prostate, parotid and
pancreas (<1%) (Torgerson et al. 2011). Similar figures are given from more recent
series of cases in China and in Europe (Wen and Yang 1997; Vola et al. 2022). For
the diagnosis of liver cysts, the following signs and symptoms may be observed:
right upper quadrant discomfort; urticaria; episodes of itching; right upper quadrant
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palpable mass. Clinical symptoms are usually absent until the cyst has reached 10 cm
in diameter; a cyst is rarely palpable until it has reached 15–20 cm. Physical
examination of the liver may be normal or may disclose an enlarged and regular
liver. If the cyst is located in the anterior liver, a round, painless tumor can be
palpated (Kern et al. 2017).

A complication is most often at the origin of hepatic CE diagnosis (Kern et al.
2017). The observed signs and symptoms are mainly jaundice by compression of or
rupture into the bile ducts, or anaphylactic shock, eosinophilia, urticaria, and/or
acute abdominal pain in case of cyst rupture in the peritoneal cavity. Cyst rupture
may be favored by any abdominal trauma, often related to sport practice in children
of endemic areas. Compression of the common bile duct, portal or hepatic veins, or
inferior vena cava is uncommon. Rupture of the cyst (usually into the bile ducts) is
more common: depending on the case series, at diagnosis, 30–40% of hepatic cysts
diagnosed in hospital settings have ruptured or become infected (Fica et al. 2012).
Among lung cysts referred to surgeons, complicated cysts are also frequent, includ-
ing lung abscess, pleural involvement, pneumonitis and fibrosis in 10.38%, 13.21%,
7.55%, and 11.32% cases, respectively (Ghoshal et al. 2012). However, when a cyst
is found at mass screening in asymptomatic subjects, in more than 75% of cases its
latent asymptomatic evolution without complications may last more than 10 years
(Frider et al. 1999; Wang et al. 2006b). In a recent study in India, 26% of liver cysts
were either ruptured or infected when referred to surgeons (Malik et al. 2010). Cysts
located near the diaphragm can erode it and extend into the pleural and pericardial
cavities, the lung, or the bronchi through perforation. Cysts close to the peritoneal
cavity may rupture into the peritoneum or into the duodenum, stomach, colon, or
right renal pelvis. These ruptures may lead to extrahepatic CE by the dissemination
of E. granulosus germinal layer fragments and of protoscoleces, and favor the
development of “daughter cysts” in or out the initial cyst (Rogan et al. 2006; Vuitton
et al. 2020). More commonly, the rupture of cyst occurs into bile ducts, and is
revealed by cholestatic jaundice, cholangitis, or biliary pain. Some ruptures into bile
ducts may be clinically silent and are thus only disclosed during an operation.

Cough, hiccups, and chest pain are the main symptoms of lung cysts when there are
not diagnosed by chance on a chest X-ray (Ghoshal et al. 2012). Cyst rupture is also a
frequent opportunity for diagnosing lung cysts: rupture in the bronchi may be followed
by elimination of cyst fluid and materials (membranes, protoscoleces) by cough.

In endemic areas, mass screening programs have been implemented for the past
30 years, using US and serology, and have become a common circumstance of
diagnosis. Such mass screening campaigns have shown that liver cysts had a very
slow and limited growth: in more than half of the cysts there were no modifications
in cyst size during the 10- to 12-year period of observation, in one third growth was
slight (<3 cm) and in only one case (7%) the cyst grew by 4 cm. Mean cyst growth in
all cases with a prolonged follow-up was 0.7 cm (Frider et al. 1999; Wang et al.
2006b). While serology alone has been used in serosurveys to detect the presence of
CE, the presence of false positive and false negative results has been demonstrated to
cause an unacceptable rate of false positive and false negative results and should be
avoided (see below) (Torgerson and Deplazes 2009).
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Imaging Diagnosis of CE. The two key procedures for indirect diagnosis are US
and serology. US can be used to recognize cysts as small as 1 cm in diameter, and may
be used for diagnosis in hospital settings as well as for mass screening (Macpherson
et al. 2003; Casulli et al. 2020). It usually shows one or several round masses with a
well-defined contour, which may be empty or filled with echogenic structures
corresponding to daughter cysts. US can be used to recognize the detachment of the
endocyst that appears as a wavy line inside the cavity. When cysts become infected,
they are diffusely hyperechogenic and no longer exhibit characteristic features. Several
classifications of US images in CE have then been proposed with various degrees of
complexity, after the first US characterization of CE cysts by Gharbi et al. (1981). The
WHO-Informal Working Group on Echinococcosis (IWGE) has promoted a unified
cyst classification (Fig. 4), which is currently used as a standard to compare data from
mass screenings and results of therapeutic interventions (WHO Informal Working
Group 2003). This classification groups the cysts according to their activity (Hosch
et al. 2008); however, stage CE3a, characterized by the detachment of membranes may
either progress to development of daughter cysts (CE2) or to degeneration (CE4 and 5)
(Stojković et al. 2018). In addition, when the classification is used to assess any
therapeutic intervention, the diameter of cysts (in cm) rather than semiquantitative
values should be given (Wang et al. 2003).

On computed tomography (CT), unilocular cysts with their spherical or oval
structure of near-water density are easily recognized. Conversely, multilocular cysts
may have several CT patterns depending on the space occupied by daughter cysts
inside the cyst. Abscesses or necrotic tumors may mimic CE cysts. In such circum-
stances, with negative serological results, only aspiration cytology can establish the
diagnosis of hydatid cyst (Hira et al. 1988; Rinaldi et al. 2014). CE cyst aspiration
with a fine needle under ultrasound guidance is currently considered as medically

Fig. 4 International classification of Cystic echinococcosis cysts based on ultrasound images
(according to WHO-Informal Working Group on Echinococcosis; in WHO-IWGE, 2003)
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and ethically acceptable (Echinococcosis 2001). The appropriate procedure aimed at
preventing and/or treating any anaphylactic complication and protoscolex spillage
should be followed. A point-of-care examination of cystic fluid to determine the
presence of PSCs or of Echinococcus spp. antigens can be employed to determine
whether the puncture should be followed by other steps of the Puncture, Aspiration,
Injection and Re-aspiration (PAIR) if the diagnosis of CE is confirmed (see below).

Magnetic resonance imaging (MRI) was shown to reproduce the ultrasound-
defined features of CE better than CT and could be of use if for any reason US is
not available (Stojkovic et al. 2012). FluoroDeoxyGlucose (FDG)-positron emission
tomography (PET) seems to have little value for the routine diagnosis or follow-up
of CE but may be of help for differential diagnosis with malignant lung tumors (Kurt
et al. 2008)(56); however, peripheral FDG uptake was described in a case with liver
cyst, with a typical “doughnut aspect” (Demir et al. 2008).

Clinical Presentation of AE. Before the 1980s in the European endemic area,
AE was frequently recognized at an advanced stage and misdiagnosed as liver
neoplasia: jaundice was the most frequent presenting symptom, in nearly 50% of
the cases; it was either progressive jaundice related to hilum involvement, associ-
ated with pruritus, or intermittent jaundice with pain and fever related to super-
imposed bacterial biliary infection (Bresson-Hadni et al. 2000). Hepatomegaly,
generally massive, was also a possible revealing symptom in about a quarter of the
cases. This is still the situation in endemic areas of China (Ayifuhan et al. 2012; Aji
et al. 2018) except in those regions where a systematic mass screening of the
population is implemented.

During the past 30 years in Europe and Japan, changes in the revealing symptoms
have occurred, because of disclosure of less severe and asymptomatic cases (Sato
et al. 1997; Bresson-Hadni et al. 2000; Piarroux et al. 2011). From the French
registry of human AE cases, more than 60% AE cases recorded in the last decade
were asymptomatic when diagnosis was made (Bresson-Hadni et al. 2021b) (Siles-
Lucas et al. 2017). Less than 25% of cases are revealed by jaundice; and hepato-
megaly is observed in only 15% of the cases. Discomfort in the right upper quadrant
is a revealing symptom in about 30% of cases. The contrast between a hepatomegaly
mimicking a liver carcinoma or advanced cirrhosis and a good clinical status raises
the suspicion of AE in endemic areas. Erratic clinical signs and symptoms generally
due to metastasis or extrahepatic location of the parasite may also be observed at
presentation (Kern et al. 2017). Diagnosis may be made during a surgical operation
or an US, CT, or PET examination for another reason, or as the result of mass
screening in an endemic area. Asymptomatic cases are more frequently disclosed in
immune suppressed patients, especially when organ location/dissemination of can-
cer, lymphoma or leukemia is looked for during patient’s follow-up, when pre-
treatment evaluation is performed for systemic inflammatory/autoimmune
diseases, or during the follow-up of patients after organ transplantation; evolution
of AE seems faster in these patients; clinical symptoms, if any, may mimic liver
abscess; and both imaging and serological diagnoses may be more difficult to
interpret (Gruener et al. 2008; Chauchet et al. 2014; Vuitton et al. 2019;
Lachenmayer et al. 2019).
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The most frequent complications of AE are bacterial or fungal infection of the bile
ducts and/or of the central necrotic area of lesions, with sepsis and septic shock
(Piarroux et al. 2011; Kern et al. 2017; Ambregna et al. 2017). Locoregional extension
or a hematogenous spread of parasitic tissue with distant metastases may cause a
variety of symptoms ranging from dyspnea and bile-tinged sputum to seizures and
stroke as well as skin nodules or bone pain or fractures. Unlike what happens with CE,
anaphylactic reactions as revealing symptoms are extremely rare; the occurrence of
such symptoms is always associated with systemic dissemination of parasitic frag-
ments through the vessels. Bleeding from oesophagogastric varices related to portal
hypertension, secondary to biliary cirrhosis or to chronic parasitic Budd-Chiari syn-
drome or portal thrombosis have become rare because of a more systematic prevention
and treatment of such varices (Piarroux et al. 2011; Kern et al. 2017).

Imaging Diagnosis of AE. US and CT remain the basic imaging techniques in
AE. US is the current screening method of choice for diagnosis and regular follow-up
imaging in AE, as well as for mass screening (Bartholomot et al. 2002; Yang et al.
2006b; Kantarci et al. 2012; Liu et al. 2014; Kern et al. 2017). In two-third of the cases,
the lesion is characterized by irregular limits and heterogeneous content with juxtapo-
sition of hyperechogenic and hypoechogenic areas. The hyperechogenic fibrous tissue
often contains scattered calcifications. Less typical US aspects include: 1) small
hemangioma-like hyperechogenic nodules which correspond to a lesion at its earlier
stage (currently more frequent in asymptomatic immunosuppressed patients; 2) pseudo-
cystic lesions which correspond to huge AE lesions with massive necrosis; the sur-
rounding hyperechogenic ring and the irregular lining should suggest the diagnosis of
AE; 3) small calcified lesions which can correspond to either an abortive form of the
disease or to a small-size developing AE (Bresson-Hadni et al. 2006). US combined
with color Doppler can also provide useful information on biliary and vascular involve-
ment (Liu et al. 2014; Kern et al. 2017). The limits of US examination lie in the
calcification of the lesion which may prevent a proper evaluation of the lesion and its
real extent. The various features of liver AE at US examination have been analyzed to
propose a classification of the images (Kratzer et al. 2015); unlike the WHO-IWGE
classification of CE US images, this classification, however, is not widely used although
it could provide a better comparison of various series of AE patients, and help
ultrasonographists to have a more systematic approach to US diagnosis. Contrast-
Enhanced Ultrasonography (CEUS) is used only in specialized centers. Preliminary
results showed that Levovist®-CEUS did not provide useful information (Ehrhardt et al.
2007); but using Sonovue® as a micro-bubble contrast agent could bring a very
significant improvement both for the diagnosis and the follow-up of AE patients, by
delineating the periparasitic micro-vascularized content of the lesions (Tao et al. 2011).
Comparison of various imaging approaches to the “activity” of the lesions showed that
CEUS could be a suitable substitute for FDG-PET, with the advantage of being readily
portable, widely available, nonirradiating and far less expensive (Yangdan et al. 2021).
Such comparisons should certainly be confirmed by further studies.

The typical CT aspect is a tumor-like lesion with irregular lining and heteroge-
neous content with a mosaïc of various densities: scattered, hyperdense calcifications
and hypodense areas corresponding to necrosis and/or active parasitic tissue. No
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significant enhancement is observed within the lesion after bolus administration of
intravenous contrast medium; however, enhancement of the periphery of the lesions
is sometimes observed. An intrahepatic bile duct dilation in the controlateral lobe of
the liver is the hallmark of infiltration of the hilum by the parasitic process.
Hypertrophy of the controlateral lobe is also usual. Following the classification of
the US aspects of the liver lesions of AE (Kratzer et al. 2015), the same team has
characterized CT images, with the definition of 5 types of “primary morphology,”
and 6 “patterns of calcification” (Graeter et al. 2016); this classification has the
ambition of describing all possible morphological types of lesions at CT and may be
useful to radiologists, especially in terms of comparison between lesion types
observed in various settings (Graeter et al. 2020). No particular relationship has
been found with the international PNM classification and staging which, on the other
hand, had the ambition of proposing a prognosis, thus, a different objective. How-
ever, the description of the calcification patterns points out the morphological variety
of such calcifications, which was not underlined in the past and could have patho-
physiological significance: actually, the presence of microcalcifications (also
described as “faethery calcifications” or “cloudy calcifications”) at CT is strongly
correlated to hypermetabolic activity of AE hepatic lesions at FDG-PET/CT inde-
pendently of the presence of macrocalcifications (Brumpt et al. 2019).

MRI imaging may facilitate the diagnosis in uncertain cases with noncalcified
lesions. It is the best technique to characterize the different components of the parasitic
lesion and to study the extension to adjacent structures. It shows the typical aspect of
multiple small cysts, best observed on T2-weighted images: such aggregations of
microcysts are pathognomonic of AE, and may be used to assess diagnosis, especially
in patients with small lesions with hemangioma-like or metastasis-like aspects at CT,
and in those with a negative serology such as immunodeficient patients (Chauchet
et al. 2014). Like the above mentioned “microcalcifications” inside the lesions,
microcysts present onMRT2-weighted images may be regarded as a surrogate marker
of the metabolic activity of the lesions (Azizi et al. 2015). Cholangio-MR imaging has
now advantageously replaced the classical per-cutaneous cholangiography. It is an
important part of the preoperative evaluation, as it provides information on the
relationship between AE lesion and the biliary tree, and it may be completed by
Endoscopic Retrograde Cholangio-Pancreatography (ERCP), which is often the first
step of perendoscopic interventions, as described below (Tamarozzi et al. 2014;
Ambregna et al. 2017).

PET using [18 F] FDG has been evaluated to assess the viability of the lesions, at
diagnosis and in the follow-up of inoperable AE patients under long-term benzimid-
azoles therapy (Ehrhardt et al. 2007). Although FDG uptake does not actually reveal
the metacestode, but is mostly associated with the periparasitic infiltrate by immune
cells, this indirect approach may be useful and increased FDG uptake by an AE
lesion in the liver is best correlated with parasitic metabolic activity when “delayed”
FDG uptake images are analyzed, i.e., 3 h after FDG injection (Caoduro et al. 2013).
It may be stressed that the similar increase of FDG uptake at PET-CTobserved in AE
and in a variety of solid primary or secondary tumors and malignant hematological
disorders may be a source of difficult differential diagnosis, especially in those cases
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with AE as an opportunistic infection when an abnormal lesion is found in the liver
during the follow-up of patients with malignant diseases (Chauchet et al. 2014).

37.5 Immunological and Molecular Diagnosis of Echinococcosis

Serological tests may confirm the diagnosis of echinococcosis, although there is cur-
rently no standardized, highly sensitive and specific as well as inexpensive test available
for antibody detection of CE or AE. Cross-reactivity is observed between both cestodes,
and most tests for CE can be used for the diagnosis of AE and vice versa. In those
endemic countries where both diseases may be found in the same area, a differential
diagnosis could theoretically be useful; but most often, distinction is made by imaging.
Cellular tests have no value for the routine diagnosis of both diseases (Bresson-Hadni
et al. 1989). The intradermal Casoni test is no longer used because of its lack of
sensitivity and specificity as well as because of safety issues (risk of anaphylactic shock).

Serological Tests. Detection of specific antibodies in serum uses antigens
obtained from E. granulosus (hydatid fluid or protoscoleces) or E. multilocularis
(protoscoleces or parasitic extracts), and/or more purified antigens or recombinant
proteins from either Echinococcus sp. (Yang et al. 2008; Zhang et al. 2012; Craig
et al. 2015; Kern et al. 2017; Gottstein et al. 2019; Vola et al. 2019; Tamarozzi et al.
2021). From the available literature and clinical experience, it may be stated that: 1)
complement fixation tests are no longer used because of their poor sensitivity and
specificity; 2) indirect hemagglutination and latex tests, using crude Echinococcus
extracts, are both relatively inexpensive and sensitive, but poorly specific; 3) immu-
noelectrophoresis or immunosyneresis are specific, but poorly sensitive and time-
consuming; they are no longer used; 4) ELISA tests, using crude antigens from
E. granulosus or E. multilocularis, are sensitive, but poorly specific; 5) ELISA tests
using specific antigenic fractions or recombinant antigens such as antigen 5 or
antigen B of Echinococcus granulosus, E. multilocularis Em2 or Em18 fractions,
and recombinant Em3/10/Em 18, are more specific; 6) Western blots use either crude
extracts from E. granulosus or E. multilocularis (more sensitive) or purified fractions
or recombinant antigens (more specific). Combination of antigens in a single test
(as the Em2plus, commercialized by Bordier Affinity Products, Crissier, Switzerland,
or the rapid DOT-immunogold assay, commercialized by Xinjiang Key Lab,
Urumqi, P.R. of China) (Feng et al. 2010), rules of interpretation for the Western
blot (e.g., from E. multilocularis extract, as that commercialized by LDBio, Lyon,
France) (Liance et al. 2000) or a combined Western Blot and Line blot assay
(Deininger and Wellinghausen 2019), have attempted to combine positive and
differential diagnosis. By evaluating the “best” serological tests on ultrasound
and/or CT-confirmed lesions, overall sensitivity reaches 80% for liver hydatid
cysts (it is lower for lung cysts, averaging 70%) and 95% for alveolar echinococcosis
(it is lower in immune suppressed patients, averaging 85%); specificity may reach
90% for both (Ito and Craig 2003). However, diagnostic efficiency of serology is
limited both by 1) the reduced capacity of some infected patients to develop specific
antibodies (or some isotypes), for genetic or acquired reasons (such as immunosuppres-
sion) and 2) the absence of release of specific antigens by the cysts in CE, which
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decreases sensitivity, and by the existence of infected nondiseased persons in endemic
areas, which decreases specificity. Positive serological results in individuals at mass
screening account for at least five different situations: 1) “patent,” overt disease with
symptoms, 2) “latent,” nonapparent disease; 3) calcified dead lesions in the liver; 4) CE
cyst in the lung or other organs and rare cases of isolated extrahepatic AE despite no US
lesions in the liver; and, 5) no parasitic lesions at all (Bartholomot et al. 2002; Yang et al.
2007; Yang et al. 2008). Negative serology with patent CE or AE lesions have been
found in all mass screening surveys and is the rule in all published hospital case series
(Yang et al. 2007; Zhang et al. 2012). Serology should thus never been used as a “first
intent” test, but always combined with ultrasound imaging in mass screening, and only
be used as a confirmation test for a suspected diagnosis based on imaging techniques in
clinical settings.

Molecular Tests. Molecular identification of both E. granulosus and
E. multilocularis is mostly based on PCR using mitochondrial DNA probes, but also
on nuclear sequences, including microsatellites. It may be used, if echinococcosis is
suspected despite negative serology, on liver needle aspiration (for CE) and/or liver
biopsy (for AE) (Dybicz et al. 2013), and it may be performed retrospectively, on
formalin-fixed paraffin-embedded (FFPE)samples (Schneider et al. 2008; Simsek et al.
2011; Grenouillet et al. 2013). The use of such techniques is particularly precious in
immunodeficient patients with negative serology and confusing images.

Time of storage could be critical for obtaining successful PCR. Recommendations
were recently proposed (Knapp et al. 2022) for initial screening of either frozen or
FFPE samples, using a short marker such as the 16S-84 bp target (Knapp et al. 2014),
then different specific PCR systems in a second step for identification of
E. multilocularis (Georges et al. 2004; Schneider et al. 2008) or E. granulosus
(Stefanić et al. 2004; Trachsel et al. 2007). Additionally, the pan-Echinococcus
12S-268 bp target (Roelfsema et al. 2016) can be used to test for the putative
occurrence of other species (e.g., E. ortleppi or E. canadensis in Europe). Molecular
biology techniques also allow genotype studies both for CE (Boubaker et al. 2013;
Alvarez Rojas et al. 2014) and AE (Massolo et al. 2019; Knapp et al. 2020). In
addition, molecular biology techniques are useful in epidemiological studies to iden-
tify the actual species of E. granulosus involved in human contamination from the
animal cycle (Romig et al. 2017; Massolo et al. 2019) Several techniques have been
described to identify worms or eggs of Echinococcus spp. in the feces of definitive
hosts. The most recent techniques aimed at avoiding the recurrent problem of RNAses
and other inhibitors present in the fecal samples, while identifying the species of the
animal host; the use of such techniques is currently revolutionizing epidemiological
studies of E. multilocularis infection in the animal hosts (Umhang et al. 2016; Knapp
et al. 2018, 2021; Da Silva et al. 2020; Herzig et al. 2021).

37.6 Antiparasitic Drugs and Echinococcosis

Two Orphan Drugs for Two Neglected Diseases. Compared to most of parasitic
diseases and/or zoonoses, for which an appropriate and efficacious medical treat-
ment is available, echinococcosis can rarely be cured by antiparasite chemotherapy
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alone, safely and within an acceptable time schedule, and the available drugs are
extremely limited (Pawlowski et al. 2001; Junghanss et al. 2008; Brunetti et al. 2010;
Brunetti et al. 2011; Manciulli et al. 2018). In addition, there have been nearly no
well-designed clinical trials for any medical treatment modality in either form of
echinococcosis (Kern 2006). Only two benzimidazole compounds, used since the
beginning of the 1980s, have proven effective against CE and AE: mebendazole
(MBZ) (4.5 g/day) and albendazole (ABZ) (10–15 mg/kg/day) (WHO Informal
Working Group on Echinococcosis 1996; Brunetti et al. 2010; Vuitton and
Bresson-Hadni 2014). Both drugs have a poor bioavailability, mostly due to poor
intestinal absorption; the most practical way to improve absorption is to combine
ABZ with a fatty meal. ABZ (i.e., ABZ sulfoxide, the active compound originating
from hepatic metabolism), however, may reach higher plasma levels than MBZ
(Horton 2003; Junghanss et al. 2008; Vuitton and Bresson-Hadni 2014). For this
reason, and because it is approved by the drug agencies of most countries, opposite
to MBZ, ABZ is the most widely used drug for the treatment of echinococcosis. Both
MBZ and ABZ must be given continuously, without interruption, for the period of
treatment assigned to each case depending on the type of disease and treatment
association; discontinuous administration of both drugs, as initially recommended
by the pharmaceutical company and most of country drug regulation agencies,
should not be used any longer (Tamarozzi et al. 2020a). Praziquantel (PZQ) is the
only other drug of use in echinococcosis, since it is the only one with a demonstrated
effect on Echinococcus sp. oncospheres, thus of possible use for deworming definitive
hosts, dogs and fox (by baiting) and interrupting the parasite cycle (Gemmell et al.
1977). PZQ also exerts a toxic effect on E. granulosus protoscoleces (Richards et al.
1988), and may be used as adjuvant therapy together with albendazole in CE with
systemic dissemination and/or specific locations, such as bone (Taylor and Morris 1989;
Mohamed et al. 1998; Monge-Maillo et al. 2017; Monge-Maillo et al. 2019; Cattaneo
et al. 2019); however, there are no sound clinical trials to support the use of such a
combined therapy. Nitazoxanide has also been used for the treatment of CE, although its
use has mostly been reported as a salvage therapy in bone CE, with contrasting results
(Monge-Maillo et al. 2017; Monge-Maillo et al. 2019; Cattaneo et al. 2019).

Adverse Effects of Benzimidazoles. Adverse events of benzimidazoles occur in
6–20% of treated patients; they look more frequent when associated treatments are
needed for other conditions, especially immune suppressants (Horton 2003;
Chauchet et al. 2014; Tamarozzi et al. 2020a). General complaints include headache,
nausea, anorexia, vomiting, abdominal pain and itching, and weight gain; in a few
cases, idiosyncratic/allergic reactions have been observed (Horton 2003). A signif-
icant, but usually reversible alopecia occurs in about 5% of cases, favored by
cholestasis and/or portal hypertension. In the first weeks of treatment, more severe
side-effects may be observed, including leukopenia, as well as an increase in liver
enzymes which may result from drug efficacy as well as be evidence of drug toxicity
(Teggi et al. 1997; Horton 2003; Brunetti et al. 2010). A regular monitoring of a
possible hepatotoxicity is therefore recommended: if aminotransferases rise over 3–4
times normal levels, discontinuation of therapy should be considered; ABZ sulfoxide
plasma levels measured; and ABZ reintroduced at a lower dosage, with regular
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monitoring of plasma levels (Vuitton et al. 2016). Albendazole sulfoxide levels
should be regularly monitored when albendazole is used for a long period of time,
as is the case in patients with AE or disseminated multiorgan CE; as the drug
interfere with a variety of other drugs (Horton 2003) and other xenobiotics such as
tobacco, cannabis or even liquorice, as recently stressed (Bresson-Hadni et al.
2021a), variations in drug systemic concentrations may explain adverse effects as
well as lack of efficacy; measurement-guided modifications of ABZ dosage may
widely improve both safety and efficacy of treatments (Vuitton and Bresson-Hadni
2014; Tamarozzi et al. 2020a; Bresson-Hadni et al. 2021a). ABZ has been shown to
be teratogenic in rats and rabbits, and therefore, it should be avoided during
pregnancy (at least during the first trimester) and lactation (Horton 2003). Although
they are closely related drugs, MBZ may be better tolerated by patients with ABZ
side-effects and vice versa; a switch to the other drug can thus be recommended
before withdrawing chemotherapy definitively (Bresson-Hadni et al. 2011).

Candidate Drugs? All attempts at using other drugs for the treatment of echino-
coccosis have been unsuccessful until now, including promising drugs such as
nitazoxanide, the effects of which were not convincing in humans after a preclinical
trial (Stettler et al. 2004; Reuter et al. 2006; Kern et al. 2008). Several candidates have
been proposed, from experimental in vitro and in vivo studies (Hemphill et al. 2007;
Hemphill et al. 2014); none of them has reached phase I/II trials in humans. Several
candidates from traditional medicine, including Chinese traditional medicines and
others, have been studied from in vitro, experimental or clinical observations, but
unfortunately have never been moved to approved treatment modalities (Siles-Lucas
et al. 2018; Karpstein et al. 2021; Wang et al. 2021). Amphotericin B as salvage
treatment for AE patients with intolerance or resistance to benzimidazoles effectively
halted parasite progression in a small series of patients, but its IV administration
precludes its use for the treatment of a chronic disease (Reuter et al. 2003).

The Advent of Biotherapies? Because of the exquisite sensitivity of Echinococ-
cus larvae to the immune response of the host, efficacy of immune therapy may be
anticipated; because of the efficacy of such therapies in cancer and the similarities
between malignant tumors and the lesions of AE, as well as the severity of this
disease, much attention has been given to a possible modulation of the immune
system in order to inhibit the growth of E. multilocularis-induced lesions. The proof
of concept was given two decades ago for interferon-alpha, with nearly complete
prevention of E. multilocularis infection in experimental mice, and impressive
regression of hepatic lesions in a patient with AE (Harraga et al. 1999; Godot
et al. 2003); however, no clinical trials have been implemented to confirm these
preliminary successes with interferons. More recently, experimental studies have
focused on a possible intervention of immunological “check-points” in the tolerance
of the host toward Echinococcus spp. metacestodes in order to develop
biotherapeutic tools against AE and/or use biotherapies already developed for
other purposes. The late stage of AE is characterized by a status of immune
(T-cell) exhaustion, mostly due to the involvement of check-points similar to those
observed in malignant tumors. Specific studies have addressed two inhibitory check-
point systems, namely PD-1/PD-L1 (La et al. 2015; Wang et al. 2018; Bellanger
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et al. 2020; Jebbawi et al. 2021) and TIGIT (Zhang et al. 2019, 2020, 2021).
Experimental studies are very promising; however, use of check-points inhibitors
(which are already used or at the preclinical stage in other indications) has not
reached the preclinical stage yet for AE.

37.7 Treatment and Follow-up of CE Patients

Surgical Treatment of CE. The objective of surgery is to remove all parasitic cysts
(Kern et al. 2017). For liver cysts, hepatic resection (hepatectomy) is usually only
recommended for central cysts of a left lateral segment (segmentectomy). All other
types of hepatic interventions are “cystectomies.” Controversies still exist about the
preferred operating technique of cystectomy among all proposed operations. Partial
cystectomy, with an appropriate management of the residual cavity, is often preferred
in endemic areas, since such a technique is easier to achieve by local surgical teams.
However, without concomitant treatment by ABZ, recurrence and/or dissemination
of cysts is frequent despite the measures implemented to prevent spillage of pro-
toscoleces or of germinal layer fragments, since the cyst should be opened to
perform such an operation. For any “opened cyst”-procedure, protection of the
peritoneal cavity during cyst evacuation should be ensured. Partial cystectomy
includes the sterilization of the cyst by injection of protoscolicidal agents, e.g.,
chlorhexidine, H2O2, 80% alcohol, or 0.5% cetrimide, then the evacuation of the
cyst content. Recurrence of hepatic cysts and peritoneal dissemination of cysts are
generally underestimated (2–25%), since very few series of patients with a prospec-
tive follow-up were ever reported in poor-resources endemic countries. In Kenya,
among 663 patients with a surgical management of the disease, there were one
intraoperative and one postoperative death, respectively, and 47 patients had
repeated operations because of postoperative complications and/or recurrences
(Cooney et al. 2004). To better avoid recurrence, currently various types of total
cystectomy allow surgeons to completely remove the parasite without the risks of
liver resection (Jerraya et al. 2015): after the liver overlying the cyst has been
incised, attempts are made to excise the laminated layer intact; this may be done
by following the virtual gap which exists between the inner and outer fibrous layer
surrounding the cyst (Peng et al. 2006). Such a total (periadventitial) cystectomy, as
proposed by Chinese surgeons, should be used whenever possible, if a surgical
treatment for a noncomplicated cyst is necessary (Peng et al. 2002; Aydin et al. 2008;
Mohkam et al. 2014; Chen et al. 2014; Lv et al. 2015; Zhang et al. 2020; Julien et al.
2021). The word “pericystectomy” should no longer be used to designate such an
operation which removes all three layers of the cyst, including the adventitial layer,
as well described by the international echinococcosis terminology which also pro-
poses a systematic description of surgical operations for liver cyst resections
according to the AORC nomenclature system (A for “Approach,” O for “Opening,”
R for “Resection,” and C for “Completeness,” as shown in Fig. 5); such a standard-
ized description should facilitate comparisons between case series, and avoid part of
the biases usually unavoidable in retrospective studies (Vuitton et al. 2020;
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Bellanger et al. 2021a). Partial cystectomy, which removes the germinal and lami-
nated layer of the cyst (previously named “endocystectomy”), remains widely used
by surgeons; a standardized approach to this technique has been given in details; this
technique includes cyst opening as part of the procedure, which needs a careful

Fig. 5 The AORC (Approach/Opening/Resection/Completeness) nomenclature system for the
description of surgical operations in the treatment of cystic echinococcosis (according to Vuitton
et al. 2020, Parasite)
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protection of the surgical field and a long-term follow-up to check for recurrence
(Al-Saeedi et al. 2019). The laparoscopic approach is now considered to be safe and
is used by many surgical teams in endemic areas (Tuxun et al. 2014; Bektasoglu et al.
2019); robotic resection of hydatid cysts has also been reported (Magistri et al. 2019;
Zhao et al. 2020; Yaghi et al. 2021); indocyanine green may help enhance the border
between the peripheral adventitial layer and the liver parenchyma and assist sur-
geons to complete radical resection and reduce complications (Li et al. 2020). A
meta-analysis based on 6 studies totally consisting of 1028 patients could not
demonstrate a superiority of either of the surgical approaches (Sokouti et al.
2017). Another recent meta-analysis showed a higher rate of postoperative compli-
cations in the laparoscopic group, as well as lower rates of recurrence (Al-Saeedi
et al. 2021). Depending on the series, recurrence rates especially were higher,
similar, or lower in the laparoscopic group when surgical series were compared
retrospectively (Bektasoglu et al. 2019; Bayrak and Altıntas 2019; Maitiseyiti et al.
2020). However, different types of procedures were used in the so-called “compar-
ative” retrospective series; most studies lack important data such as cyst stage,
dimension and location; and we miss prospective studies, randomized control trials,
and long-term follow-up to define a strategy for the selection of cysts/patients to
either of the approaches.

In any other locations (in the lung, brain, or any organ), cysts should be removed
totally whenever possible (Duishanbai et al. 2011; Ghoshal et al. 2012; Ahmadinejad
et al. 2020). For complicated liver cysts, a variety of techniques may be used, including
surgical or perendoscopic biliary drainage (Dziri et al. 2009; Tamarozzi et al. 2014;
Rinaldi et al. 2014); protoscolicidal agents should never be injected in the cyst when
biliary communication is suspected; formalin and hypertonic saline must no longer be
used in any cases because of the risk of caustic sclerosing cholangitis. Peritoneal
dissemination and/or recurrence are difficult to treat. Liver transplantation (LT) has
been exceptionally performed in patients with severe complications (Kern et al. 2017).

Nonsurgical Interventional Treatment of CE: Puncture–Aspiration–Injec-
tion–Reaspiration (PAIR). Since 1986, PAIR has been an alternative to surgery
(Ben Amor et al. 1986; Gargouri et al. 1990). After percutaneous puncture under
ultrasonographic guidance, a complete aspiration of the cyst is performed; the
residual cavity is then filled with a scolicidal agent, usually ethanol, which is
reaspired 10 min later. At the beginning of the 2000s, a review of cases treated
with this technique by the WHO-IWGE and meta-analyses have concluded to the
efficiency, safety and usefulness of the procedure (Echinococcosis 2001; Smego
et al. 2003; Velasco-Tirado et al. 2018). A more recent meta-analysis of the com-
parison between PAIR and laparoscopic surgery, based on 57 studies including a
total of 2832 patients has concluded to a superiority of PAIR regarding peri- and
postintervention mortality and morbidity and a superiority of laparoscopic surgery
regarding recurrence (Sokouti et al. 2019). However, such results are hampered by
the different indications of the two techniques if the international rules for treatment
decision are followed, by the specific techniques used for percutaneous puncture-
associated treatment and for laparoscopic surgery, and by the different levels of
expertise of the various teams involved in the collected studies. According to the
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current consensus PAIR is indicated in medium-sized CE1 and CE3a cysts, and
contraindicated for very large-sized cysts, and if there is communication of the cyst
with the biliary tree, assessed using cysto-cholangiography, cholangio-MRI or by
checking for bilirubin in the cyst content (Junghanss et al. 2008; Brunetti et al. 2010;
Rinaldi et al. 2014; Kern et al. 2017). In particular, a retrospective study suggested
that cysts larger than 7.5 cm have a high probability of having a biliary fistula (Kilic
et al. 2008). A very limited number of anaphylactic shocks and less secondary
dissemination than after surgery have been reported (Neumayr et al. 2011). Drainage
may be associated with PAIR for large cysts and cysts associated with cysto-biliary
communication; such a technique (“Standard Catheterization technique,” S-CAT in
the international echinococcosis terminology (Vuitton et al. 2020)) should be dis-
tinguished from the conventional PAIR when meta-analyses are performed; a pro-
spective study comparing conventional PAIR and S-CAT showed that S-CAT had
higher rates of major complications and length of hospital stay (Akhan et al. 2020).
Other percutaneous technique have been described, which use larger tubes and
vacuum aspiration, to treat cysts with daughter cysts (“Modified Catheterization
techniques,” Mo-CAT in the international terminology); however these procedures
often have very long catheter times and selection of cases should be strict to compare
favorably with surgery (Schipper et al. 2002; Kern et al. 2017; Akhan et al. 2017).
Laparoscopic aspiration and sterilization of the cysts are also feasible but may be
associated with spillage and recurrence, if the patients are not treated with ABZ
before/after the procedure. As mentioned above, per-laparoscopic cystectomy is an
option which is more and more adopted by properly trained surgical teams.
Per-thoracoscopic interventions may also be performed to remove pulmonary or
mediastinal cysts (Aydin et al. 2012; Alpay et al. 2012). Perendoscopic interven-
tional procedures, including ERCP, dilation and/or stenting, have become the treat-
ment of choice to treat postoperative biliary fistulae after cystectomy (Dziri et al.
2009; Tamarozzi et al. 2014; Jerraya et al. 2015). While PAIR has shown to be a
curative procedure in cysts of appropriate stages, its diffusion has been hampered by
the fear of complications, namely anaphylactic shock (Neumayr et al. 2011). While
as discussed above the rate of anaphylactic complications is very low during PAIR,
this remains a possibility. As such, all procedures should be performed in a hospital
setting with the assistance of an intensive care specialist (Brunetti et al. 2010). Some
authors have proposed the elimination of the injection step and the association of
varying courses of albendazole to the treatment course (Firpo et al. 2017). However,
no prospective study has been made on this variation to date.

Antiparasite Treatment and Follow-up of CE Patients. Benzimidazoles, which
are parasiticidal on E. granulosus in vitro, are indicated for patients with multiple cysts
in two or more organs and for patients with peritoneal cysts. ABZ may also be used to
treat small-size cysts, since it was shown to be more effective on such cysts and when,
given the natural history of CE, surgery might be disproportionate, especially in
children. ABZ alone has a better effect on CE cysts than placebo or MBZ (Franchi
et al. 1999). One prospective controlled trial of ABZ and PZQ (25 mg/kg/day) versus
ABZ alone concluded that the combined treatment was more effective than ABZ alone
(Mohamed et al. 1998). However, in randomized controlled trials, complete
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disappearance of all cysts was never reached. Treatment schedules usually include
“treatment cycles” of 3 month-continuous administration of ABZ, with imaging
evaluation for signs of cyst degeneration after each cycle and decision to stop or
prolong the treatment (Brunetti et al. 2010; Kern et al. 2017). Preintervention and
postintervention antiparasitic treatment with BZM may reduce the risk of recurrence;
there is no optimal scheme, but the current option is to give ABZ during 1 month
before and 1–2 months after surgery (Kern et al. 2017). The most recent review of
studies which compared surgery alone and surgery associated with BZM therapy was
based on 22 studies with levels of evidence 2–4 which were qualitatively analyzed,
and 11 randomized controlled trials which were quantitatively analyzed by meta-
analysis (Velasco-Tirado et al. 2018). It confirmed that treatment outcomes were better
when surgery is combined with BZM drugs given preoperation and/or postoperation.
Association of ABZ with PAIR increases clinical and parasitologic efficacy (Smego
et al. 2003; Velasco-Tirado et al. 2018). As a proof-of-concept, a retrospective study of
PAIR without injection of protoscolecidal agent but followed by at least 1 month of
ABZ administration has been performed: it showed results similar to those obtained
with the classical PAIR in terms of response rate, relapse rate, and morbidity (Firpo
et al. 2017); such a simplified procedure could extend the use of PAIR for the treatment
of CE. A prospective comparative study should, however, be necessary to provide an
optimal schedule of ABZ treatment, whatever the procedure, with and without injec-
tion. ABZ should not be administered when PAIR is performed during pregnancy
(Horton 2003; Brunetti et al. 2010).

The main objective of administration of ABZ perioperatively is to prevent the
development of protoscoleces after per-operative spillage. Based on experimental
data (Ceballos et al. 2010, 2011, 2013), 1 month of treatment is a minimum to reach
full protoscolecidal efficacy for ABZ; and adding PZQ could be a way to reduce the
length of administration; however, perioperative use of PZQ to prevent protoscolex
seeding, is based on a limited number of studies (Velasco-Tirado et al. 2018). A
clinical study confirmed that after 28 days of administration of ABZ preoperatively,
protoscoleces could still be found in some of the hydatid cysts at surgery or PAIR,
and pointed out the high variability of individual albendazole sulfoxide concentra-
tions, both in the plasma and in the cyst (Skuhala et al. 2014).

It may be anticipated that the multidisciplinary approach, which is now com-
monly used for AE patients, will soon also become a routine for the management of
CE patients. Patients treated for CE, either by combined surgery, PAIR, S-CAT or
Mo-CAT and ABZ, or by ABZ alone, should have a follow-up every 6 months
during the first year after the initiation of treatment, including at least US examina-
tion. Blood cell count and amino-transferase levels should be measured every week
during the first month of benzimidazole treatment, then twice a year. Recurrences
(especially in the liver, the peritoneum and/or the pelvic cavity, for liver cysts) may
occur several years after treatment: a retrospective study of long-term follow-up of
CE patients with a care management in a single center of Spain showed 11.5% of
recurrence with a median duration of recurrence’s diagnosis of 12.35 years; the
recurrence rate was even higher for non-liver or -lung locations (Velasco-Tirado et al.
2017). The long-term follow-up, including at least US once a year, for at least 3 years
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after interruption of the antiparasite drug and/or after cystectomy, then every 2 years
for 10 years, is thus needed to detect any cyst recurrence. It is clear from the
experience of the National Reference Centers of many countries that such a long-
term follow-up of the patients (especially children and teen agers) is not yet the rule
among the surgeons of the endemic areas.

In the case of inactive cysts, the WHO-IWGE had suggested avoiding treatment
(“Watch and wait” approach) on the basis of a low tendency to reactivation (Brunetti
et al. 2010), and this has recently been confirmed in studies carried out at referral
centers, showing that only around 1% of cysts that are spontaneously inactive
eventually become active again (Stojkovic et al. 2016; Lissandrin et al. 2018).

37.8 New Biomarkers for the Follow-up of CE Cysts

We previously discussed the many limitations of serology for the diagnosis of CE
cysts. It should be noted that all types of serology using the current antigens have had
disappointing performances in the follow-up of CE patients (Tamarozzi et al. 2013;
Stojkovic et al. 2017). Antibodies against E. granulosus can persist for years after
cyst inactivation, whether this is spontaneous or induced by treatment. Moreover,
several factors have been proven to influence serological results (Lissandrin et al.
2016; Tamarozzi et al. 2021). In the case of surgically treated patients, many studies
evaluating serology as a follow-up tool report patients as being treated surgically but
do not clarify the original cyst stage, or whether surgery has achieved complete
removal of the cyst.

Since cyst viability determines whether the patient should undergo treatment and
given the scarce availability of MRI-spectroscopy outside of select centers, biolog-
ical markers of viability are being studied. Recently, some promise has been shown
by cytokine assays, specifically targeting IL-4, that were able to distinguish active
from inactive cysts with sufficient precision, showing a 76–95% specificity in the
detection of reactivated cysts (Petrone et al. 2015, 2021). Another recently proposed
marker consists of parasite-derived micro-RNAs (miRNAs). Two research groups
have shown that panels of miRNAs were able to distinguish active from inactive
cysts at diagnosis, pointing toward a potential role in the follow-up of patients as
well as in the diagnosis in centers where US expertise is lacking (Mariconti et al.
2019). New biomarkers were recently developed for the early prediction of pediatric
CE postsurgical outcomes, but defining their place in the follow-up strategy still
requires additional evaluations (Ben Salah et al. 2022).

Finally, long-term follow-up of patients with a hydatid cyst disclosed at mass
screening has shown that a significant percentage, especially among children, had a
degenerating evolution or did not change with time (Frider et al. 1999; Solomon et al.
2017; Larrieu et al. 2019); and a “watch and wait” attitude is likely indicated in such
cases with small cysts and most of uncomplicated subjects with CE4 and CE5 cysts
(Junghanss et al. 2008; Brunetti et al. 2010). Cysts which have reached CE4 and even
CE5 stages through ABZ treatment have been shown to move back to CE3 stage in a
significant number of cases, more frequently than CE4 and CE5 cysts found at
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screening; this is a reason to recommend a strict follow-up of these patients (Stojkovic
et al. 2016; Stojković et al. 2018). Conversely, spontaneously inactive cysts
(i.e., CE4–5 cysts that are inactive at diagnosis, in the absence of a treatment history)
may be considered for a “watch and wait” approach, on the basis of a low tendency to
reactivation. This has recently been confirmed in studies carried out at referral centers,
showing that only around 1% of cysts that are spontaneously inactive eventually
become active again (Stojkovic et al. 2016; Lissandrin et al. 2018).

37.9 Treatment and Follow-up of AE Patients

A Multidisciplinary Approach for the Treatment of Patients with AE. The
therapeutic management of AE patients clearly requires a multidisciplinary
approach, in which benzimidazole therapy is a common denominator (see below).
A complete evaluation of the disease extension (including thoracic and brain CT) is
necessary before any therapeutic decision (Vuitton 2009; Vuitton et al. 2016; Kern
et al. 2017). Depending on the size of the lesion(s), its location in the liver and
vascular and biliary involvement, invasion or not of adjacent organs, presence or
absence of distant metastases, the options may be a curative resection or a prolonged
ABZ treatment (associated with an interventional radiological or per-endoscopic
procedure, if necessary, because of complications). Currently, “partial debulking”
liver resections followed by continuous administration of a benzimidazole must be
avoided (Kadry et al. 2005; Buttenschoen et al. 2009a, b). The PNM system of
classification of AE cases, designed on the model of the TNM classification of
cancers, helps clinicians to choose the appropriate treatment and the clinical teams
to evaluate their results comparatively (Table 1) (Kern et al. 2006). A comprehensive
algorithm, based on the possibility or not of complete resection of the lesion
(assessed from imaging data and presence/absence of comorbidities) has been
proposed for the care management of AE cases (Wen et al. 2019) (Fig. 6).

Surgical Treatment of AE. The only efficient treatment is partial hepatectomy
when the lesions are located in liver segments accessible to resection; because the
intrahepatic common bile duct is usually involved, it is often necessary to remove the
bifurcation and to reconstruct the biliary tract using a Roux-en-Y loop (Kadry et al.
2005; Buttenschoen et al. 2009a; Ayifuhan et al. 2012; Kern et al. 2017; Wen et al.
2019; Yang et al. 2019). Currently, in endemic areas of Europe, 1/3 of patients with
AE may benefit from a curative resection of their “parasitic tumor.” In very severe
cases, with life-threatening complications and no other options, liver transplantation
may be proposed. Allogeneic liver transplantation is associated with a risk of
recurrence, or of progression of extrahepatic locations, because of immunosuppres-
sion (Koch et al. 2003). Such a risk may be alleviated by early ABZ treatment after
transplantation; and unexpected long-term survival of more than 20 years have been
published in patients with residual lesions after liver transplantation (Bresson-Hadni
et al. 2011). Continuous administration of ABZ is essential to prevent recurrences in
the liver or in other organs (Zavoikin et al. 2020). Ex vivo liver resection followed by
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auto-transplantation (ELRA) is an alternative which has been developed to allow
easier resection of large-sized lesions with vascular involvement (Wen et al. 2011;
Aji et al. 2018; Wen et al. 2019). Until now, the experience with this type of
technique comes only from Chinese hepatic surgery teams, which confronted
cases in relatively young patients with large sized-lesions, biliary and vascular
complications, and difficulties to ensure life-long ABZ treatment, a situation cur-
rently rarely encountered in European endemic areas (Beldi et al. 2019). Long-term
evaluation has been now been published by several Chinese teams. Performed by
highly experienced teams specialized in hepatic surgery, with sound imaging and
technological support (He et al. 2015; Qin et al. 2016, 2021; Chen et al. 2021), this
type of operation, evaluated on more than 200 cases in several distinct centers within

Table 1 PNM classification and staging of alveolar echinococcosis (according to WHO-Informal
Working Group on Echinococcosis; in Kern et al. 2006)

A. PNM classification of AE cases (at presentation)

P Hepatic localization of the parasite

P X Primary tumor cannot be assessed

P 0 No detectable tumor in the liver

P 1 Peripheral lesions without proximal vascular and/or biliary involvement

P 2 Central lesions with proximal vascular and/or biliary involvement of one lobe

P 3 Central lesions with hilum vascular or biliary involvement of both lobes and/or with
involvement of two hepatic veins

P 4 Any liver lesion with extension along the vessels and the biliary tree

N Extra hepatic involvement of neighboring organs [diaphragm, lung, pleura, pericardium, heart,
gastric and duodenal wall, adrenal glands, peritoneum, retroperitoneum, parietal wall (muscles,
skin, bone), pancreas, regional lymph nodes, liver ligaments, kidney]

N X Not evaluable

N 0 No regional involvement

N 1 Regional involvement of contiguous organs or tissues

M The absence or presence of distant metastasis [lung, distant lymph nodes, spleen, CNS, orbital,
bone, skin, muscle, kidney, distant peritoneum and retroperitoneum]

M X Not completely evaluated

M 0 No metastasis

M 1 Metastasis

(a) For classification, the plane projecting between the bed of the gall bladder and the inferior
vena cava divides the liver in two lobes; (b) Vessels mean inferior vena cava, portal vein, and
arteries; (c) Chest X-ray and cerebral CT negative.

B. PNM stage grouping of alveolar echinococcosis

Stage I P1 N0 M0

Stage II P2 N0 M0

Stage IIIa P3 N0 M0

Stage IIIb P1–3 N1 M0

P4 N0 M0

Stage IV P4 N1 M0

Any P any N and/or M1
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the 10 years after its introduction in the surgical arsenal to treat severe AE cases, has
results similar to or better than allotransplantation (Aji et al. 2018; Hwang et al.
2018; Shen et al. 2019; Yang et al. 2020). If the selection of patients has been careful
to avoid primary liver dysfunction in the perioperative period, the obvious advan-
tages are to avoid the resort to a liver donor and to life-long immunosuppressive
antirejection treatment, and to only require the usual 2-year ABZ treatment when the
resection of the lesions has been complete and thus curative (Wen et al. 2019).

Nonsurgical Interventional Treatment of AE. When curative resection is not
possible, palliative surgery should be replaced by percutaneous or perendoscopic
procedures. They consist of percutaneous radiological drainages of huge
centroparasitic abscesses or of dilated intrahepatic bile duct above a hilum stenosis
(Bresson-Hadni et al. 2006; Vuitton et al. 2016); this may be a first step before
surgery (Yang et al. 2019). The best option is to push the drain beyond the stenosis to
obtain an external/internal biliary drainage. Such drains may be maintained for
years; combined with chemotherapy, they have allowed prolonged survival in
initially very severe AE cases; shrinking of the initial necrotic “pseudocystic” cavity
after percutaneous puncture and drainage may also make reconsider hepatic resec-
tion after a few months of treatment with ABZ (Vuitton et al. 2016; Kern et al. 2017;
Wen et al. 2019). Biliary endo-prosthesis/stent insertion is an alternative which is
currently more and more frequently used for the drainage of the bile ducts, often
associated with temporary antibiotics administration to treat bacterial superinfection
(Tamarozzi et al. 2014). Evaluated by a European survey, perendoscopic procedures
were shown to be an efficient and safe alternative to surgery to treat AE biliary
complications; insertion of multiple plastic stents delays stent occlusion and leads to
effective and prolonged bile duct patency (Ambregna et al. 2017). Preoperative use of

Fig. 6 Therapeutic algorithm for the care management of patients with alveolar echinococcosis
(according to Wen et al., Clin Microbiol Rev., 2019)
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perendoscopic procedures to treat bile duct obstruction by the AE lesions has become an
important step in the care management of AE patients with jaundice and/or cholangitis
by improving the nutritional status and reducing perioperative morbidity (Tamarozzi
et al. 2014; Kern et al. 2017; Ambregna et al. 2017; Wen et al. 2019).

Antiparasite Treatment and Follow-up of AE Patients. MBZ and ABZ have
only a parasitostatic effect in vitro and cannot kill E. multilocularis in most AE
cases; however, their benefit for patients’ survival and quality of life has been well
assessed in the 1990s (Ammann 1991; Ammann et al. 1994; Ishizu et al. 1997).
There are no comparative studies, but ABZ is currently preferred because it
reduces the cost by >40%, is easier for patients to take and is now licensed for
AE in many countries (Reuter et al. 2000; Piarroux et al. 2011). In case of curative
surgery, ABZ should be initiated before the operation and maintained for at least
2 years to avoid recurrence (Brunetti et al. 2010; Kern et al. 2017). In inoperable
cases, long-term chemotherapy (i.e., for life) may significantly prolong survival
(10-year survival of approximately 80%, compared with less than 25% in historical
controls) (Brunetti et al. 2010). Even in very severe cases, on the waiting list for
liver transplantation, ABZ may have a dramatic efficacy in at least 15–20% of
patients; antiparasitic treatment is thus always indicated (Ocak et al. 2021). A more
personalized medical treatment of inoperable AE patients seems now to be possi-
ble, thanks to the combination of sequential FDG-PET evaluation with delayed
acquisition of images, 3 h after FDG injection (Caoduro et al. 2013), the presence/
absence of microcysts at MRI (Azizi et al. 2015), and of specific serological
markers such as antibodies against E. multilocularis Em18 antigen, the decrease
of which is best associated with absence or lack of viability of the metacestode
(Tappe et al. 2009; Crouzet et al. 2010; Tappe et al. 2010; Bardonnet et al. 2013).
New markers are currently under active research to better assess the “activity/
viability” of the parasitic lesions (Gottstein et al. 2014; Valot et al. 2017; Bellanger
et al. 2021b).

Taking antiparasitic drugs for years, and often for life, iterative stays at the
hospital for complications and/or follow-up, major surgical operations, deeply
impact on the patients’ quality of life. A recent study has tried to evaluate the
patients’ quality of life after liver resection versus long-term ABZ treatment: it
showed no statistically significant differences in patients with AE dependent on
the applied treatment strategy (Schmidberger et al. 2019); however, there was a
slight advantage in the physical and mental scores of the patients treated with
surgery; furthermore, for 13 of the 25 surgically treated patients, some aspects of
the health-related quality of life improved significantly after surgery. Discontinua-
tion of BZM after many years of treatment could be tried in selected cases when all
“activity markers” are negative (Ammann et al. 1998; Reuter et al. 2004; Bresson-
Hadni et al. 2011; Bardonnet et al. 2013; Gottstein et al. 2014). In liver-transplanted
patients, ABZ must be initiated before the operation, reintroduced as soon as
possible after transplantation, and maintained for at least 2 years if all AE lesions
were removed with the liver, and life-long in case of metacestode remnants or new
AE foci discovered during follow-up (Bresson-Hadni et al. 2011).
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Whatever the type of treatment, including or not surgery, all patients with AE
should have a regular follow-up (every 3 months, then 6 months, then year,
depending on the clinical status and the occurrence or not of complications). The
follow-up should include US and serology, blood cell count and aminotransferase
levels, and ideally FDG-PET, during the period of benzimidazole treatment; a yearly
follow-up should be maintained for at least 5 years after benzimidazole withdrawal
(Vuitton and Bresson-Hadni 2014; Kern et al. 2017). Monitoring of ABZ sulfoxide
is also essential, both to evaluate patient’s adherence to treatment, to suspect
interference with associated drugs or other xenobiotics, and to properly adjust
ABZ dosage in case of apparent resistance to treatment or of adverse effects (Vuitton
2009; Bresson-Hadni et al. 2021a).

37.10 Prevention and Control

As regard to the single individual, prevention of CE relies only on hygienic mea-
sures, such as washing hands before eating, avoiding contact between mouth and
nonwashed hands, thorough washing of raw vegetables, and use of a safe water
source; chlorination does not inactivate contaminating eggs (Craig et al. 2017;
Lightowlers et al. 2021).

Control programs for CE are complex, with multiple targets, and require consid-
erable investment of time (minimum 10 years of “attack phase” followed by a
“consolidation” and “maintenance” phase) and resources, together with a consensual
coordination of various actors (professionals and decision-makers in human and
animal health, police, legislation, education, etc.) (Craig et al. 2017). The principal
points of intervention have been individuated in: i) veterinary public health actions
such as control of livestock movements and slaughter, including inspection of organs
and proper disposal of infected viscera and dead animals; ii) registration of owned
dog and control of stray dog population; however, dog culling practices should be
carefully evaluated (Johansen and Penrith 2009); iii) accurate estimation of baseline
epidemiological data in the animal and human population; iv) regular treatment of
dogs with praziquantel, at least every 6 weeks; v) education of the owners about safe
feeding of dogs and animal husbandry, and of the whole community about the
purpose and importance of the program; vi) making CE a notifiable disease and
introduce an appropriate supporting legislation (Barnes et al. 2012; Craig et al.
2017). So far, only four CE control programs have been successful, all on islands
(Iceland, New Zealand, Tasmania, and Falkland Islands); and after an apparent
success, one failed in Cyprus. Although purely education has not been found
efficacious in reducing infection prevalence with the noticeable exception of the
Iceland program, this is a pivotal measure in all control programs, as CE is generally
not perceived as a serious condition for both animals and humans by communities
and policy makers, and populations do not adhere to control measures aimed at
animals to prevent a disease in humans (Huang et al. 2011). The introduction of
livestock vaccination using the highly effective EG95 vaccine could be a very useful
tool to shorten control program length (Lightowlers et al. 2021).
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As regards the single individual, prevention of AE relies on similar measures as
for CE: E. multilocularis eggs are extremely resistant to any chemical and to low
temperatures (e.g., those reached by family-use freezers); they are only sensitive to
heating, hence the advice to cook any fruit/vegetable collected in pastures/meadows
or in family gardens exposed to fox and/or dog feces. Regular praziquantel treatment
of dogs follows the same rule as for CE control, at family level, and was used in
Alaska on highly endemic islands such as St Lawrence (Rausch et al. 1990). For
decades, it was, however, considered that E. multilocularis, being a parasite which
circulated in wild life, was globally beyond control (Roberts and Aubert 1995). A
few control programs have targeted endemic rural areas, with variable results
depending on the endemic country (e.g., Alaska vs. Europe vs. Japan); the most
ambitious program of control has been established in PR China, focusing both on CE
and AE which often coexist in the same areas of Western China (Craig et al. 2017);
however, despite a major governmental involvement, especially because of the
nomadic style of life of most of the populations at risk, results are not always at
the level of the investment (van Kesteren et al. 2015). Most of the recent control
programs have concerned urban foxes, using fox baiting with PZQ, with results that
apparently varied according to contamination pressure in the rural areas surrounding
the targeted city (Deplazes et al. 2004; Comte et al. 2013); a meta-analysis of studies
in highly endemic areas of Europe or Japan showed that monthly fox baiting with
PZQ resulted in a sharp and statistically significant decrease in parasite prevalence;
nevertheless, when foxes were not fully dewormed, the parasite showed a strong
capacity to rapidly recover its initial prevalence (Umhang et al. 2019). Conversely,
consequent effort of fox culling in a city located in a French endemic area for
E. multilocularis not only failed to decrease the fox population but resulted in an
increase in E. multilocularis prevalence from 40% to 55% while remaining stable in
an adjacent control area; this paradoxical finding was likely due to increased
immigration of infected foxes from the rural surroundings (Comte et al. 2017).

37.11 Conclusion

Echinococcoses are highly neglected diseases although they affect populations
nearly everywhere in the world, including developed and technically advanced
countries with high-level public health systems. An efficient antiparasitic treatment
of short duration with few adverse events still looks far from reach. However, even
based on non-satisfactory levels of evidence, the therapeutic strategy and patients’
life expectancy have considerably improved in the last 30 years. Among the major
advances of the last decade, we may list (1) a genome-based definition of Echino-
coccus species involved in zoonotic and human diseases, with a totally revised
taxonomy and the development of molecular biology-based epidemiology and
transmission studies; (2) a consensus between the major actors in the field
(researchers and clinicians) on a revised terminology which will enhance mutual
understanding and international cooperation; (3) progress in deciphering immuno-
logical mechanisms involved in alveolar echinococcosis, leading to possible
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immune interventions to complement antiparasitic drug approach; (4) better immu-
nological and imaging tools for the follow-up of patients, both for CE and AE; (5)
ambitious surgical techniques with proven efficacy, such as ex vivo liver resection
and auto-transplantation, for advanced cases of AE, and better definition of the
advantages, risks, and indications of the various interventional techniques for CE.

Prevention remains largely limited to individual measures, and even in those
countries, such as China, which have implemented nation-wide programs, control of
echinococcoses faces numerous obstacles because of the multifactorial aspects of
Echinococcus spp. transmission in animals and humans. Echinococcoses were
thought to be diseases of the rural environment and doomed to disappear because
of societal changes, and improved hygiene and standard of living. However, cystic
echinococcosis is still present in developed as well as developing countries; and
since the beginning of the twenty-first century, E. multilocularis infection of defin-
itive hosts has considerably increased in cities and extended its endemic areas,
including in North America which was little concerned before. In addition, alveolar
echinococcosis may now be listed among the opportunistic infections, and more and
more individuals with therapeutic immune suppression are and will become vulner-
able to E. multilocularis infection. Physicians should be better informed of this
eventuality, and more studies are needed to assess the best strategy to tackle this
emerging public health problem with a “One Health” perspective.
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Abstract

In 2016, a new classification for hantaviruses has been established by the
International Committee on Taxonomy of Viruses (ICTV). Hantaviruses are
ranked as family Hantaviridae comprising seven genera. So far, pathogenic
hantaviruses are exclusively detected in the genus Orthohantavirus. Ortho-
hantaviruses are pathogens of emerging importance, and members are meanwhile
described all over the globe. The knowledge on respective small mammal hosts
and their associated viruses has been rapidly increasing in the last years and now
includes beside rodents also insectivores, bats, and with these several associated
new viruses. Usually, animals are asymptomatic reservoir carriers despite a few
studies showing effects on rodent population levels. In humans, clinical symp-
toms of orthohantavirus infections are depending on the virus type. Ortho-
hantaviruses in the Americas cause hantavirus cardiopulmonary syndrome
(HCPS), whereas members in Eurasia cause hemorrhagic fever with renal syn-
drome (HFRS) of different severity. However, as the clinical outcome is often
inapparent, recorded case numbers are also underestimated. The epidemiology of
orthohantaviruses is multifaceted as multiple biotic and abiotic factors seem to
bias the causal link to hantavirus oscillations. In conclusion, hantavirus research
on orthohantavirus pathogenesis and epidemiology is complex, because the genus
is characterized by a broad range of virulence and host species association.

Keywords

Orthohantavirus · Zoonosis · Infection · Host species · HFRS · HCPS

38.1 Introduction

The genus Orthohantavirus within the family of Hantaviridae of the order
Bunyavirales is a heterogeneous genus and difficult to characterize as a whole. The
virulence of orthohantaviruses differs enormously, from apathogenic to highly virulent
members with high case fatality rates. In addition, the pathogenic potential of most
members is unknown, because they were identified from animal host species. Two
different diseases—hemorrhagic fever with renal syndrome (HFRS) and hantaviral
cardiopulmonary syndrome (HCPS)—are associated with human infection (Vaheri
et al. 2013). However, the infection may also represent as a mixture of both diseases
(Chand et al. 2020; Hjelle et al. 1996; Gizzi et al. 2013; Schütt et al. 2004; Rasmuson
et al. 2011; Linderholm et al. 1997; Vollmar et al. 2016; Sironen et al. 2017; López
et al. 1996; Du et al. 2014). Furthermore, factors responsible for orthohantaviral
virulence are not known, and genetically close related members of an apathogenic
orthohantavirus were identified as highly pathogenic agents as observed within the
species of Dobrava-Belgrade orthohantaviruses (DOBV) (Klempa et al. 2008).
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Therefore, characteristics associated with a certain orthohantavirus member are not
necessarily valid for members of the same species or apply to the whole genus.

The natural hosts for orthohantaviruses are small mammals. For long time,
rodents were thought to be the only hosts of these viruses. Orthohantaviruses are
spread through the saliva, urine, and feces of animals and are typically transmitted to
humans by inhalation of virus-contaminated aerosols (Fig. 1). In rare cases, direct
contact of humans and rodents leads to human diseases (Heyman et al. 2012). For
one orthohantavirus, the Andes virus human-to-human transmission was described,
either via bodily fluids or long-term contact (see reviewed in (Toledo et al. 2021)).

In the last years, identification of further orthohantaviruses in novel host species,
detection of viral genomes in patients, and the use of novel molecular and cell culture
methods revealed interesting findings concerning phylogeny, epidemiology, viru-
lence, pathogenesis, and replication of orthohantaviruses.

38.2 An Overview on Hantaviruses

38.2.1 Taxonomy

After years with a fast-growing list of hantavirus species, subspecies, genotypes, or
strains, a novel taxonomy was introduced in 2016 (Laenen et al. 2019). Hantaviruses
formerly graded as genus within the family of Bunyaviridae are now classified as family
ofHantaviridaewithin the order Bunyavirales. The familyHantaviridae comprises four
subfamilies and seven genera with 53 species. Table 1 shows an overview on the actual
classification of the family Hantaviridae published in 2019 (Abudurexiti et al. 2019).

Fig. 1 Transmission cycle of orthohantaviruses and biotic and abiotic factors (F, in italics) that
may drive viruses, rodents, and infections of humans
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Table 1 Members of the genus Orthohantavirus (Order Bunyavirales, Family Hantaviridae,
Subfamily Mammantavirinae, Genus Orthohantavirus)

Species Virus Disease Host species
Geographical
distribution

Andes
orthohantavirus

Andes virus
(ANDV)

HCPS Oligoryzomys
longicaudatus

Argentina, Chile,
Brazil, Uruguay

Castelo dos
Sonhos virus
(CASV)

HCPS Oligoryzomys
moojeni
Oligoryzomys
utiaritensis

Brazil

Lechiguanas virus
(LECV¼LECHV)

HCPS Oligoryzomys
flavescens

Argentina

Oran virus
(ORNV)

HCPS Oligoryzomys
longicaudatus

Argentina

Asama
orthohantavirus

Asama virus
(ASAV)

Urotrichus
tapoides

Japan

Asikkala
orthohantavirus

Asikkala virus
(ASIV)

Sorex minutes Europe

Bayou
orthohantavirus

Bayou virus
(BAYV)

HCPS Oryzomys palustris USA (East Coast)

Catacamas virus
(CATV)

Oryzomys couesi Honduras

Black Creek
Canal
orthohantavirus

Black Creek
Canal virus
(BCCV)

HCPS Sigmodon hispidus USA (South-East,
Florida)

Bowe
orthohantavirus

Bowe virus
(BOWV)

Crocidura douceti Guinea

Bruges
orthohantavirus

Bruges virus
(BRGV)

Talpa europaea Belgium

Cano Delgadito
orthohantavirus

Caño Delgadito
virus (CADV)

Sigmodon alstoni Venezuela

Cao Bang
orthohantavirus

Cao Bang virus
(CBNV)

Anourosorex
squamipes

Vietnam

Lianghe virus
(LHEV)

Anourosorex
squamipes

China

Choclo
orthohantavirus

Choclo virus
(CHOV)

HCPS Oligoryzomys
fulvescens

Panama

Dabieshan
orthohantavirus

Dabieshan virus
(DBSV)

Niviventer
confucianus

China

Dobrava-
Belgrade
orthohantavirus

Dobrava virus
(DOBV)

HFRS Apodemus
flavicollis

Slovenia, Croatia,
Greece, Czech
Republic, Slovakia,
Hungary, Turkey

Kurkino virus
(KURV)

HFRS Apodemus agrarius Germany, Slovakia,
Russia, Hungary,
Slovenia, Croatia,
Estonia

Saaremaa virus
(SAAV)

Apodemus agrarius Estonia

(continued)
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Table 1 (continued)

Species Virus Disease Host species
Geographical
distribution

Sochi virus
(SOCV)

HFRS Apodemus ponticus Russia

El Moro
Canyon
orthohantavirus

Carrizal virus
(CARV)

Reithrodontomys
sumichrasti

Mexico

El Moro Canyon
virus (ELMCV)

Reithrodontomys
megalotis

Colorado

Huitzilac virus
(HUIV)

Peromyscus beatae Mexico

Fugong
orthohantavirus

Fugong virus
(FUGV)

Eothenomys eleusis China

Fusong
orthohantavirus

Fusong virus
(FUSV)

Microtus fortis China

Hantaan
orthohantavirus

Amur virus
(AMRV)

HFRS Apodemus
peninsulae

Far eastern Russia,
China

Hantaan virus
(HTNV)

HFRS Apodemus agrarius

Soochong virus
(SOOV)

HFRS Apodemus
peninsulae

Korea

Jeju
orthohantavirus

Jeju virus (JJUV) Crocidura
shantungensis

South Korea

Kenkeme
orthohantavirus

Kenkeme virus
(KKMV)

Sorex roboratus Far eastern Russia

Khabarovsk
orthohantavirus

Khabarovsk virus
(KHAV)

Microtus fortis Far eastern Russia

Topografov virus
(TOPV)

Lemmus sibiricus Sibiria

Laguna Negra
orthohantavirus

Laguna Negra
virus (LANV)

HCPS Calomys laucha Paraguay,
Argentina, Bolivia

Maripa virus
(MARV)

HCPS Oligoryzomys
microtis

French Guiana

Río Mamoré virus
(RIOMV)

HCPS Oligoryzomys
microtis

Bolivia, Peru; Brazil

Luxi
orthohantavirus

Luxi virus
(LUXV)

Eothenomys
miletus

China

Maporal
orthohantavirus

Maporal virus
(MAPV)

Oligoryzomys
delicatus

Western Venezuela

Montano
orthohantavirus

Montaño virus
(MTNV)

Peromyscus beatae Mexico

Necocli
orthohantavirus

Necocli virus
(NECV)

Zygodontomys
cherriei

Colombia

Oxbow
orthohantavirus

Oxbow virus
(OXBV)

Neurotrichus
gibbsii

USA

Prospect Hill
orthohantavirus

Prospect Hill virus
(PHV)

Microtus
pennsylvanicus

USA

(continued)
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Table 1 (continued)

Species Virus Disease Host species
Geographical
distribution

Puumala
orthohantavirus

Hokkaido virus
(HOKV)

Myodes rufocanus Japan

Muju virus
(MUJV)

Myodes regulus Korea

Puumala virus
(PUUV)

HFRS Myodes glareolus Europe

Robina
orthohantavirus

Robina virus
(ROBV)

Pteropus alecto Australia

Rockport
orthohantavirus

Rockport virus
(RKPV)

Scalopus aquaticus Rockport, Texas,
USA

Sangassou
orthohantavirus

Sangassou virus
(SANGV)

?a) Hylomyscus simus Guinea

Seewis
orthohantavirus

Seewis virus
(SWSV)

Sorex araneus Switzerland, Czech
Republic, Germany,
Slovakia, Finland,
Hungary, Siberia

Seoul
orthohantavirus

Gou virus
(GOUV)

HFRS Rattus rattus China

Seoul virus
(SEOV)

HFRS Rattus
norvegicusRattus
rattus

Asia, Africa,
Europe, Americas

Sin Nombre
orthohantavirus

New York virus
(NYV)

HCPS Peromyscus
leucopus

Canada, USA (East
Coast)

Sin Nombre virus
(SNV)

HCPS Peromyscus
maniculatus
Peromyscus
leucopus

USA (except East
Coast)

Tatenale
orthohantavirus

Tatenale virus
(TATV)

Microtus agrestis UK

Thailand
orthohantavirus

Anjozorobe virus
(ANJZV)

Rattus rattus
Eliurus majori

Madagascar

Serang virus
(SERV)

Rattus tanezumi Indonesia

Thailand virus
(THAIV)

?a) Bandicota indica Thailand

Tigray
orthohantavirus

Tigray virus
(TIGV)

Stenocephalemys
albipes

Ethiopia

Tula
orthohantavirus

Adler virus
(ADLV)

Microtus majori Russia

Tula virus
(TULV)

HFRSb) Microtus agrestis
Microtus arvalis
Microtus gregalis
Microtus
rossiaemeridionalis
Microtus
subterraneus

Europe

(continued)
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Historically, orthohantavirus infections have been described more than 70 years
ago in the 1950s as over 3000 UN soldiers suffered from the so-called Korean
hemorrhagic fever (Lee 1982; Gajdusek 1956). These infections were caused by
Hantaan virus (HTNV), the prototype of the genus orthohantavirus. This was the first
orthohantavirus isolated and investigated in detail (Lee 1982).

Viruses of the family Hantaviridae have spherical or oval virions with a diameter
of 80 to 120 nm (Fig. 2). The genome is a tripartite negative sense RNA. The large
(L) segment encodes the viral RNA-dependent RNA polymerase (RdRp, L-protein),
the medium (M) segment encodes a viral glycoprotein precursor (GPC), which is
cleaved into two glycoproteins Gn and Gc. The small (S) segment encodes for the
viral nucleocapsid protein (N). In some orthohantaviruses, e.g., Tula and Puumala
virus, the S segment further has an open reading frame (ORF) for a nonstructural
protein (Ns) (Plyusnin 2002; Binder et al. 2021). The three viral RNA segments are
complexed with N proteins and form nucleocapsids. These are packed together with

Table 1 (continued)

Species Virus Disease Host species
Geographical
distribution

Lagurus lagurus
Arvicola
amphibious

Yakeshi
orthohantavirus

Yakeshi virus
(YKSV)

Sorex isodon China

aantibody detection in patients with fever of unknown origin (FUO) and HFRS-like symptoms, no
genome detection (Klempa et al. 2010; Gamage et al. 2017; Pattamadilok et al. 2006)
bsingle cases of apparent infections described (Reynes et al. 2017; Hofmann et al. 2021; Zelena
et al. 2019)
Adapted from Abudurexiti et al. (2019)

Fig. 2 Graphical structure and genome of a typical orthohantavirus. Virions are shaped spherical or
oval with the glycoproteins Gn and Gc on the surface. The virions contain a tripartite negative sense
RNA, wrapped by the nucleocapsid (N) protein. The large L segment encodes for the
RNA-dependent RNA polymerase (RdRp, L protein), the medium (M) segment encodes for the
two glycoproteins Gn and Gc, and the small (S) segment encodes for the N protein. (Image adapted
from (Mittler et al. 2019, Schlegel et al. 2014))
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an RdRp in the virus particle. The virions have a lipid envelope in which the two
glycoproteins Gn and Gc are embedded. Criteria for the taxonomy of Ortho-
hantavirus genus and its species are based for instance on the differences of amino
acid sequences of the S and M segments (Maes et al. 2009; Laenen et al. 2019). As
virus isolation is not trivial, for many described orthohantaviruses, only limited data
gained directly from the reservoirs/hosts are available.

All known human pathogenic orthohantaviruses are members of the genus
Orthohantavirus and carried by small mammals. The genus Orthohantavirus is
built up currently of 38 species and 58 assigned viruses (Table1). However, it is
not excluded that members hosted by shrews, bats, or moles of other genera of the
family of Hantaviridae also possess pathogenic potential to humans or animals.

38.2.2 Molecular Typing and Host Virus Coevolution

Due to the late onset of specific symptoms, orthohantaviral antigens and viral RNA
can only very rarely be found in human patients. Therefore, often the small mammal
carriers are used to study the molecular epidemiology of these viruses. Despite the
long knowledge of human cases, first viral genome data were only available in the
early 1990s (Avsic-Zupanc et al. 1992; Xiao et al. 1993a, b; Pilaski et al. 1994).
Reports of successful isolation of orthohantaviruses in Europe for a more proper
molecular virus characterization or even pathogenicity studies are sparse. Only
recently the first isolation of a Central European PUUV strain was reported (Binder
et al. 2020) and may allow now the isolation and afterward in-depth characterization
of, e.g., reservoir-adapted PUUV strains.

For PUUV, there exist different geographic clusters. Several northern European
(e.g., north-/south-/Scandinavian, Finish, Danish) PUUV strains are separated from
those found in central Europe (e.g., from Belgium, France, Germany, and Slovakia)
or the Alpe-Adria area (e.g., from Austria, Slovenia, Croatia) (Avsic-Zupanc et al.
2007; Plyusnina et al. 2007, 2009; Nemirov et al. 2010; Ettinger et al. 2012).
Isolation-by-distance analysis of PUUV S segment sequences (N and NSs) con-
firmed the strict spatial clustering in Europe (Binder et al. 2020).

Natural reassortments of segments were shown for example between members
of the species Dobrava-Belgrade orthohantavirus (Kirsanovs et al. 2010) and for
PUUVand DOBV (Klempa 2018). In Germany, the picture of genetic diversity of
PUUV is quite more complex as at least eight geographically and phylogeneti-
cally distinct PUUV subclusters can be found here (Mertens et al. 2011c;
Essbauer et al. 2007; Ulrich et al. 2008; Hofmann et al. 2008; Ettinger et al.
2012; Jeske et al. 2021).

A strict coevolution of rodent hosts and virus species was previously postulated
for orthohantaviruses as these viruses group into three main clades that correspond
with the rodent subfamilies (Morzunov et al. 1998; Plyusnin et al. 1996; Hughes and
Friedman 2000; Plyusnin and Morzunov 2001). Meanwhile, there are several find-
ings that do not completely support this hypothesis. One example is the detection of
orthohantaviruses in nonrodent hosts that puts this theory in question (Ramsden et al.
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2009). Phylogenetic analysis of TULV showed that the evolution seems to be not
host-related, although different geographic genetic subclusters were shown in
Europe (Schmidt-Chanasit et al. 2010; Plyusnina et al. 2007; Schlegel et al. 2012;
Saxenhofer et al. 2019; Schmidt et al. 2021).

In South America, a comprehensive analysis of orthohantaviruses revealed that
there exist three phylogenetic clades, the Andes/-like viruses, the Laguna Negra/-like
viruses, and the Rio Mamore/-like viruses. A long coevolution of host and virus
seems also to be present, and viruses of one clade are found in several host species
(Firth et al. 2012). A detailed phylogenetic analysis of entire coding regions of
orthohantavirus genomes showed that there exist four phylogroups in mammalian
hosts, and ancient reassortment between these was postulated (Guo et al. 2013).
Divergence of viruses and hosts differs for some orthohantavirus indicating a cross-
species transmission during orthohantavirus evolution.

38.3 Epidemiology of Human Diseases

Today, the presence of orthohantavirus species was demonstrated in Asia, Europe,
the Americas, Africa, and Australia. Pathogenic orthohantaviruses were found in
Asia, Europe, and the Americas, so far.

The annual global number of orthohantavirus infections is difficult to calculate
as, e.g., surveillance systems and case definitions differ between countries (Wang
et al. 2021; Khismatullina et al. 2016; Knust et al. 2012). A precise estimation is
also hampered by annual fluctuations in case numbers but also due to dramatic
changes of case numbers by rodent control measures in China in the last decades
(Sun and Zou 2018). According to actual reported cases, the most affected coun-
tries are China and Russia with averaged 14,000 and 7000 HFRS cases per year,
respectively.

About 300 HCPS cases were reported in the Americas per year (Montoya-Ruiz
et al. 2014; PAHO 2022; Kruger et al. 2015). However, due to the high case fatality
rate, these HCPS cases are of high importance, and outbreaks of ANDV infections
require special awareness due to possible person-to-person transmission (Martínez-
Valdebenito et al. 2019; Martínez et al. 2020; Toledo et al. 2021).

38.3.1 Europe

In Europe, a bundle of orthohantavirus species associated with rodents and causing
diseases in humans are found. First, Puumala virus (PUUV) carried by the bank
vole (Myodes glareolus) is a virus with a broader distribution in this area. A mild
form of HFRS is caused by PUUV, and lethality is below 1%. From 2014 to 2018,
Finland, Sweden, and Germany reported 81% of all cases in Europe (Fig. 3). Latest
numbers summarized case numbers from 29 countries are from 2018, with 1826
annual cases (Heyman et al. 2008, 2009b, 2011). Interestingly, in years with many
PUUV cases and a high abundance of the virus in the hosts, a spillover of PUUV to
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other habitat-sharing species such as Apodemus sylvaticus or A. flavicollis can be
observed. The impact of the transmission of the virus from spill over from infected
rodents to humans is unknown (Heyman et al. 2009b; Klingström et al. 2002a;
Essbauer et al. 2006; Schlegel et al. 2009; Binder et al. 2020).

Second, species Dobrava-Belgrade orthohantavirus with its four subtypes
Dobrava, Kurkino, Saaremaa, and Sochi virus is transmitted by several Apodemus
ssp. (e.g., A. flavicollis and A. agrarius) (Klempa et al. 2013b). Members of the
species Dobrava-Belgrade orthohantavirus cause HRFS with various severity from
subclinical forms to life-threatening diseases (Avsic-Zupanc et al. 1999; Markotić
et al. 2002; Mertens et al. 2011c) and are endemic in some central- and several
southeast European countries.

Third, Tula virus (TULV) was detected in several vole species (Subfamily
Arvicolinae: Microtus agrestis and M. arvalis) (Plyusnin et al. 1994; Vapalahti
et al. 1996; Schmidt-Chanasit et al. 2010; Schmidt et al. 2021). Only limited reports

Fig. 3 Average incidence values of reported orthohantavirus infections in Europe from 2015 to
2019. (Adapted from the ECDC 5-year report 2015–2019. (ECDC 2022))
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on the relevance of TULV for mild human diseases are present (Schultze et al. 2002;
Klempa et al. 2003; Hofmann et al. 2021). Humans might have contact to TULVand
develop specific antibodies as, e.g., found in a seroepidemiological study in Ger-
many in forest workers (Mertens et al. 2011b).

Fourth, Seoul virus (SEOV) was giving attention in Europe. For a long time, it
was unclear whether SEOV could cause disease in humans. Single reports of SEOV
infections were described from 2004 up to 2021 in Europe (Heyman et al. 2004;
Heyman et al. 2009a; Yasuda et al. 2021). In 2012, SEOV was detected in wild
R. norvegicus in the United Kingdom and France. These virus sequences resembled
SEOVoriginating from rare mild HFRS cases acquired by handling laboratory rats in
the Netherlands, United Kingdom, and Belgium (Jameson et al. 2013a; Jameson
et al. 2013b). In the following years, small outbreaks of SEOV were detected in
Rattus populations, mainly pet rats, and in several European countries (Shepherd
et al. 2021).

38.3.2 Asia

The continent that is mostly affected by orthohantavirus infections is Asia. High
numbers of cases were reported from China, Far East Russia, and Korea (34-37). In
contrast to Europe, where Nephropathia epidemica (NE) caused by PUUV—the
milder form of HFRS—predominates, HFRS represents a severe public health
problem in Asia. For instance, cases of HFRS were reported in nearly all Chinese
provinces, with Heilongjiang in the northeast of China being the most severe
endemic area with the highest annual incidence for HFRS (Guo et al. 2013). Causing
agents of HFRS in Asia are HTNV and SEOV.

SEOV was first isolated from city rats (Rattus norvegicus) in Korea in 1981 and
from laboratory rats (Rattus norvegicus) in Japan in 1982 (Lee et al. 1981; Lee
1982). Currently, SEOV repeatedly causes disease outbreaks in various provinces
in China. Approximately, a third of the yearly cases of febrile illnesses with
bleeding and kidney involvement (hemorrhagic fever with renal syndrome) are
expected to be caused by SEOV annually. However, it was shown that infections
with SEOV seem to demonstrate milder courses than HFRS caused by HTNV
(Zhang et al. 2011).

In Russia, about 90% of infections were reported in the Volga Federal District and
are described as NE caused by PUUV (Garanina et al. 2009). Several outbreaks in the
Central Federal District were attributed to members of the species Dobrava-Belgrade
virus (Klempa et al. 2008). In contrast, in the Far East region, HFRS cases caused by
HTNV, SEOV, and Amur virus were observed (Yashina et al. 2000; Miyamoto et al.
2003; Peintner et al. 2021). The seasonality of HFRS cases in Russia also reveals
geographic differences and seems to depend on the host reservoir species (Yashina
et al. 2000). The seasonal pattern of reported hantavirus disease in humans in China
and Korea shows a pronounced peak of case numbers in winter and a second minor
peak in summer (Liu et al. 2012; Song et al. 2006; Huang et al. 2012).
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Only a few HFRS cases were reported in other Asian countries, e.g., Indonesia,
Sri Lanka, India, Thailand, and Vietnam (Jonsson et al. 2010; Huong et al. 2010). No
human cases of HFRS were reported in Japan over the last 30 years, although cases
were reported since 1960 and seropositive rodents were still present as demonstrated
by several epizootiological surveys (Kariwa et al. 2007).

38.3.3 Americas

Hantaviruses became prominent in the United States as an outbreak of severe disease
with lung manifestation (hantavirus pulmonary syndrome, HPS; hantavirus cardiopul-
monary syndrome, HCPS) and death occurred in the Four-Corners Region in 1993
(Nichol et al. 1993). Sin Nombre virus (SNV) was the causative agent of this outbreak
(Nichol et al. 1993; Childs et al. 1994; Duchin et al. 1994; Ksiazek et al. 1995). After
the detection of SNV, many orthohantaviruses causing HCPS were detected in the
North, Central, and South Americas. Most prominent, two years later in 1995, Andes
virus (ANDV) was described during a severe HCPS outbreak in south-western
Argentina (López et al. 1996). Remarkably, ANDV is the only orthohantavirus for
which a human-to-human transmission has been demonstrated several times (Wells
et al. 1997; Padula et al. 1998; Toro et al. 1998; Martinez et al. 2005; Lázaro et al.
2007; Ferres et al. 2007). A study published in 2020 describes an outbreak of HCPS by
person-to-person transmission with 34 confirmed cases including 11 fatal outcomes in
Argentina (Martínez et al. 2020). The outbreak was caused by one person infected via
rodent-transmission and driven by three symptomatic spreaders during a social event.
Spreading was probably more likely by patients with high viral loads. Control
measures such as self-isolation and quarantine were imposed by local public health
officials and seemed to be effective as further viral spread was prevented.

So far, the two species SNVand ANDVare the most common causes of HCPS in
North, Central, and South America. Meanwhile, HCPS cases and several other
hantaviruses were reported from the United States, Canada, and at least ten South
and Central American States such as Argentina, Bolivia, Brazil, Chile, Ecuador,
French Guiana, Panama, Paraguay, Uruguay, and Venezuela (CDC 2022; Koma
et al. 2012). In general, case numbers of HCPS in Argentina, Brazil, and Chile are
highest (Martinez et al. 2010; Macneil et al. 2011). In North America, HCPS in
humans is also induced by, i.e., Bayou virus (Morzunov et al. 1995; Khan et al.
1995; Hjelle et al. 1996; Ksiazek et al. 1997; Torrez-Martinez et al. 1998), Black Creek
Canal virus (Rollin et al. 1995; Ravkov et al. 1995; Khan et al. 1996), New York virus
(Hjelle et al. 1995; Morzunov et al. 1998), and Monongahela virus (Song et al. 1996;
Morzunov et al. 1998; Rhodes et al. 2000). In summary, in Northern, Central, and
South America, at least 30 orthohantavirus types or genotypes have been recognized in
HCPS patients or carried by Sigmodontine reservoir rodents. The pattern of strains as
well as the genetic diversity and the distribution is multifaceted, and for many of the
strains, the impact on humans to cause disease is unresolved (Macneil et al. 2011; Firth
et al. 2012). Phylogeographic analyses of South American hantaviruses suggested a
spread from the south-central part such as Paraguay, Brazil, Bolivia to the northern,
southern, and eastern parts of this continent (Firth et al. 2012).
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38.3.4 Africa and Australia

Intense studies in small mammals were initiated to find viruses and hosts in Africa.
Sangassou virus (SANGV) was the first reported African orthohantavirus detected in
Muridae collected in Guinea (Klempa et al. 2006; Klempa et al. 2012). It is the best
characterized African orthohantavirus and was also isolated to grow in vitro in
laboratory cell culture (Klempa et al. 2012). A second African murid-associated
orthohantavirus is Tigray virus found in white-footed rat from Ethiopia (Meheretu
et al. 2012). In addition, several further hantaviruses were described in shrews from
Guinea (Klempa et al. 2007) and Côte d'Ivoire (Kang et al. 2011) and in bats from
Sierra Leone (Weiss et al. 2012) and Côte d'Ivoire (Sumibcay et al. 2012; Meheretu
et al. 2019), but are not yet classified by ICTV. In the last years, several studies
investigated the impact of African orthohantaviruses on human health (Meheretu
et al. 2021; Diagne et al. 2020; Raharinosy et al. 2018). For SANGV, a role in fever
of unknown origin (FUO) and HFRS has been postulated in Guinea (Klempa et al.
2010). In a few seroepidemiological studies, a low human seroprevalence (1%–2%)
was shown for African orthohantaviruses (Gonzalez et al. 1984; Klempa et al. 2010;
Klempa et al. 2013b). A broad serological study on nonrodent-associated ortho-
hantaviruses in Africa also revealed that shrew-transmitted orthohantaviruses indeed
are also able to infect humans, at least in Gabon and Côte d'Ivoire (Heinemann et al.
2016). Nevertheless, further studies are needed in order to understand the impact and
relevance of African orthohantaviruses for humans.

For Australia, the knowledge is even more meager than for Africa. The presence
of orthohantaviruses in Australia was speculated for a long time (Bi et al. 2008), but
no human cases have been reported so far. In June 2021, a complete genomic
sequence of an orthohantavirus isolated from brain tissue of a black flying fox
(Pteropus alecto) collected in Australia was published in GenBank and called
Robina virus (TaxonomyBrowser 2022). An article with details on this important
first detection of an Australian orthohantavirus is not yet published, but will be of
interest for the whole field of orthohantavirus research.

38.4 Hantaviruses in Nonrodent Hosts, in Livestock, and in Pet
Animals

38.4.1 Nonrodent Orthohantaviruses: Insectivores and Megabats as
Reservoir Species

For many years, voles and mice were believed to be the only reservoir hosts for
orthohantaviruses. Worldwide, intense search for Hantaviridae family members in
bats as well as insectivores such as shrews and moles are performed, and several
viruses have been discovered in the last decades. Table 2 summarizes orthohantaviruses
that have been described in insectivores and megabats and that are already classified by
ICTV. However, until now for nonrodent-associated orthohantaviruses, the impact on
human health is not known (Carey et al. 1971; Zeller et al. 1989; Kang et al. 2009;
Schlegel et al. 2012; Kim et al. 1994; Jung and Kim 1995).
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38.4.2 Evidence of Orthohantaviruses in Pet, Livestock,
and Laboratory Animals

To the present knowledge, rodents are the main carriers of orthohantaviruses that
have an impact on human health. Rodents may serve as prey for different birds, cats,
or dogs. Further, rodents are around or in housings and also often found in buildings
for livestock as buildings give some protection, hay is a good material for nesting,
and food sources from livestock animals also serve rodents (Fig. 1). Therefore, it is
important to know if orthohantaviruses can also be transmitted to nonrodent animals
in laboratories, pets, or farm animals. Pet rats have been reported as a possible source
of SEOV infections in the United Kingdom (Jameson et al. 2013a; Jameson et al.
2013b; Featherstone et al. 2013). Besides that, there exist only limited data on
serological studies of different animals as for livestock such as cattle or pigs or
birds of prey (Table 3). A combined study of animals’ holders/handlers and animals
was performed in an Austrian zoo (Juncker-Voss et al. 2004) and in the United

Table 2 Overview on orthohantaviruses detected in different families of insectivores
(Eulipotyphla) and in the family of megabats (Pteropodidae)

Order Eulipotyphla, Soricomorpha, Family Soricidae (shrews)

Asikkala orthohantavirus Asikkala virus (ASIV) Sorex minutus Europe

Bowe orthohantavirus Bowe virus (BOWV) Crociduradouceti Guinea

Cao Bang
orthohantavirus

Cao Bang virus
(CBNV)

Anourosorex
squamipes

Vietnam

Lianghe virus (LHEV) Anourosorex
squamipes

China

Jeju orthohantavirus Jeju virus (JJUV) Crocidura
shantungensis

South Korea

Kenkeme orthohantavirus Kenkeme virus
(KKMV)

Sorex roboratus Far eastern Russia

Seewis orthohantavirus Seewis virus (SWSV) Sorex araneus Switzerland,
Czech Republic,
Germany, Slovakia,
Finland, Hungary,
Siberia

Yakeshi orthohantavirus Yakeshi virus (YKSV) Sorex isodon China

Order Eulipotyphla, Soricomorpha, Family Talpidae (moles)

Asama orthohantavirus Asama virus (ASAV) Urotrichus
tapoides

Japan

Bruges orthohantavirus Bruges virus (BRGV) Talpa europaea Belgium

Oxbow orthohantavirus Oxbow virus (OXBV) Neurotrichus
gibbsii

USA

Rockport orthohantavirus Rockport virus (RKPV) Scalopus
aquaticus

Rockport, Texas,
USA

Order Chiroptera Family Pteropodidae (megabats)

Robina orthohantavirus Robina virus (ROBV) Pteropus alector Australia
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Table 3 Overview on investigations of orthohantavirus in pets, farm, and livestock animals
(except rodents, shrews, bats)

Order
Animal
species Virus Country Detection Ref.

Artiodactyla Bos taurus PUUV,
HTNV

Czech
Republic

Serological (Danes et al.
1992)

Artiodactyla Capreolus
capreolus

PUUV Czech
Republic

Serological (Danes et al.
1992)

Artiodactyla Alces alces PUUV Sweden Serological (Ahlm et al.
2000)

Artiodactyla Sus scrofa* Hantavirus China Serological (Zhang et al.
2010) (Yang
et al. 2004)

Carnivora Canis
lupus*

SNV USA Serological (Malecki et al.
1998)

Carnivora Canis
lupus*

PUUV Belgium Serological (Dobly et al.
2012)

Carnivora Vulpes
vulpes

PUUV Belgium Serological (Escutenaire
et al. 2000)

Carnivora Felis catus SNV Canada,
USA

Serological (Leighton et al.
2001, Malecki
et al. 1998)

Carnivora Felis catus PUUV UK,
Austria,
Belgium

Serological (Bennett et al.
1990)
(Nowotny
1994, Nowotny
1996) (Dobly
et al. 2012)

Lagomorpha Lepus
europaeus

PUUV Czech
Republic

Serological (Danes et al.
1992)

Primates Macaca
mulatta

PUUV/
TULV

Germany Serological (Mertens et al.
2011a)

Primates Macaca
fascicularis

PUUV/
TULV

Germany Serological (Mertens et al.
2011a)

Primates Papio
anubis

PUUV/
TULV

Germany Serological (Mertens et al.
2011a)

Primates Macaca
fascicularis

PHV - e.i.: acute
nephropathy,
mild, transient
proteinuria,
azotemia

(Yanagihara
et al. 1988)

Primates Pan
troglodytes

PHV - e.i.: acute
nephropathy,
mild, transient
proteinuria,
azotemia

(Yanagihara
et al. 1988)

Primates Macaca
fascicularis

Cell-
attenuated
PUUV

- e.i.: lethargy, mild
proteinuria,
microhematuria

(Groen et al.
1995)

(continued)
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Kingdom (Taori et al. 2013). Furthermore, orthohantavirus antibodies were detected
in cattle (Danes et al. 1992). Serological studies further gave evidence that cats in
comparison to dogs have a significantly higher orthohantavirus antibody-reactivity
(Dobly et al. 2012). Table 3 summarizes the present knowledge of orthohantaviruses
in pet, livestock, and laboratory animals. However, detection of orthohantavirus
genome or isolation of replication-competent viruses from pets, farm, and livestock
animals is missing so far and needs further investigation.

38.4.3 Do Orthohantavirus Infections Have an Impact on Animals?

As shown above, several serological studies show that animals developed antibodies
against an orthohantavirus infection. Only a few studies have been performed—and
mostly on rodents—in order to investigate if orthohantaviruses have an influence on
the hosts. There is also a high variation of orthohantavirus prevalence in the
respective rodent hosts. For example, the PUUV prevalence in rodents seems to be
quite different depending on time, region, and the local orthohantavirus outbreak
situation (Essbauer et al. 2006, 2013; Mertens et al. 2011c; Augot et al. 2008).
Orthohantavirus infections in rodents are chronic and may have an impact on the
population levels and the physiological status (Pearce-Duvet et al. 2006; Tersago
et al. 2008, 2012; Luis et al. 2012). However, in summary, as described for the
factors influencing the orthohantavirus epidemiology, there is also lack of data on the
impact of the agents on their natural hosts.

Infection trials with some primates have shown different results, depending on the
attenuation of the virus strains (Table 3). Surprisingly, infection experiments also
showed that Prospect Hill virus (PHV), a North-American vole-associated virus that
is nonpathogenic for humans, induced disease in Cynomolgus macaques
(Yanagihara et al. 1988). Several nonhuman primate species seem also to be sus-
ceptible to a PUUV/TULV infection, but virus could not be isolated so far (Mertens
et al. 2011a) (Table 3).

Table 3 (continued)

Order
Animal
species Virus Country Detection Ref.

Primates Macaca
fascicularis

Bank vole-
adapted
PUUV

- e.i.: loss of
appetite, apathetic
behavior, fever,
proteinuria,
biochemical
markers, and
immunological
characteristics of
HFRS

(Klingström
et al. 2002b,
Sironen et al.
2008)

* forma domestica; e.i., experimental infection
Adapted from Zeier et al. (2005)
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38.5 Seasonal Outbreaks, Exposition Risk Factors

The annual patterns of reported human PUUV cases in North and Central Europe are
different. An investigation from 2001 to 2017 indicates a highly variable space-time
disease incidence pattern. These infection rates are oscillating and show large out-
breaks every 2 to 3 years with peaks in early summer (Faber et al. 2019). In
Scandinavia, 3- to 4-year cycles seem to occur (Olsson et al. 2003; Vapalahti et al.
2003; Pettersson et al. 2008). Autumn and winter peaks of human cases are recorded
in Fennoscandia (Rose et al. 2003; Evander and Ahlm 2009). Cycles in Central
Europe do not follow a regular pattern. Varying local orthohantavirus outbreaks are
reported in different years for Germany, France, and Belgium as reviewed in
Essbauer et al. (2013) and Schmidt et al. (2021). Even as these countries are
neighbors, outbreaks seem not to be synchronous (Essbauer et al. 2006, 2007;
Faber et al. 2010; Mailles et al. 2005; Heyman et al. 2007; Ulrich et al. 2008;
Koch et al. 2007; Hofmann et al. 2008; Ettinger et al. 2012). In France, most human
infections are reported during late spring and summer (Vapalahti et al. 2003;
Sauvage et al. 2002). In comparison, in Belgium and Germany, seasonal peaks are
quite variable, and some years have exclusively summer peaks but in others also
winter peaks occur (Heyman et al. 2012; Essbauer et al. 2013; Faber et al. 2010;
Piechotowski et al. 2008). So far, the seasonal pattern of orthohantavirus cases in
Germany and also neighboring countries seems quite unpredictable (Binder et al.
2019, 2020). In Germany, for DOBV, there might also exist two peaks, one in
summer and one in winter (Hautala et al. 2002). The latter might be explained by
the behavior of host, as late in season Apodemus sp. search for shelter in houses or
garages, and therefore, humans might have enhanced contact to hosts and excreta.

In general, in Scandinavian countries (Finland, Sweden, and Norway) and Russia,
PUUV incidences are much higher as in Central Europe (Fig. 3). High-endemic
PUUV regions exist in most countries as, e.g., the Northern counties in Sweden
(Olsson et al. 2003), the Jura for France (Augot et al. 2008), parts of South Belgium
(Mailles et al. 2005) in Germany, i.e., the Swabian Alb, Main-Spessart region, Lower
Bavaria, and the administrative districts of Osnabrück (Ulrich et al. 2008; Hofmann
et al. 2008; Ettinger et al. 2012). Additionally, to the high oscillations, it should be
mentioned that may be new regions are populated by host species. For example,
several unusual urban outbreaks in the cities of Cologne, Aachen, and Osnabrück
were recognized (Essbauer et al. 2007; Mailles et al. 2005; Abu Sin et al. 2007).
Another example presents cities at the Swabian Alb, e.g., in 2010 and 2012, many
cases were registered in the urban district of Stuttgart (Boone et al. 2012; Hautala
et al. 2002). Changes in leisure behavior of city dwellers exerting more outdoor
activities may also be responsible for the rise in urban cases.

The actual knowledge on factors driving orthohantaviruses in Europe was
reviewed (Reusken and Heyman 2013); however, there remain many open questions
on the tuning of outbreaks. Hence, several longitudinal studies were initiated in the
last decade to better understand and predict outbreaks (Heyman et al. 2012; Essbauer
et al. 2013; Reusken and Heyman 2013; Ulrich et al. 2008).
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38.6 Hantavirus Disease

Diseases caused by pathogenic orthohantaviruses are called hemorrhagic fever with
renal syndrome (HFRS) and hantaviral cardiopulmonary syndrome (HCPS) (Vaheri
et al. 2013). HFRS is caused by Eurasian members, whereas HCPS is caused by
orthohantaviruses of the American continents. The clinical picture of diseases is
characterized by predominant involvement of kidney in HFRS and lung in HCPS.
However, cases with pulmonary symptoms in infections with Eurasian ortho-
hantaviruses and renal impairment by HCPS-causing American orthohantaviruses
were also observed (Chand et al. 2020; Hjelle et al. 1996; Gizzi et al. 2013; Schütt
et al. 2004; Rasmuson et al. 2011; Du et al. 2014; Linderholm et al. 1997; Vollmar
et al. 2016; Sironen et al. 2017). Despite high genetic homology of ortho-
hantaviruses, virulence of pathogenic members differs enormously, and severity of
disease demonstrates an enormous variance between individuals. HCPS is associ-
ated with case fatality rates (CFR) of 21% to 39% (Alonso et al. 2019; Fonseca et al.
2018), whereas HFRS by Eurasian orthohantaviruses exhibits CFRs between 0.08%
and 12% depending on the causative species (Vaheri et al. 2013; Klempa et al.
2013a). Highest CFRs between 6% and 15% are observed for SOCV, DOBV, and
HTNV, whereas infections with PUUVor KURVare associated with milder courses
and lower CFRs < 1% (Klempa et al. 2003). In addition, symptomatic infections
with SEOV are observed in Europe, Asia, and the Americas (Zhang et al. 2011;
Hofmann et al. 2008; Shepherd et al. 2021). Several case reports also describe mild
signs of HFRS symptoms caused by TULV, which was formerly assigned to be
nonpathogenic (Hofmann et al. 2021).

Symptomatic infections start with sudden onset of high fever and flu-like symp-
toms such as headache, myalgia, and gastrointestinal symptoms after several days to
a few weeks after virus exposition. After this initial phase of infection, the organ-
specific manifestation of the infection starts.

HFRS is associated with acute kidney injury with often massive proteinuria.
Laboratory parameters that are changed involve the elevation of numbers of leuko-
cytes, increased levels of serum creatinine, C-reactive protein, and lactate dehydro-
genase activity. In contrast, numbers of platelets and serum albumin are decreased.
Urinalysis reveals hematuria and proteinuria. The proteinuria is nonselective indi-
cating a tubular and glomerular damage. In light-microscopic analysis, hantavirus
disease presents as tubular-interstitial damage without obvious glomerular changes
(Ferluga and Vizjak 2008). However, analysis of glomerular integrity by electron
microscopy revealed structural changes of the glomerular filtration barrier (Nusshag
et al. 2020; Collan et al. 1978; Boehlke et al. 2014). In addition, analysis of urine
samples revealed the elevation of marker proteins for tubular and glomerular injury
(Nusshag et al. 2020; Outinen et al. 2022). Besides the virus-specific virulence,
differences in the clinical course between individuals are observed. Behavioral
factors such as smoking or pre-existing conditions (Bergstedt Oscarsson et al.
2016; Gherasim et al. 2015; Latronico et al. 2018; Kitterer et al. 2016; Tervo et al.
2015) and genetic conditions such as HLA-haplotype influence the risk for severe
courses of orthohantavirus infection (Ma et al. 2020; Mäkelä et al. 2001; Mustonen
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et al. 1998). Gender-specific differences were also described. Middle-aged persons
are mostly infected, and men are overrepresented (Krautkrämer et al. 2013; Faber
et al. 2019; Klein et al. 2011; Hjertqvist et al. 2010; Klingström et al. 2008).
Infections of children are often reported in the Americas with HCPS (Ferrés and
Vial 2004), but recently also an immunocompromised boy died in Asia of a PUUV
infection (Enyi et al. 2022). In Central Europe, a study revealed that infections with
the Sochi virus gained an unexpectedly high fatality rate among children under
15 years of age (Dzagurova et al. 2018).

Long-term effects of an orthohantavirus infection are mostly determined by the
severity of the organ involvement during the peak of the infection, but for the
majority of patients, most symptoms are gone latest three months after disease
onset. Due to the involvement of the kidney, many patients develop a long-term
hematuria, hypertension, or proteinuria (Latus et al. 2015). Orthohantavirus-
specific IgG will remain in the patients up to years after the infection. However,
there is a correlation of PUUV survivors and an increased probability to develop
lymphatic malignancies (Klingström et al. 2014), but no further studies were
performed so far to reveal if this is PUUV specific or valid for all orthohantavirus
infections.

In summary, orthohantavirus-induced diseases exhibit a broad range of symptoms
and virus-specific determinants as well as individual patient-specific factors control
the severity of the clinical course. It is central to gain more insights in the underlying
cellular mechanism of pathogenesis for the development of antiviral strategies.

38.6.1 Pathogenesis

While most governmental research on orthohantavirus focuses on the distribution
and virulence of the disease, it is also of utter importance to understand more about
the biological abilities of the virus family and the mode of action of the pathophys-
iology. Some labs specialized on the investigation on orthohantavirus biology and
were able to draw a comprehensive picture in the last decade. Understanding the
molecular biological features of an infection ultimately paves the way to an effective
prevention of an infection such as a vaccination or a targeted therapy dampening the
symptoms of an infection.

38.6.1.1 Cell Biology
Like other viruses, orthohantaviruses are dependent on a host cell to replicate.
Orthohantaviruses, entering the body either via the digestive or pulmonary system,
are absorbed by cells expressing among others the integrin β3 surface receptor
(CD61) such as endothelial and epithelial cells, T cells, DC cells, macrophages,
and follicular dendritic cells (Noack et al. 2020).

All receptors for orthohantavirus entry were identified in in vitro cell culture
systems. First, integrin β3 was described to mediate the entry of pathogenic ortho-
hantaviruses (Gavrilovskaya et al. 1999; Gavrilovskaya et al. 1998). In the last years,
more and more receptors and cofactors have been identified using different cell
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culture models such as CD55, gC1qR, protocadherin-1, or TIM-1 (T-cell immuno-
globulin and mucin domain 1) (Krautkrämer and Zeier 2008; Popugaeva et al. 2012;
Buranda et al. 2010; Choi et al. 2008; Jangra et al. 2018; Mayor et al. 2020). In
addition, studies demonstrated the permissibility of human and rodent cell types
without integrin β3 expression (Higa et al. 2012; Raftery et al. 2014; Müller et al.
2019). In conclusion, receptor usage and entry mechanism of orthohantaviruses
remain elusive. Entry may differ between cell types, host reservoir, and human
cells, and between virus species. Therefore, further investigations are necessary.

Upon attachment and receptor engagement, virions ultimately fuse with the cell
membrane in clathrin-coated pits by macropinocytosis of the host by changing the
structure of the Gc surface protein (Torriani et al. 2019; Bauherr et al. 2020). In its
open form, it is able to dimerize and expose its aromatic and polar residues who
enable the fusion with the cell membrane (Bignon et al. 2019; Cifuentes-Muñoz
et al. 2011). In the early endosome, the virions get uncoated, and viral ribonuclear
particles (RNP) get into the cytoplasm where they are further stripped off pro-
tecting particles (Fig. 3). Orthohantaviruses provide their own RNA-dependent
RNA polymerase (RdRp) that starts the initial transcription of viral RNA. How-
ever, to do so, the RdRp is depended on a yet to be defined host cell factor.
Together, these two proteins perform so-called cap-snatching on 5´fragments of
cellular mRNA to generate primers that are used for the initiation of the transcrip-
tion of the viral genome (Jeeva et al. 2018). Subsequently, translation of the
M-fragment starts at the rER, while S- and L-segments predominantly get trans-
lated at free ribosomes. An early and large quantity translation of the glycoprotein
GPC is crucial to enable a continuous translation, trafficking, and assembly of
other viral proteins and RNPs. Protein maturation, such as the glycosylation of the
Gn/Gc glycoproteins, takes place at the Golgi apparatus. For this, the C-terminal
peptides are crucial to enable efficient protein trafficking to the Golgi (Sperber
et al. 2019). Gn proteins form spontaneously tri- and oligomers, while Gc proteins
mostly assemble in mono- or dimers. Subsequently, Gn/Gc protein complexes self-
assemble in virus like particles at a yet to be identified subcellular localizations
(Acuña et al. 2014). Viral budding occurs after assembly of viral particles in the
cytosol. Here, the Gn/Gc glycoproteins interact with proteins of the ESCRT
machinery that releases the enveloped viruses into the extracellular fluid
(Rheinemann and Sundquist 2021).

During all these steps of orthohantaviral replication cycle, the nucleocapsid
(N) protein plays an outstanding role. This protein is a viral multifunctional protein
that does not only facilitate stabilization of viral RNA, but also plays leading roles in
genome packaging, intracellular protein transport, RNA chaperoning, DNA degra-
dation, and intervention with the host immune response (Reuter and Krüger 2018).
For instance, by remodeling Golgi structures, it establishes RNA synthesis factories
(Davies et al. 2019). In addition, N protein impairs adhesion and migration capacity
of infected renal cells and may contribute to renal pathogenesis (Hägele et al. 2019).
All these features are mediated by its ability to interact with RNA and other viral and
cellular proteins and thus qualify as a promising target for antiviral drug develop-
ment (Arragain et al. 2019; Reuter and Krüger 2018).
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38.6.1.2 Immune System and Cell Death Evasion
Frontline in the fight against a viral infection is the interferon (IFN) 1 system. Cells
in direct contact with the virus excrete interferons as signal molecules to alert the
immune system. Indeed, experiments in IFN1-deficient mice showed a high burden
of orthohantavirus in all organs briefly after infection (Dowall et al. 2020). Mam-
malian cells identify an orthohantavirus infection by the RIG-1 receptor, a cytoplas-
mic receptor for dsRNA, that in turn activates the IFN1 cascade (Kell et al. 2020).
Orthohantavirus, however, evolved different strategies to escape mammalian immu-
nity. For Andes virus, viral NSs protein that antagonizes a cellular type 1 IFN
response by inhibiting MAVS signaling is a key player in this evasion (Vera-Otarola
et al. 2020). The effectiveness of an immune evasion of various old world or new
world orthohantavirus species rests in the protein structure of their Ns or NSs
proteins, respectively. Especially, NSs position 386 proved crucial in its effective-
ness and may further explain the only human-to-human transmissibility of the Andes
virus (Simons et al. 2019).

Mammalian cells developed a secondary line of defense against viral infection.
For instance, exosomal miR145-5p, produced by orthohantavirus-infected endothe-
lial cells, actively blocks viral replication (Wang et al. 2020). Furthermore, activated
neutrophils secrete myeloperoxidase, neutrophil elastase, and IL-8, that may also
drive the renal syndromes observed among patients (Strandin et al. 2018). In
addition, genetic predisposition may alter the effectiveness of an immune response
against orthohanta infection. It was shown that high expression of the immune
modulators complement factor CFHR1 negatively and SIRBP1 positively affects
the outcome of an orthohantavirus infection (Ribeiro et al. 2019).

The goal of a functioning immune system is to remove infected cells from the
tissue. In case the immune system fails to extrinsically execute cell death in infected
cells, concerned cells can also initiate cell death on their own, called intrinsic
apoptosis (Peintner and Borner 2017). Interestingly, orthohantavirus also developed
mechanisms to block the correct execution of extrinsic and intrinsic cell death
(Solà-Riera et al. 2019). Central in the execution of cell death is the proteolytic
protease caspase 3. It was experimentally proven, that the orthohantaviral N protein
heterodimerizes with activated caspase 3 and so prevents cell death (Davies et al.
2019).

Extrinsic apoptosis induced by granzyme B or TRAIL is perturbed in ortho-
hantavirus infected hosts by a downregulation of its surface receptor DR5 (Sol-
à-Riera et al. 2020; Solà-Riera et al. 2019). This publication also observed an
upregulation of the antiapoptotic protein Bcl2 after the infection with ANDV. This
upregulation blocked the permeabilization of the outer membrane of mitochondria, a
central event in intrinsic apoptosis. Hence, no activation of caspases leading to cell
death was observed (Solà-Riera et al. 2020).

38.6.1.3 Recent Scientific Breakthroughs
The heterogeneity concerning the clinical picture (HFRS and HCPS) and the broad
range of disease severity among orthohantaviruses even between members of the
same species is one of the most interesting questions. Identifying determinants of
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organ-specificity and pathogenicity is a prerequisite for the development of thera-
peutic strategies. Research on orthohantaviruses is hampered by the lack of a suitable
small animal model and in vitro cell culture research was performed in non-target
cells for a long time. Fortunately, the number of studies using relevant cell culture
systems is increasing in the last years. Establishment of cell lines from host animal
species and use of primary human target cells facilitate the characterization of steps
of the orthohantaviral replication cycle. Infection of host species cell lines allows to
determine the host range of rodent species for orthohantavirus infection (Essbauer
et al. 2011; Binder et al. 2019). Studies in human primary cells revealed virus- and
cell type specific differences in the susceptibility of target cells and functional effects
that may contribute to hantavirus pathogenicity (Bourquain et al. 2019; Raftery et al.
2014; Hägele et al. 2019).

Another major hindrance of research on orthohantaviruses is the work under
BSL2 and 3 conditions, which demands well-equipped laboratories to perform
experiments. Also, long-term culture of virus in cell culture may change the char-
acteristics of viruses, as frequently observed in other viruses (Strandin et al. 2020).
This problem may partly be circumvented by using VSV- (vesicular stomatitis virus)
or SIV- (simian immunodeficiency virus) pseudotyped viruses (Old World: (Slough
et al. 2019; Higa et al. 2012), NewWorld: (Cifuentes-Muñoz et al. 2010)). Using this
recombinant virus, it was able to highlight the importance of the Gn/Gc glycopro-
teins in regulating viral infectivity. These tools may also be used to perform safe
neutralization tests to screen for new monoclonal antibodies against the virus (Ogino
et al. 2003). However, characterization of postentry steps or testing antiviral sub-
stances will still require wild-type viruses.

38.6.2 Therapy and Vaccination

Rationale of all research on human pathogens is the development of a reliable
vaccine to prevent, or an effective drug treatment to fight, an infection. Hence,
many laboratories aim to develop convincing treatment options against ortho-
hantavirus infections.

Several potential drugs and drug targets have been identified over the last years.
Early studies with ribavirin, for instance, proved to improve the prognosis of cardio
pulmonary syndrome patients (Safronetz et al. 2011). Recently, chemical com-
pounds of phenyl-benzotriazole derivatives or baloxavir acid were proved to mas-
sively downregulate viral burden in vitro (Sanna et al. 2020; Ye et al. 2019). To
design more targeted drugs against surface properties of the capsid, labs use fluo-
rescence activated cell sorting (FACS) to identify molecules from a compound
library that block the entry of the virus in the target cell (Buranda et al. 2018). By
analyzing the interaction of the N protein with viral RNA using advanced EM
imaging, new structures on the N protein were identified that could serve as future
drug binding areas (Arragain et al. 2019).

Beside all these efforts to develop potent antivirals, the gold standard of the fight
against virus infections is a reliable vaccination. It is known that the intramuscular or
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subcutaneous injection of cell culture produced recombinant viral Gn/Gc or N
proteins induce a specific immune response in laboratory mice (Li and Klein 2012;
Yu et al. 2013). Soon, it became evident that the most promising targets of antibodies
are the Gc and Gn glycoproteins on the surface of orthohantaviruses, since an early
binding of antibodies at these glycoproteins prevents their structural shift, which
enables the binding to the host cell (Rissanen et al. 2020). Further research on the
protein structure of this glycoproteins enabled the design of tailor-suited monoclonal
antibodies (Levanov et al. 2019; Abdulla et al. 2021). At present, only few vacci-
nations made it to the market. An oral-administered vaccination targeted against
SNV is used to vaccinate deer mice (Peromyscus maniculatuts) in North America to
lower the viral burden of rodents in endemic areas (Warner et al. 2020). Vaccinations
in humans are mostly driven in Asian countries or the United States and are
excellently summarized elsewhere (Liu et al. 2020).

The efficacy of mononuclear antibodies against orthohantavirus is further boosted
by special adjuvants. Especially, low endotoxoic lipopolysaccharide contributed to
the enhancement of the immune response and—as a welcomed side effect—pro-
longed shelf life of the vaccine (Kurashova et al. 2020).

Summarized, there are many potential vaccinations in the pipeline targeting the
different orthohantavirus species around the globe. Some of them are already being
tested in preclinical studies (Dzagurova et al. 2020; Ma et al. 2020); however, there
are no postexposure prophylactic vaccines in development yet (Logue et al. 2020).
Furthermore, orthohantavirus is a very diverse family of virus in the order of
Bunyavirales, and it will be very sumptuous to create a specific vaccination for
each single family member. Therefore, some labs try to find a universal vaccine that
targets all members of Bunyavirales (Ter Horst et al. 2019).

38.7 Perspective

The knowledge of the distribution and the complexity of the family of Hantaviridae
is expanding in an unprecedented speed. Now species are found in hosts on all
continents and many countries operate a tight monitoring network to identify local
hotspots. Although hantaviruses are not officially endemic everywhere, practitioners
should be aware, that their patients might get infected on trips abroad or within the
country. Furthermore, institutes for public health need to continue their screen of
hantavirus in wild animals. By monitoring the host species composition and the viral
load of hosts, an impact for the human local community can be derived.

However, for many of the new described orthohantavirus species, the conse-
quence and pathogenicity on humans are unknown. It is the effort of many
researchers to generate virus isolates and grow them in cell culture systems so
understand more about the biology and transmission of the virus.

Currently, there are big efforts to design an efficient pan-orthohanta vaccine. The
recent successful development of SARS-CoV2 vaccines based on mRNA-
technology may probably facilitate the progress for a hantaviral vaccine. However,
till such a licensed vaccine is approved for the market, prevention of infection will
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remain on rodent control, avoidance of contact with rodent excreta, and properly
cleaning and disinfecting areas contaminated by rodent excreta.

In conclusion, despite 30 years of intense studies and growing awareness on
hantaviruses, there are still a lot of open questions that will attract the curiosity of
scientists for the coming years.

38.8 Cross-References

▶Bat-Related Zoonoses
▶Dangerous Viral Pathogens of Animal Origin: Risk and Biosecurity
▶ Public Health and Rodents: A Game of Cat and Mouse
▶Vector-Borne Zoonoses
▶Wild Birds and Zoonotic Pathogens

Conflict of Interest The authors declare no conflict of interest.
The authors declare that there is no financial or personal relationship with other people or

organizations that could inappropriately influence the work. Opinions, interpretations, conclusions,
and recommendations are those of the authors and are not necessarily endorsed by Bundeswehr
Joint Medical Service or any other governmental institutions.

References

Abdulla F, Nain Z, Hossain MM, Syed SB, Ahmed Khan MS, Adhikari UK (2021) A comprehen-
sive screening of the whole proteome of hantavirus and designing a multi-epitope subunit
vaccine for cross-protection against hantavirus: structural vaccinology and immunoinformatics
study. Microb Pathog 150:104705

Abu Sin M, Stark K, Van Treeck U, Dieckmann H, Uphoff H, HautmannW, Bornhofen B, Jensen E,
Pfaff G, Koch J (2007) Risk factors for hantavirus infection in Germany, 2005. Emerg Infect Dis
13:1364–1366

Abudurexiti A, Adkins S, Alioto D, Alkhovsky SV, Avšič-Županc T, Ballinger MJ, Bente DA,
Beer M, Bergeron É, Blair CD, Briese T, Buchmeier MJ, Burt FJ, Calisher CH, Cháng C,
Charrel RN, Choi IR, Clegg JCS, De La Torre JC, De Lamballerie X, Dèng F, Di Serio F,
Digiaro M, Drebot MA, Duàn X, Ebihara H, Elbeaino T, Ergünay K, Fulhorst CF, Garrison AR,
Gāo GF, Gonzalez J-PJ, Groschup MH, Günther S, Haenni A-L, Hall RA, Hepojoki J,
Hewson R, Hú Z, Hughes HR, Jonson MG, Junglen S, Klempa B, Klingström J, Kòu C,
Laenen L, Lambert AJ, Langevin SA, Liu D, Lukashevich IS, Luò T, Lǚ C, Maes P, De
Souza WM, Marklewitz M, Martelli GP, Matsuno K, Mielke-Ehret N, Minutolo M,
Mirazimi A, Moming A, Mühlbach H-P, Naidu R, Navarro B, Nunes MRT, Palacios G,
Papa A, Pauvolid-Corrêa A, Pawęska JT, Qiáo J, Radoshitzky SR, Resende RO,
Romanowski V, Sall AA, Salvato MS, Sasaya T, Shěn S, Shí X, Shirako Y, Simmonds P,
Sironi M, Song J-W, Spengler JR, Stenglein MD, Sū Z, Sūn S, Táng S, Turina M, Wáng B,
Wáng C, Wáng H, Wáng J, Wèi T, Whitfield AE, Zerbini FM, Zhāng J, Zhāng L, Zhāng Y,
Zhang Y-Z, Zhāng Yet al (2019) Taxonomy of the order Bunyavirales: update 2019. Arch Virol
164:1949–1965

Acuña R, Cifuentes-Muñoz N, Márquez CL, Bulling M, Klingström J, Mancini R, Lozach P-Y,
Tischler ND (2014) Hantavirus Gn and Gc glycoproteins self-assemble into virus-like particles.
J Virol 88

Ahlm C, Wallin K, Lundkvist A, Elgh F, Juto P, Merza M, Tärnvik A (2000) Serologic evidence of
Puumala virus infection in wild moose in Northern Sweden. Am J Trop Med Hyg 62:106–111

1228 E. Krautkrämer et al.
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Abstract

Human African trypanosomiasis (HAT) or sleeping sickness is a parasitic disease
caused by trypanosomes, which are transmitted by tsetse flies. Two species are
responsible for human infections: Trypanosoma brucei (T.b.) rhodesiense for the
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East African, and T.b. gambiense for the West African sleeping sickness. A third
species, T.b. brucei, causes Nagana disease in cattle. HAT is fatal if left untreated.
In recent years, considerable progress has been achieved in terms of treatment
(introduction of a new drug flexinidazole) and control (successful reduction of
cases).

Keywords

Visceral Leishmaniasis · Human African Trypanosomiasis · Trypanosoma
brucei · Congo Basin · Thick Blood Film

39.1 Historic Introduction

Human African trypanosomiasis (HAT) or sleeping sickness is one of Africa’s
classic tropical diseases. The first case reports go back to the fourteenth century.
Until recently, the impact of HAT on health in Africa has been devastating. Many
areas had long been rendered uninhabitable for people and domestic livestock.
Millions may have died in Central Africa around Lake Victoria and in the Congo
basin within the last 100 years.

In 1895, the British scientist Sir David Bruce (1855–1931) suggested an associ-
ation between trypanosomes and the “cattle fly fever,” a major problem for livestock
in southern Africa. In 1902, Robert M. Forde and Everett Dutton from the Liverpool
School of Tropical Medicine identified trypanosomes in the blood of a patient during
a research expedition in The Gambia, and in 1903, the Italian Aldo Castellani
isolated trypanosomes from the cerebrospinal fluid. In the same year, tsetse flies
were identified as the vector.

Up to the 1960s, control programs had been quite successful. However, recent
epidemics in the Democratic Republic of Congo, Northern Angola, South Sudan,
Uganda, and other countries resulted in a major resurgence of HAT. At the turn of the
twentieth century, the achievements in sleeping sickness control during colonial
times had been nearly completely reversed. Fortunately, recent successes of pro-
grams run by national institutions and various dedicated nongovernmental organi-
zations finally succeeded in a reduction of transmission in many accessible areas of
central Africa. However, nobody knows the true prevalence of HAT in Africa, as
many countries are still in a state of war and civil unrest with a desperate population
that cannot be reached by health interventions.

Today, about 60 million people in 36 African countries are exposed to the
potential risk of HAT in about 300 currently existing active foci. Today, only a
few hundred new cases are reported yearly to WHO, but they are doomed if left
untreated. For expatriates and international travelers, sleeping sickness has always
been a rare disease, although occasional clusters of cases in tourists to Tanzania,
Zambia, and Malawi are regularly reported.

There is hardly any other tropical disease that demonstrated more clearly the
hypocrisy characterizing our time. On one side, trypanosomes are kept in culture and
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studied extensively in numerous research laboratories. Their genome is sequenced,
and many molecular, biochemical, and immunological phenomena have been dis-
covered as a result of basic science research; scientific interest in the disease is
usually restricted to its research aspects. On the other hand, diagnostic and, espe-
cially, therapeutic tools were increasingly unavailable, because patients in rural
Africa were not commercially viable consumers. Global concern about the crisis
of HAT in Africa is a question of scientific ethics and international solidarity. HAT
can be seen as the classic example of a Neglected Tropical Disease (NTD).

Fortunately, there have been considerable developments in recent years. In 2012,
WHO set out to eliminate HAT as a public health problem. In the first stage, a
reduction of new cases below 2.000 per year was reached in 2020. Now, it is planned
to interrupt transmission of West African HAT by 2030. This, however, will only be
possible by integration of HAT control in the general package of basic and public
health measures. The control of the East African HAT is even more complex due to
its extensive animal reservoir, a classic example of the necessity of a modern “One
Health” approach.

39.2 Taxonomic Classification

HAT is caused by subspecies of the protozoan hemoflagellate Trypanosoma brucei,
which is transmitted to man and animals by tsetse flies (Glossina spp.). The
distribution of the vector restricts sleeping sickness to the African continent between
14� North and 29� South.

Human disease occurs in two clinically and epidemiologically distinct forms:
West African and East African sleeping sickness (Table 1). A third subspecies of the
parasite, T.b. brucei, causes the Nagana disease in cattle, but is nonpathogenic in

Table 1 The principal features of West and East African sleeping sickness

Disease West African sleeping sickness East African sleeping sickness

Parasite Trypanosoma brucei gambiense T.b. rhodesiense

Vector Transmitted by riverine tsetse flies
(palpalis group)

Transmitted by savannah tsetse flies
(morsitans group)

Clinical
course

Insidious onset, slow progression,
death in stage II after many months or
years

Acute onset, chancre frequent, rapid
course, death frequently in stage I
(cardiac failure)

Diagnosis Parasitemia scanty, Winterbottom’s
sign, serology

Parasitemia usually higher and easily
detectable, serological tests
unreliable

Treatment See Table 3

Epidemiology Tendency for endemicity, man as main
reservoir with evidence for several
other mammal species, severe public
health problem in many West and
Central African countries

Wild (antelopes, e.g., bushbuck) and
occasionally domestic animals as
reservoir and source of case clusters
and epidemic outbreaks
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humans. In Uganda, the only country where all three forms occur, the areas of
gambiense and rhodesiense sleeping sickness are currently about to overlap.

Trypanosoma brucei (phylum Sacromastigophora, order Kinetoplastida) is an
extracellular protozoan parasite. Like Leishmania, it possesses a centrally placed
nucleus and a kinetoplast, a distinct organelle containing extranuclear DNA. The
kinetoplast is the insertion site of an undulating membrane, which extends over
nearly the whole cell length and ends as a free flagellum.

The three subspecies of T. brucei are morphologically indistinguishable. How-
ever, they differ considerably in their interaction with their mammalian host and
the epidemiological pattern of the diseases they cause. Formerly, T.b. gambiense and
T.b. rhodesiense isolates were characterized either by isoenzyme analysis or by
animal inoculation. The advent of molecular techniques created expectations of
more reliable tools for their differentiation. However, genomic characterization
has revealed several more subdivisions rather than the three expected. Whereas
West African isolates proved relatively homogeneous, East African isolates from
humans and animals did not simply conform to what is still called T.b. rhodesiense
and T.b. brucei, but showed a complex relationship with evidence of so far
undiscovered genetic exchange in the vector. Further molecular research may soon
lead to a comprehensive phylogenetic tree and a deeper insight into trypanosomal
evolution and biology.

39.3 Biology

Although congenital, blood-borne and mechanical transmission have been reported
and may play an occasional role, the main mode of transmission is through the bite of
infected tsetse flies (Glossina spp., order Diptera). These are biologically unique
insects, which occur only in Africa in 31 distinct species and subspecies. Less than
half are potential vectors of HAT. Their distinctive behavior, ecology, and chosen
habitat explain many epidemiological features of sleeping sickness. Tsetse flies can
live for many months in the wild, but give birth to only about eight larvae per
lifetime. Both sexes feed on blood. They require warm temperatures, shade, and
humidity for resting and larviposition, which makes their distribution highly local-
ized. Recently, the mapping and monitoring of possible HAT transmission foci has
become possible with the use of satellite imaging techniques.

During the blood meal on an infected mammalian host, the tsetse fly takes up
trypanosomes (“short-stumpy form”) into its mid-gut, where they develop into
procyclic forms and multiply. After about 2 weeks, they migrate to the salivary
glands as epimastigotes, where they finally develop into infective metacyclic forms.
At the next blood meal, they are injected into a new vertebrate host where they
appear as “long-slender” trypomastigotes and multiply by binary fission. In contrast
to Leishmania and T. cruzi, T. brucei is an exclusively extracellular parasite.

The cyclic changes of the trypanosome into different developmental stages are
accompanied by variations in morphology, metabolism, and antigenicity. Several
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unique metabolic pathways have been described in trypanosomes, distinct from their
host and thus qualifying as potential drug targets.

The blood stream forms of T. brucei are covered with a dense coat of identical
glycoproteins, numbering up to about 500 aminoacids per molecule. Being highly
immunogenic, they stimulate the production of specific antibodies, mainly of the
IgM subclass. Once the surface glycoproteins have been recognized by host anti-
bodies, the parasite will be attacked and destroyed through complement activation
and cytokine release, giving rise to local and systemic inflammatory reactions.

However, about 2% of T. brucei in each new generation change the expression of
their specific surface glycoprotein. The “coat” will then be different in the new clone
(thus, “variant” surface glycoprotein: VSG). This phenotypic switch is done mainly
by programed DNA-rearrangements, moving a transcriptionally silent VSG gene
into an active, telomerically located expression site. Each T. brucei parasite already
has the information for hundreds of different VSG genes, and within a whole
trypanosome population, the potential repertoire for such different VSG copies
seems to be virtually infinite.

Every new VSG copy is antigenically different, thus stimulating the production of
a new IgM population. This antigenic variation is the major immune evasion strategy
of the parasite, enabling the trypanosome to persist in its vertebrate host. It also
reduces parasite load and prolongs the infection. But the inevitable outcome is
immune exhaustion of the host (supported by additional immunosuppressive metab-
olites of the parasites), penetration of trypanosomes into immune-privileged sites
such as the central nervous system, and finally death.

39.4 Pathogenicity and Pathology

HAT progresses much more rapidly (over weeks or months) in the East African or
rhodesiense variety compared with a more insidious onset and protracted course that
can last years in gambiense (West African) infection. Generally, there are many more
circulating organisms in rhodesiense compared with gambiense infections, making
direct parasitological diagnosis easier in East African sleeping sickness. The number
of organisms in the blood also varies widely depending on the immunological
response to infection. These numbers come and go in waves, because antibodies
that develop to one antigenic type of trypanosome can lyse them, but are not
effective in stopping multiplication of a smaller number of organisms that have a
different antigenic type, and it takes time for immune systems to respond to this new
variant. Host inflammatory responses mediated by cytokines are prominent and,
together with immunological responses, may contribute to pathophysiology. There
are two stages of infection, which are important to distinguish because stage
determines the choice of treatment and subsequent risks.

A few days after an infective tsetse bite, a small papule may develop, more often
in rhodesiense than in gambiense infections. As organisms multiply locally, they
excite inflammatory responses, an erythematous tissue reaction with edema and
lymphadenopathy can follow. This “trypanosomal chancre” is commonly found in
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rhodesiense, but rarely in gambiense infections. Organisms then invade quickly the
hemolymphatic system where they multiply. Symptoms of fever, rigors, headaches,
and arthralgias follow. These may be less prominent in gambiense infections.
Lymphadenopathy is detected frequently, especially in the posterior triangle of the
neck. This “Winterbottom’s sign” is diagnostically useful, because lymph juices
from these glands can show parasites and help to establish a diagnosis.

After local multiplication at the site of inoculation, the trypanosomes invade the
hemolymphatic system, where they can be detected after 7–10 days. During this
period of spread, they are exposed to vigorous host defense mechanisms, which they
evade by antigenic variation. This continuous battle between antigenic switches and
humoral defense results in a fluctuating parasitemia with parasites frequently becom-
ing undetectable, especially in gambiense HAT. The cyclic release of cytokines
during periods of increased cell lysis results in intermittent, nonspecific symptoms:
fever, chills, rigors, headache, and joint pains. These can easily be misdiagnosed as
malaria, viral infection, typhoid fever, or many other conditions. Hepatosple-
nomegaly and generalized lymphadenopathy are common, indicating activation
and hyperplasia of the reticuloendothelial system.

Trypanosomes cross the blood–brain barrier within weeks after infection in
rhodesiense and months in gambiense infections. This indicates the beginning of
the “sleeping sickness” phase, which is associated with personality changes, head-
aches, withdrawal from the environment, and other signs of neurological involve-
ment. Patients find it harder to carry out any but the simplest of tasks and show a kind
of “mental tunnel vision.” There are changes in circadian rhythm as well, such as
nocturnal insomnia and daytime somnolence. Unless treated, these symptoms pro-
gress and are associated with apathy, inanition, and eventually secondary infections
such as pneumonias that precede death.

39.5 Clinical Manifestations

Sleeping sickness is a dreadful disease, causing great suffering to patients, their
families, and the affected community. The infection often has an insidious onset, but
T. brucei, whether the East or West African subspecies, will invariably kill if the
patient is not treated in time. The natural course of HAT can be divided into different
and distinct stages. Their recognition and differentiation are important for the clinical
management of the patient.

39.5.1 The Trypanosomal Chancre

Tsetse bites can be quite painful, usually leaving a small and self-healing mark. In the
case of a trypanosomal infection, the local reaction can be quite pronounced and
longer lasting. A small raised papule will develop after about 5 days. It increases
rapidly in size, surrounded by an intense erythematous tissue reaction with local
edema and regional lymphadenopathy. Although some chancres have a very nasty
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appearance, they are usually not very painful unless they become ulcerated and
superinfected. They heal without treatment after 2–4 weeks, leaving a permanent,
hyperpigmented spot.

Trypanosomal chancres occur in more than half the cases of T.b. rhodesiense. In
T.b. gambiense, they are much less common and often go undetected in endemic
populations.

39.5.2 Hemolymphatic Stage (HAT Stage I)

A reliable sign, particularly in T.b. gambiense infection, is the enlargement of lymph
nodes in the posterior triangle of the neck (Winterbottom’s sign). Other typical signs
are a fugitive patchy or circinate rash, a myxedematous infiltration of connective
tissue (“puffy face syndrome”), and an inconspicuous periostitis of the tibia with
delayed hyperesthesia (Kérandel’s sign).

In T.b. rhodesiense infection, this hemolymphatic stage is very pronounced with
severe symptoms, clinically often resembling falciparum malaria or septicemia.
Frequently, patients die within the first weeks after the onset of symptoms, mostly
through cardiac involvement (myocarditis). In the early stage of T.b. gambiense
infection, symptoms are usually infrequent and mild. Febrile episodes become less
severe as the disease progresses.

Patients presenting with an appropriate history of travel in endemic areas, perhaps
a history of being bitten by tsetse flies and systemic symptoms of fever should raise
suspicion of HAT.

39.5.3 Meningoencephalitic Stage (HAT Stage II)

Within weeks in T.b. rhodesiense and months (sometimes years) in T.b. gambiense
infection, cerebral involvement will invariably follow; trypanosomes cross the
blood–brain barrier.

The onset of stage II is insidious. The exact time of central nervous system
involvement cannot be determined clinically. On histology, perivascular infiltration
of inflammatory cells (“cuffing”) and glial proliferation can be detected, resembling
cerebral endarteritis. As the disease progresses, patients complain of increasing
headache and their families may detect a marked change in behavior and personality.
Neurological symptoms, which follow gradually, can be focal or generalized,
depending on the site of cellular damage in the central nervous system. Convulsions
are common, usually indicating a poor prognosis. Periods of confusion and agitation
slowly evolve toward a stage of distinct perplexity when patients lose interest in their
surroundings and their own situation. Inflammatory reactions in the hypothalamic
structures lead to a dysfunction in circadian rhythms and sleep regulatory systems.
Sleep pattern become fragmented and finally result in a somnolent and comatose
state. Progressive wasting and dehydration follow the inability to eat and drink.
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In children, HAT progresses even more rapidly toward this meningoencephalitic
stage. Parents often notice insomnia and behavioral changes long before the diag-
nosis is established.

There is no pathognomonic clinical sign of late HAT, a wide range of possible
neurological and psychiatric differential diagnoses is opened instead. However, the
appearance of the patient with apathy, the typical expressionless face and swollen
lymph nodes at the posterior triangle of the neck, is very suggestive for HAT in
endemic areas.

39.6 Laboratory Diagnosis

HAT can never be diagnosed with certainty purely on clinical grounds. Definitive
diagnosis requires the detection of the parasite in chancre aspirate, blood, lymph
juice, or cerebrospinal fluid using various parasitological techniques.

39.6.1 Lymph Node Aspirate

Lymph node aspiration is widely used, especially for the diagnosis of gambiense
HAT. Fluid of enlarged lymph nodes, preferably of the posterior triangle of the neck
(Winterbottom’s sign), is aspirated and examined immediately at � 400 magnifica-
tion without additional staining. Mobile trypanosomes can be detected for a few
minutes between lymphocytes.

39.6.2 Wet Preparation, Thin and Thick Blood Film

During all stages of the disease, trypanosomes may appear in the blood stream where
they can be detected in unstained wet or in stained preparations. The yield of
detection is highest in the thick blood film, a technique widely used for the diagnosis
of blood parasites such as Plasmodia or microfilaria. Giemsa or Field staining
techniques are appropriate.

Especially in gambiense HAT, parasitemia is usually low and fluctuating, often
even undetectable. Repeated examinations on successive days are sometimes nec-
essary until trypanosomes can be documented.

39.6.3 Concentration Methods

To increase the sensitivity of blood examinations, various concentration assays have
been developed. Trypanosomes tend to accumulate in the buffy coat layer after
centrifugation of a blood sample. The best results have been obtained with the
mAECT (mini anion exchange column technique), where trypanosomes are concen-
trated after passage through a cellulose column, the QBC method (quantitative buffy
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coat), which was originally developed for the diagnosis of malaria, or the CTC
method (capillary tube centrifugation), which is widely used in the field.

39.6.4 Nucleic Amplification Techniques

Several specific primers have been described to detect trypanosomal DNA using the
polymerase chain reaction (PCR). They had been successfully applied to samples
from blood, lymph juice, and CSF, mostly under conditions of a research laboratory.
Until today PCR assays are still inferior to conventional parasitological techniques.

39.6.5 Serological Assays

Serology is a useful tool to detect antibodies against trypanosomes. Various test
methods have been described; some of them are now commercially available. They
are mainly based on ELISA technique or immunofluorescence, but provide reliable
results only in gambiense HAT.

For rapid screening under field conditions, the CATT (card agglutination test for
trypanosomiasis) is an excellent tool in areas of T.b. gambiense infestation. It is easy
to perform and delivers results within 5 min. A visible agglutination in the CATT
suggests the existence of antibodies, but does not necessarily imply overt disease.
Still, any positive serological result always requires parasitological confirmation
before the initiation of treatment.

Recently, novel diagnostic tests similar to the rapid detection tests (RDT) for the
diagnosis of malaria or COVID-19 have been developed by the nonprofit organiza-
tion FIND (Foundation for Innovative New Diagnostics) and are currently undergo-
ing evaluation under field conditions.

39.6.6 Nonspecific Laboratory Findings

Anemia and thrombocytopenia are caused by systemic effects of cytokine release,
especially of TNF-α. Hypergammaglobinemia can reach extreme levels as a result of
polyclonal activation of plasma cells. IgM levels detected in HAT are among the
highest observed in any infectious disease.

39.6.7 Diagnosis of Stage II

Stage determination is crucial for the correct management of a patient. This cannot
be done on clinical grounds alone. Therefore, cerebrospinal fluid must be examined
in every patient found positive for trypanosomes in blood or lymph aspirate. In
addition, a lumbar puncture should also be performed in all patients in whom HAT is
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suspected clinically even if peripheral examinations had proved negative. A mini-
mum of 5 ml of cerebrospinal fluid is required to examine for:

• Leucocytes: Cerebral involvement in HAT stage II is accompanied by pleocytosis,
mostly lymphocytes, in the cerebrospinal fluid. By convention a number of five
cells or more per mm3 cerebrospinal fluid defines central nervous system involve-
ment even if the patient does not (yet) have neurological symptoms. Pathogno-
monic for HAT is the appearance of activated plasma cells with eosinophilic
inclusions in the cerebrospinal fluid, the morular cells of Mott

• Trypanosomes: The chances of detecting trypanosomes in the cerebrospinal fluid
increase with the level of pleocytosis and the technique used. The highest yield is
obtained by cerebrospinal fluid double centrifugation and rapid microscopy at the
bedside

• Protein: In patients with HAT, a level of 37 mg of protein per 100 ml cerebro-
spinal fluid (dye-binding protein assay) or more is highly suggestive of the
advanced stage. Stage II HAT is characterized by an autochthonous production
of IgM antibodies in the cerebrospinal fluid, which can be selectively detected if
suitable laboratory facilities exist (e.g., latex IgM test)

39.7 Treatment

39.7.1 General Considerations

HAT is curable, especially if the diagnosis is made at an early stage of the disease. In
the harsh reality of the African situation, however, there are many major obstacles to
successful patient management:

1. Sleeping sickness is a disease of rural, remote places. The active foci of sleeping
sickness are usually in far away and insecure places, which are difficult to reach.
Many treatment centers work under emergency conditions with extremely
restricted resources. Numerous patients, without proper access to health care,
are left unattended.

2. The diagnosis is difficult. Initial diagnosis and exact staging of trypanosomiasis
requires sophisticated methods that are potentially harmful to the patient and thus
justified only in the hands of experienced personnel. Repetitive training pro-
grams, constant supervision, and continuous quality control are necessary but, in
reality, rarely available.

3. The treatment of trypanosomiasis is extremely costly although the drugs them-
selves are now covered by a donation program. Invariably, demand exceeds the
locally available resources. External funding and sustainable donor commitments
for rural Africa is generally decreasing.

4. The treatment can be complicated, dangerous, prolonged, and usually requires
hospitalization. Most patients with late-stage trypanosomiasis are severely ill and
malnourished. Adverse drug reactions during treatment are difficult to assess due
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to concomitant pathologies. Their management requires considerable medical
skill and good nursing care. Hospitals in rural Africa are often inadequately
equipped and staffed to accomplish good patient care.

5. Many drugs are not easily available. Trypanosomicidal agents were on the verge
of disappearance despite increasing demand. The range of drugs is diminishing,
and hardly any new treatments are in sight. This is especially worrying in view of
the reported spread of drug resistance.

6. HAT treatment is not standardized. Trypanosomiasis treatment regimens vary
considerably between countries and treatment centers. Results from different
centers are comparable to only a very limited extent. Few properly conducted
and sufficiently powered clinical trials are available to evaluate duration, dosage,
and possible combinations of drugs. Sufficient infrastructure for carrying out
clinical research exists in only a handful of places.

7. The price for cure of HAT is high: dangerous drugs with limited availability and
prolonged treatment schedules administered in many places by poorly trained
personnel in rudimentary medical facilities. Little progress has been achieved in
the last 30 years.

The treatment of HAT depends on the trypanosome subspecies and the stage of
the disease (Table 2).

39.7.2 Stage I Drugs

39.7.2.1 Pentamidine
Since its introduction in 1937, pentamidine has become the drug of choice for
gambiense HAT stage I, achieving cure rates as high as 98%. However, there are
frequent failures in rhodesiense HAT. Lower rates of cellular pentamidine uptake in
T.b. rhodesiense may explain these differences. Some cures of stage II infections
have also been reported, but cerebrospinal fluid drug levels are usually not suffi-
ciently high to guarantee a reliable trypanosomicidal effect in the central nervous
system.

Pentamidine is usually given by deep intramuscular injection, often on an outpa-
tient basis. If hospital care and reasonable monitoring conditions are available, an
intravenous infusion, given in normal saline over 2 h, might be used instead. The

Table 2 The choice of drugs in the treatment of sleeping sickness until 2019

Gambiense sleeping sickness
Rhodesiense sleeping
sickness

HAT
Stage I

Pentamidine Suramin

HAT
Stage II

1st
line

NECT (nifurtimox eflornithine combination
therapy)

1st
line

Melarsoprol

2nd
line

Melarsoprol 2nd
line

+ Nifurtimox
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Table 3 Dosage and principal adverse reactions of antitrypanosomal agents

Dosage regimen Adverse drug reactions

Pentamidine 4 mg/kg body weight
intramuscular daily or on
alternate days for 7–10
injections

Hypotensive reaction (common) with
tachycardia, dizziness, even collapse and
shock, especially after intravenous
administration, close monitoring of pulse rate
and blood pressure after injection is mandatory
Inflammatory reactions at the site of injection
(sterile abscesses, necrosis)
Renal, hepatic, and pancreatic dysfunction
Neurotoxicity: peripheral polyneuropathy
Bone marrow depression

Suramin Day 1: Test dose of 4–5 mg/
kg body weight
Day 3, 10, 17, 24 and 31:
20 mg/kg body weight,
maximum dose per
injection 1 g

Pyrexia (very common)
Early hypersensitivity reactions such as nausea,
circulatory collapse, urticaria
Late hypersensitivity reactions: skin reactions
(exfoliative dermatitis), hemolytic anemia
Renal impairment: albuminuria, cylindruria,
hematuria (high renal tissue concentrations);
regular urine checks during treatment are
mandatory
Neurotoxicity: peripheral neuropathy
Bone marrow toxicity: agranulocytosis,
thrombocytopenia

Melarsoprol New regimen
Day 1–10: 2.2 mg/kg body
weight
(not evaluated for T.b.
rhodesiense)

Treatment-induced encephalopathy
Pyrexia
Neurotoxicity: peripheral motor or sensory
polyneuropathy
Dermatological reactions: pruritus, urticaria,
exfoliative dermatitis
Cardiotoxicity
Renal and hepatic dysfunction

Eflornithine Most commonly used dosage
regimen
100 mg/kg body weight at 6-h
intervals for 14 days

Gastrointestinal symptoms such as nausea,
vomiting, and diarrhea
Bone marrow toxicity: anemia, leukopenia,
thrombocytopenia
Alopecia, usually toward the end of the
treatment cycle
Neurological symptoms such as convulsions

Nifurtimox 5 mg/kg body weight three
times daily for 30 days

Abdominal discomfort such as nausea, pains,
and vomiting in half of the treated patients,
often leading to a disruption of the treatment
course
Neurological complications: convulsions
Impairment of cerebellar function,
polyneuropathy
Skin reactions

NECT Nifurimox 5 mg/kg every 8 h
over 10 days + Eflornithine
200 mg i.v. every 12 h over
7 days

As above, but less as compared to monotherapy
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main advantage of pentamidine over other drugs is the short treatment course and
ease of administration. Adverse effects are related to the route of administration or its
dose and are usually reversible.

In clinical medicine, pentamidine is also used as second-line therapy for visceral
leishmaniasis and especially in the prophylaxis and treatment of opportunistic
Pneumocystis jirovecii pneumonia in AIDS. Since the start of the HIV pandemic,
the price of pentamidine was increased more than tenfold by producers, making it
unaffordable by health institutions in low-income countries. After an intervention led
by WHO, a limited amount of pentamidine is now made available for use in HAT.

39.7.2.2 Suramin
In the early twentieth century, the development of suramin, resulting from German
research on the trypanosomicidal activity of various dyes (“Bayer 205”), was a major
breakthrough in the field of tropical medicine. For the first time, African trypanoso-
miasis, at least in its early stages, became treatable without causing major harm.

Suramin is still used to treat stage I HAT, especially rhodesiense. Like pentam-
idine it does not reach therapeutic levels in cerebrospinal fluid. Suramin is injected
intravenously after dilution in distilled water.

Adverse effects depend on nutritional status, concomitant illnesses (especially
onchocerciasis), and the patient’s clinical condition. Although life-threatening reac-
tions have been described, serious adverse effects are rare.

39.7.3 Stage II Drugs

39.7.3.1 Melarsoprol
Until the systematic introduction of the arsenical compound melarsoprol in 1949,
late-stage trypanosomiasis was virtually untreatable. Since then, it has remained the
most widely used stage II antitrypanosomal drug both for T.b. gambiense and
rhodesiense infections. It has saved many lives, but has a high rate of dangerous
adverse effects. Increasing frequency of relapses and resistance has been reported in
some parts of Congo, Angola, Sudan, and Uganda.

Melarsoprol clears trypanosomes rapidly from the blood, lymph, and cerebrospi-
nal fluid. Its toxicity usually restricts its use to late-stage disease. It is given by slow
intravenous injection; extravascular leakage must be avoided.

A new, simpler regimen is based on recently acquired knowledge of the drug’s
pharmacokinetics. The most important adverse effect is an acute encephalopathy,
provoked around day 5–8 of the treatment course in 5–14% of all patients. There is
severe headache, convulsions, rapid neurological deterioration, or deepening of
coma. Characteristically, the comatose patient’s eyes remain open. Most probably,
this is an immune-mediated reaction precipitated by release of parasite antigens in
the first days of treatment. The overall case fatality under treatment ranges between
2% and 12%, depending on the stage of disease and the quality of medical and
nursing care. Simultaneous administration of glucocorticosteroids (prednisolone
1 mg/kg body weight; maximum 40 mg daily) might reduce mortality, especially
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in cases with high cerebrospinal fluid pleocytosis. However, in areas where tuber-
culosis, amebiasis or strongyloidiasis are highly prevalent, corticosteroids have
dangers of their own!

39.7.3.2 Eflornithine (DFMO)
Initially developed as antitumur agent, eflornithine (alpha-difluoro-methylornithine)
was introduced in 1980 as an antitrypanosomal drug, in the hope that it might replace
melarsoprol for treatment of stage II trypanosomiasis. However, exorbitant costs and
limited availability have restricted its use mostly to melarsoprol-refractory cases of
gambiense sleeping sickness. T.b. rhodesiense is much less sensitive due to a much
higher turnover rate of the target enzyme ornithine-decarboxylase and, therefore,
cannot be treated with Eflornithine.

It can be taken orally, but intravenous administration is preferred as it achieves a
much higher bioavailability and success rate. Eflornithine should be administered
slowly over a period of at least 30 min. Continuous 24-h administration is preferable
if facilities allow.

The range of adverse reactions to eflornithine is wide, as with other cytotoxic
drugs in cancer treatment. Their occurrence and intensity increase with the duration
of treatment and the severity of the patient’s general condition.

In the late 1990s, no pharmaceutical company has produced eflornithine for use
against HAT, despite demands by WHO. The discovery of its therapeutic effect in
cosmetic creams against facial hair helped to restimulate production and thus had a
beneficial “spin-off effect” for HAT. In 2001, agreements were signed between
WHO and two major drug producing companies which led to a “Public-Private-
Partnership” (PPP) and helped to assure a sufficient supply of eflornithine and other
drugs essential for the treatment of HAT. The agreement was prolonged several times
on a 5-year basis.

39.7.3.3 Nifurtimox
Ten years after its introduction for the treatment of American trypanosomiasis in
1967, nifurtimox was found to be effective in the treatment of gambiense sleeping
sickness. It has a place as second-line treatment in melarsoprol-refractory cases or in
combination chemotherapy.

Nifurtimox is generally not well tolerated, but adverse effects are usually not
severe. They are dose-related and rapidly reversible after discontinuation of the drug.

39.7.3.4 Combination Treatments in HAT
Melarsoprol, eflornithine, and nifurtimox interfere with trypanothione synthesis and
activity at different stages. There is also experimental evidence that combinations of
suramin and stage II drugs might also be beneficial. Therefore, by reducing the
overall dosage of each individual component, drug combinations could perhaps
reduce the frequency of serious side effects, and the development of resistance,
which are such common problems in the treatment of sleeping sickness.

In 2009, a large multi-center clinical trial was published demonstrating the
advantages of a nifurtimox eflornithine combination therapy (NECT) over
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eflornithine monotherapy in gambiense HAT. NECT is now considered to be the
treatment of choice in the late stage of T.b. gambiense infection.

39.7.3.5 Recent Developments in the Treatment of HAT
A major breakthrough was achieved in the last 10 years. When the international
nongovernmental organization Médecins sans Frontières received the Nobel Peace
Prize in 1999, the award money was used to form a new institution: Drugs für
Neglected Disease Initiative (DNDi), which set out to bridge the gap between basic
science and drug development. One major outcome was a new drug to treat HAT:
flexinidazole, a nitroimidazole for oral use. In November 2018, the European
Medicines Agency adopted a positive opinion for fexinidazole, and WHO followed
by updating the guidelines for the treatment of West African HAT in 2019.
Fexinidazole is now recommended for individuals of � 6 years and � 20 kg, in
first and second stage T.b. gambiense infection with <100 leukocytes/μl in the
cerebrospinal fluid. NECT remains recommended for those with with � 100 leuko-
cytes/μl. The use of flexinidazole for T.b. rhodesiense infection is still not
recommended, but currently under investigation.

39.8 Preventive Measures

39.8.1 Individual Protection

Tsetse flies have a very patchy distribution. Infested strips of land are often well
known to the local population and should be avoided as much as possible. HAT
among tourists and occasional visitors to endemic areas is a rare but regularly
reported event. Pentamidine or suramin chemoprophylaxis is historical, and can no
longer be recommended.

Insect repellents are of limited use, as tsetse flies are visually oriented. Long-
sleeved, bright clothing (avoidance of black or dark blue) can decrease attractiveness
to these insects and is the best defense against attacking tsetse flies.

39.8.2 Control in Endemic Areas

In the past, tremendous efforts were undertaken to control the threat posed by
trypanosomiasis to humans, livestock, and economic development in rural Africa.
Control programs are based on the five complementary pillars given in Table 4.

Table 4 Control of HAT 1 Diagnosis and treatment of patients

2 Active case finding

3 Vector control

4 Implementation and continuation of a surveillance system

5 Training, health education and community participation
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The most important strategy is active case finding. This requires mobile teams,
which regularly visit villages in endemic areas. Mostly based on the results of CATT
screening, patients, preferably in the early stage of the disease, are identified and
treated. Gradually, the parasite reservoir is depleted. As Glossina is a relatively
incompetent vector with infectivity rates usually below 0.1% and susceptible to
control measures such as insecticide application or trapping, the combination of
various approaches can lead to a complete break of the transmission cycle. This was
achieved in the past in many places. However, the recent resurgence of sleeping
sickness in areas ridden by war and civil unrest, in combination with the decreasing
availability of drugs on the international market and the general loss of interest in
health in Africa, gives rise to the fear that HAT will soon be again out of control.
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Abstract

Cryptosporidiosis usually manifests as gastrointestinal infection and is associated
with considerable morbidity and, in some circumstances, mortality. Effective
treatment that is suitable for all patients, including those that are particularly
affected by infection, children and the immunocompromised, is lacking.

There are several species of Cryptosporidium, some of which are zoonotic.
The most important of these zoonotic species is Cryptosporidium parvum, but
others, including C. cuniculus (predominantly associated with rabbits),
C. meleagridis (predominantly associated with poultry), and C. ubiquitum (pre-
dominantly associated with sheep and cervids), are also of public health impor-
tance. C. hominis is generally only infective to humans. Subtypes within species
have also been identified, with varying host-specificities, and, in addition, some
genotypes have been identified that may, potentially, be recognized as individual
species as more information accumulates.
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Cryptosporidium is particularly suited to waterborne transmission, but
foodborne transmission has also occurred on multiple occasions and outbreaks
have been documented. In this chapter various waterborne outbreaks are
reviewed, particularly those associated with zoonotic transmission, and also
Standard Methods for analyzing water and food samples for contamination with
these parasites. Although most waterborne outbreaks of cryptosporidiosis are due
to C. hominis (and are therefore not zoonotic), most foodborne outbreaks are
apparently zoonotic. Zoonotic transmission also occurs when there is close
contact between infected animals and humans, particularly veterinary students
and young children on petting farms. Thus, cryptosporidiosis is an important
zoonosis with the potential for causing community-wide outbreaks of disease due
to both waterborne and foodborne transmission.

Keywords

Cryptosporidium · Cryptosporidiosis · Foodborne transmission · Waterborne
transmission · Zoonoses

40.1 Introduction

Cryptosporidium spp. are protozoan parasites that have been reported from a large
variety of different hosts globally, including humans. To date, at least 25 different
species of Cryptosporidium have been identified and described, and of these around
50% have been reported as being infectious to humans. In addition, multiple subtypes
have been identified, some of which have zoonotic potential (e.g., chipmunk genotype
I; Bujila et al. 2021), and the zoonotic horse genotype (Widmer et al. 2020), but have
currently not been assigned species status. Additionally, subtypes within species can
have a significant bearing on adaption to host species. It is becoming increasingly
apparent that within species currently considered zoonotic, some subtypes may have
specific host-specificity and may even solely infect humans, and therefore have no
zoonotic potential. For C. parvum these include C. p. anthroponosum (IIc) (Nader
et al. 2019) and subtypes IIe and IIm, whereas infections in livestock (cattle, sheep,
and goats – the main sources of human zoonotic infection) are dominated by subtypes
IIa and IId worldwide (Widmer et al. 2020). Furthermore, while some subtypes are
capable of infecting both humans and other animals, their proclivity for a particular
host species can have a bearing on their zoonotic potential. For example, C. ubiquitum
subtype XIIa is found in ruminants worldwide, but subtypes XIIb-XIIf are predomi-
nantly found in rodents. Not surprisingly, the most common subtype found in humans
in most parts of the world is XIIa. In the USA, however, there is a different pattern,
with XIIb-XIId most commonly found in humans, and these genotypes were also the
most common ones in rodents in the USA and also found in drinking water sources. As
people in the USA probably have limited direct contact with wild rodents, it would
seem that here C. ubiquitum zoonotic transmission may well be through rodent-
contaminated water supplies (Li et al. 2014).
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However, most reported human infections involve C. parvum (an important
zoonotic species, particularly associated with infections in calves) or C. hominis,
which is found primarily in humans. Other species that are considered important as
human pathogens include C. meleagridis, a zoonotic infection primarily associated
with infections in turkeys, but also relatively commonly identified in children in
South America, and C. cuniculus, another zoonotic species particularly associated
with infections in rabbits (Table 1). The other species of Cryptosporidium with
zoonotic potential tend to be associated only with sporadic cases of human infection
(e.g., C. ubiquitum infections that are usually associated with infections in sheep and
cervids, although in some locations rodents) or are particularly associated with
infections in immunocompromised patients (e.g., C. suis infections, more commonly
associated with infection in pigs, and C. felis infections, more commonly associated
with infections in cats; however one case of probably zoonotic transmission of
C. felis from a cat to its immunocompetent owner has been documented (Beser
et al. 2015). Although prevalence data are patchy, Cryptosporidium infection has
emerged as a global public health problem, and has been reported from all continents
except Antarctica (Wang et al. 2018).

Waterborne transmission is important in cryptosporidiosis; numerous waterborne
outbreaks of cryptosporidiosis have occurred worldwide due to oocyst contamina-
tion of drinking water sources. The largest waterborne illness outbreak of any kind in
the USA occurred in 1993 when over 400,000 people acquired cryptosporidiosis in
Milwaukee (Mac Kenzie et al. 1994). More recently, around 27,000 people suffered
from waterborne cryptosporidiosis in Östersund, Sweden in 2010 (Widerström et al.
2014).

In this chapter, emphasis will be primarily directed toward those species of
Cryptosporidium that are predominantly zoonotic (that is, not C. hominis, as this is
associated almost exclusively with human infections), and that have also been
associated with waterborne or foodborne infection. Thus, C. parvum will be the
main focus of the chapter, but also C. cuniculus. In addition, more general informa-
tion will be provided including on the life cycle, clinical symptoms, diagnosis, and
treatment of Cryptosporidium infections, both from a medical and a veterinary
perspective, transmission routes and the epidemiology of infection, waterborne
and foodborne outbreaks of zoonotic cryptosporidiosis, and the detection of Cryp-
tosporidium in these matrices.

40.2 General Information on Cryptosporidium
and Cryptosporidiosis: Life Cycle, Clinical Presentation,
Diagnosis, and Treatment

For all Cryptosporidium species, the life cycle is direct (no intermediate host). When
viable oocysts are ingested by an appropriate susceptible host, they usually excyst in
the small intestine (C. baileyi can be associated with intra-tracheal infection in
chickens) where the resultant sporozoites invade epithelial cells – and locate
epicellularly (within the cell, but not within the cytoplasm). Repeated cycles of
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Table 1 Overview of the major relevant species of Cryptosporidium in domestic animals (live-
stock and pets), including clinical presentation and zoonotic potentiala

Cryptosporidium
species Host animal

Clinical notes for host
animal species Zoonotic potential

C. andersoni Cattle Older post-weaned calves,
yearlings, and adults – some
failure to thrive. Infects
abomasal gastric glands

Yes

C. baileyi Poultry Detected in many different
anatomical sites including
digestive tract, respiratory
tract, and urinary tract. Has
been associated with high
morbidity and mortality

A few reports from
immunocompromised
patients

C. bovis Cattle Common in post-weaned
calves – less pathogenic
than C. parvum

No

C. canis Dogs Often asymptomatic: may
be associated with diarrhea

Yes: sporadic cases
diagnosed in both
immunocompetent and
immunocompromised
patients

C. cuniculus Rabbits Symptoms mostly mild or
lacking, but severe cases
have been reported

Yes: first identified as
pathogenic to human during
a waterborne outbreak

C. felis Cats May be associated with
persistent diarrhea

Yes: sporadic cases
diagnosed in both
immunocompetent and
immunocompromised
patients

C. erinacei Hedgehogs
and horses

No symptoms reported Yes: Sporadic cases
reported; one report in an
immunocompetent male

C. galli Poultry Infects the proventriculus,
and has been associated
with acute diarrheal disease

No

C. meleagridis Poultry Mostly intestinal and
generally associated with
mild symptoms

Yes: cases in
immunocompetent and
immunocompromised
reported. Occurs
particularly in Peru

C. parvum Cattle Common in pre-weaned
calves – acute onset
diarrhea. Intestinal location

Yes: considerable

Cervids Information on species
detected among farmed deer
is lacking; diarrhea in young
calves, possibly severe, but
can also be asymptomatic

(continued)
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asexual reproduction result in destruction of these cells and the production of
enormous quantities of meronts. A sexual cycle, gametogony, results in oocyst
production. The oocysts sporulate while within the host (unlike other genera of
Apicomplexa such as Eimeria spp. or Toxoplasma gondii) and may excyst within the
same host, resulting in re-invasion of the epithelial cells and continuation of the
infection. Alternatively, the oocysts are excreted in the feces, and are immediately
infectious for the next host. These small oocysts (for most species they are approx-
imately spherical and around 3–5 μm in diameter, although there is interspecies
variation) are also very robust and can survive for long periods under cool, moist
conditions.

In the human host, cryptosporidiosis is an enteric disease, generally characterized
by watery diarrhea, abdominal pain, nausea, and related symptoms. However, other

Table 1 (continued)

Cryptosporidium
species Host animal

Clinical notes for host
animal species Zoonotic potential

Dogs Often asymptomatic: may
be associated with diarrhea

Horses Foals seem more
susceptible; both
asymptomatic cases and
clinical infections (diarrhea)
reported

Pigs Less common than in
bovines and small
ruminants; diarrhea and
vomiting

Small
ruminants

Relatively common in
pre-weaned lambs,
associated with diarrhea

C. scrofarum Pigs Relatively common, mild
symptoms

No

C. suis Pigs Relatively common, mild
symptoms

Few reports from
immunocompromised
patients

C. tyzzeri Mice No clinical signs or
macroscopic changes
associated with
experimental infection

One case report in a 25-year
old female

C. ubiquitum Small
ruminants

Common in older lambs and
sheep, often apparently
asymptomatic

Yes: sporadic cases in both
immunocompetent and
immunocompromised

C. xiaoi Small
ruminants

Common in older lambs and
sheep, often apparently
asymptomatic

No

aInformation in the table derived and adapted from Santín and Trout (2008), Robertson and Fayer
(2012), Robertson et al. (2014), Rašková et al. (2013), Kváč et al. (2014), Kaupke et al. (2014),
Ryan et al. (2014), Ren et al. (2012), Jiang et al. (2020)
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symptoms have been reported, including low-grade fever and headache. Immuno-
compromised individuals and children in developing countries are most affected by
cryptosporidiosis, and the relationship of infection with growth faltering, malnutri-
tion, and diarrheal mortality is in need of further exploration (Shirley et al. 2012).
In some individuals, however, infection may be largely asymptomatic.

The spectrum of symptoms depends not only on the host (age, nutritional status,
immunity), but also on parasite factors including the number ingested and species.
While cryptosporidiosis is self-limiting in immunocompetent individuals, a high
relapse rate has been reported in some studies, as well as post-infection sequelae,
which can be both gastrointestinal and non-gastrointestinal; in particular, after an
outbreak in Sweden in 2010–2011, a follow-up study found that 48% of cases
reported symptoms up to 28 months after the initial infection compared to
non-cases. In addition to abdominal pain, these included nausea, fatigue, headaches,
and joint pain (Lilja et al. 2018). In a recent systematic review that included 3670
cases, the most common long-term sequelae were diarrhea (25%), abdominal pain
(25%), nausea (24%), fatigue (24%), and headache (21%) (Carter et al. 2020). In
immunocompromised patients, the symptoms are often more severe, and infection
may become chronic, debilitating, and potentially life-threatening, with high vol-
umes of diarrhea, spreading of infection beyond the primary site, and severe
weight loss.

In animals, the symptoms of Cryptosporidium infection appear to depend highly
on parasite adaptation to the host and host age/immunological status, although
results from different studies vary, and for many species infections are largely
asymptomatic (see Table 1). Nevertheless, infections of some domestic animals
with some species of Cryptosporidium may result in severe infection, usually with
acute diarrhea as the main symptom. In some animals, especially young animals and
particularly in association with concomitant infections or conditions, this may even
be fatal (Xiao and Cama 2018; Cruvinel et al. 2020; Garro et al. 2021).

For both human and animal infections, diagnosis usually depends on the demon-
stration of oocysts (or their antigens or DNA) in fecal samples. As the oocysts are
very small, the use of a staining technique, particularly using antibodies labeled with
a fluorochrome and screening with fluorescence microscopy (immunofluorescent
antibody testing; IFAT), is recommended. IFAT is considered to be a gold standard,
although other techniques such as modified Ziehl-Neelsen (mZN) or auramine
phenol staining may also be used successfully. However, mZN detects between
70% and 87.5% of infections compared with immunofluorescent antibody stains
(Ryan et al. 2018), although a pre-screening concentration stage (formol-ether or
flotation on sucrose or salt) may enhance sensitivity. Immunochromatographic kits
are another diagnostic option that are rapid and simple to use for diagnostics;
however they may have limited sensitivity in light infections, tend to be expensive,
have a relatively short shelf life, and, to date, have not been widely adopted. Some
investigations have shown poor sensitivity particularly in infections with species
other than C. hominis or C. parvum (Agnamey et al. 2011). However, some next-
generation kits, including kits not requiring refrigeration seem to have better sensi-
tivity (Johansen et al. 2021).
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While molecular methods such as PCR were not the mainstay of the general
parasitology diagnostic laboratory a decade ago, in wealthy countries with the
necessary infrastructure this has now changed, and molecular assays for gastroin-
testinal parasites are now the norm and tend to be of superior sensitivity and
specificity. Indeed, molecular techniques have been reported to detect more than
double the number of infections that would be detected by mZN (Checkley et al.
2015; Zahedi and Ryan 2020). A nested PCR has been developed for the detection of
all Cryptosporidium spp. that can be differentiated by sequencing the PCR
amplicons, but this is only genus-specific and is unable to identify species (Robinson
et al. 2020). However, a duplex real-time PCR assay has also been developed, able to
differentiate between C. parvum and C. hominis (Robinson et al. 2020). In addition,
several assays based on multiplex PCR assays are being approved by the US Food
and Drug Administration (FDA) in recent years. The majority of these tests are panel
assays that are suitable for automation and thus enable higher throughput and faster
results. Additionally, they are suitable for the simultaneous detection of numerous
enteric parasites, or even different enteric pathogens (with gastrointestinal bacteria
and viruses included in the panel). These tests are expensive, currently between US$
30 and 155 per sample with equipment costs running up to US$40,000, which is an
obstacle to their implementation even for laboratories in developed countries.
However, they are a very useful tool in epidemiological surveillance, research, and
outbreak investigations (Ryan et al. 2017). Further work is required to assess how
well these tests perform on different sample types (Ryan et al. 2018).

Successful treatments for cryptosporidiosis in both humans and animals remain
elusive, although one treatment (nitazoxanide) has been FDA-approved for symp-
tom alleviation in immunocompetent humans and has shown promise for treating
cryptosporidiosis in animals. Current treatments for ruminant cryptosporidiosis
include halofuginone lactate or paromomycin, both of which reduce oocyst shedding
and decrease the severity of diarrhea (Innes et al. 2020). Failure of therapeutic agents
being evaluated is often considered to reflect the specific taxonomic position of
Cryptosporidium, which indicates that it is more closely related to organisms such as
gregarines rather than to classical coccidia (Ryan et al. 2016). For immuncom-
promised patients with HIV-infection, the development of effective antiretroviral
therapies has been of more value for decreasing mortality due to cryptosporidiosis
than any parasite-targeted treatment, and currently supportive care and antiretroviral
therapy form the basis of treatment for Cryptosporidium in patients with HIV/AIDs
(Squire and Ryan 2017). In developing countries, however, antiretroviral therapy
coverage is often limited and thus cryptosporidiosis in HIV patients, particularly in
association with other insults to health, may prove fatal.

The identification of Cryptosporidium as one of the four main etiological agents
associated with serious childhood diarrhea (Kotloff et al. 2013) indicates that there is
still a need to develop an effective chemotherapy targeting this parasite. The burden
of diarrhea caused by Cryptosporidium infection was assessed in The Global Burden
of Diseases, Injuries, and Risk Factors study (GBD) 2016 along with more than
300 causes of death and disability. By systematically quantifying the morbidity and
mortality associated with these causes, Cryptosporidium infection was identified as
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the fifth leading diarrheal etiology in children under 5 years with acute infection
causing more than 48,000 deaths and in excess of 4.2 disability-adjusted life-years
(DALYs) lost globally in 2016. These estimates on the burden of Cryptosporidium
infection were then supplemented via a meta-analysis approach to determine the
effect on childhood diarrhea caused by Cryptosporidium infection on physical
growth parameters. The significant burden of acute short-term diarrhea was found
to be a substantial underestimation of the true burden of disease when height-for-age,
weight-for-age, and weight-for-height were considered, with an additional 7.85
million DALYs associated with these longer-term effects on childhood development
(Khalil et al. 2018).

40.3 Transmission Routes and Epidemiology
of Cryptosporidium Infection

As Cryptosporidium oocysts are immediately infectious upon excretion (unlike the
majority of classical coccidial oocysts), direct fecal oral transmission (animal-to-
animal, animal-to-human, human-to-animal, and human-to-human), as well as
re-infection of the excretor, is relatively common and has been well documented.
Although it is often impossible to exclude entirely the possibility that transmission
has occurred via a contaminated vehicle, person-to-person spread is particularly well
described within families (often secondary cases after a primary outbreak infection),
in institutions such as childcare nurseries, and in hospitals. With respect to zoonotic
transmission, infection of veterinary students examining diarrheic calves has, in
particular, been well-documented and also of children visiting petting farms where
they have direct contact with young animals. There are some reports where pet-to-
human transmission has been convincingly demonstrated (e.g., Beser et al. 2015).
However, again infection from environmental contamination (that is, from oocyst
contamination of a transmission vehicle such as food) or common source transmis-
sion to both hosts often cannot be entirely excluded in such settings.

As well as being immediately infectious, Cryptosporidium oocysts are also
notoriously robust, being able to survive in damp, cool environments for weeks or
months, and being resistant against a range of commonly used disinfectants, includ-
ing chlorination at levels used by the water industry. This means that transmission
via a vehicle, such as water or food, is also well-documented, particularly as this may
lead to an outbreak situation in which hundreds or thousands of individuals may be
infected. It should, however, be noted that oocysts do not survive prolonged freezing
at below �15 �C, freeze-thawing, or desiccation and that they are also killed by
cooking (EFSA 2018).

In general, clinical cryptosporidiosis occurs most often in the toddler age group
(1- and 2-year olds), presumably due to lack of previous infection (and hence
immunity) and due to the unhygienic behavior in this age group, especially mouthing
of myriad objects. Although more commonly diagnosed in male children, possibly
due to greater exposure to contaminated objects or perhaps an artifact associated
with medical consultation, in adults it is women who tend to be more frequently
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diagnosed with clinical cryptosporidiosis than men (Nichols 2008). This is probably
due to greater exposure of women than men to children with cryptosporidiosis, who
may be excreting infective oocysts, but might also reflect that drinking water
consumption is often higher among women. A range of studies have explored risk
factors for infection. Although these vary according to study conditions, particularly
whether associated with an outbreak or with sporadic infections and whether the
study has focused on a population in an industrialized or developing country, in
general, the key risk factors identified include: ingestion of contaminated drinking or
recreational water; contact with infected persons or animals, particularly calves and
lambs; travel to areas where the disease is considered endemic; and contact with
children under 6 years of age (particularly, but not exclusively, children with
diarrhea) (Bouzid et al. 2013). Interestingly, several investigations have indicated a
negative association between cryptosporidiosis and eating raw vegetables, while, in
contrast, various outbreaks of cryptosporidiosis have been associated with consump-
tion of fresh produce. It has been proposed that this apparently protective effect may
be due to repeated exposure to low numbers of Cryptosporidium oocysts on raw
vegetables thus allowing the development of protective immunity (Bouzid et al.
2013). Risk factors for infection will vary by region; in Ethiopia, for example, an
in-depth exploration of risk factors associated with pediatric cryptosporidiosis iden-
tified use of public tap water and moderate acute malnutrition as relevant risk factors
for cryptosporidiosis diarrhea, neither of which are likely to occur widely in most
industrialized countries (Johansen et al. 2021). In a recent meta-analysis of risk
factors for Cryptosporidium infections in low to middle income countries, significant
reported risk factors were animal contact, household diarrhea, and open defecation;
interestingly, however, poor quality drinking water was not found to be significant
(Bouzid et al. 2018).

Associations have also been made between season and cryptosporidiosis (Lal
et al. 2012), with infection peaks in spring and late summer/early autumn and least
cases reported in winter, regardless of the country of study. It is suggested that the
spring peak may reflect agricultural practices (calving and other young livestock), as
well as greater potential for water contamination due to heavy rainfalls and spring
snowmelt (Lal et al. 2012). In some instances, the late-summer peak may represent
the return home of tourists who have been vacationing in more endemic areas, and
perhaps associated with behaviors resulting in greater exposure risks, such as
increased contact with recreational water.

The development and use of tools for molecular epidemiological studies have
provided useful insights into the transmission of cryptosporidiosis. Small subunit
(SSU) rRNA-based tools are now commonly used for genotyping Cryptosporidium
identified in both human and animal infections, and also for oocysts isolated from
water and other environmental samples (Xiao 2010). At the sub-genotyping level,
one of the popular tools is the DNA sequence analysis of the 60 kDa glycoprotein
(gp60) gene. This gene contains tandem repeats of the serine-coding trinucleotide
TCA, TCG, or TCT at its 50 end, along with extensive sequence differences in the
non-repeat regions, and has been used to categorize C. parvum and C. hominis (the
most common Cryptosporidium spp. causing infections in humans) to subtype
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families (Xiao 2010). Besides the sequence heterogeneity of the gp60 gene, which
makes it useful as a Cryptosporidium subtyping tool (it is one of the most polymor-
phic markers identified in the Cryptosporidium genome), it is also of biological
relevance. The gp60 gene codes for a protein that is located on the surface of the
apical region of invasive stages of the parasite, and thus provides a biological
possibility of associating parasite characteristics, including clinical presentation,
with subtype family.

The use of these and other molecular tools has revealed that, although crypto-
sporidiosis is generally considered an infection of global importance, there is a clear
geographical distribution of C. parvum and C. hominis in human infections.
Although both C. parvum and C. hominis are common in European countries,
C. parvum is the dominant species in humans in the Middle East, while in the rest
of the world, particularly in developing countries, C. hominis is usually the predom-
inant species in humans (Xiao 2010). Furthermore, within-country geographic
variations have also been noted, with C. parvum infections being more common
than C. hominis in rural regions of the USA and Ireland (Xiao 2010). These data
suggest that zoonotic cryptosporidiosis is more common in the Middle East and
Europe than in developing countries, at least at present; this is also supported by
some of the data from surveys of calves in some developing countries, where
infection rates have sometimes been unexpectedly low (Chang’a et al. 2011;
Robertson et al. 2020; Guo et al. 2021). Indeed, in Africa, zoonotic Cryptosporidium
spp. transmission appears to occur a great deal less frequently than human–human
transmission. In a recent review (Robertson et al. 2020), numerous possible reasons
for this were suggested. These include that management practices predominant in
Africa such as smaller herd sizes, outdoor housing, and the use of hay bedding
(reducing close contact between animals and oocyst survival rates, respectively) are
both associated with lower risk of transmission; that established cattle herds in
Africa are predominantly of B. indicus breeds with evidence suggesting that these
breeds may be more resistant to C. parvum infection, and year-round breeding also
means that seasonal peaks in environmental contamination in spring, associated with
lambing and calving do not occur. Furthermore, it was noted in Africa, and poten-
tially low-income settings in general, that infants and children are likely to receive
low level exposure via human transmission thus potentially inferring a certain degree
of protection against later zoonotic infection (Robertson et al. 2020).

40.4 Waterborne Transmission of Zoonotic Cryptosporidium
Species

Cryptosporidium lends itself to waterborne transmission due to various factors in its
biology. These factors include the low infective dose (theoretically as low as a single
oocyst, although human volunteer studies suggest tens of oocysts), the large num-
bers of oocysts excreted during infection – calves infected with C. parvum may
produce as many as 6� 107 oocysts per gram of feces, and a single infected calf may
excrete 4 � 1010 oocysts during its second week of life and 6 � 1011 oocysts during
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its first month of life (Uga et al. 2000; Nydam et al. 2001), and the robustness and
longevity of the oocysts in damp, cool environments, including upon exposure to
drinking water chlorination regimes. In addition, the small size of oocysts enables
them to penetrate some of the physical barriers in water treatment. Together, these
factors have resulted in numerous outbreaks of waterborne cryptosporidiosis, both
associated with drinking water and also with recreational water. A review of 325 out-
breaks of human disease attributed to the waterborne transmission of pathogenic
protozoa (from the beginning of records up until around 2003) indicated that the
majority of them (approximately 51%) were caused by Cryptosporidium infection
(Karanis et al. 2007). Although the majority of these are suggested to be C. parvum
infections, the lack of molecular characterization methods at the time of most of
these outbreaks coupled with the fact that the majority of different species of oocysts
are morphologically indistinguishable mean that it is likely that a large proportion of
these outbreaks were actually due to C. hominis infections (and possibly some other
species of Cryptosporidium). A follow-up review of more recent outbreaks
(Baldursson and Karanis 2011) indicated that Cryptosporidium spp. continued to
be the dominant etiological agent of waterborne outbreaks of protozoan disease
between 2004 and 2010, with more than 60% of the 199 documented outbreaks due
to Cryptosporidium infection. Although the review does not provide a species
overview for these outbreaks (C. hominis or C. parvum), reference to the original
papers cited in the review demonstrates that the majority of these outbreaks for
which species information was available were due to C. hominis. However, even for
outbreaks with C. parvum, this knowledge is insufficient to determine whether
zoonotic transmission has occurred (from animals to humans, via water as the
transmission vehicle), since contamination can also occur from human sewage
even with C. parvum infections, and thus traditional epidemiological data analysis
is needed in addition to molecular epidemiological data in order to determine the
source of contamination. However, when the etiological agent is C. hominis, then
zoonotic transmission is much less likely to have occurred (Nydam et al. 2005).

Nevertheless, some waterborne outbreaks of cryptosporidiosis have often been
attributed to contamination of water catchments by animals, and although sometimes
the indications implicating zoonotic transmission have been speculative (and later
proven to be incorrect or unlikely), on other occasions the evidence has been
substantial.

For example, grazing cattle or slaughterhouse effluent contaminating Lake Mich-
igan were mentioned as two possible sources of Cryptosporidium oocysts in the
large outbreak in Milwaukee, Wisconsin in 1993 (Mac Kenzie et al. 1994). But
retrospective analysis of clinical isolates revealed that the outbreak was caused by
the anthroponotic C. hominis (Sulaiman et al. 1998), and it is worth noting that
among the most recent waterborne outbreaks in the UK (compiled by Chalmers
(2012)), the majority do not indicate zoonotic transmission as C. hominis infection
predominates.

However, during an outbreak in Scotland in 1988 substantial testing of water and
environmental samples was conducted (Smith et al. 1989) – albeit with the less
sophisticated methods available at that time – and they were less sensitive and
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specific than those currently developed (sucrose flotation was used, for example,
rather than immunomagnetic separation (IMS)), which indicated that irregular seep-
age of oocyst-containing water into a break-pressure tank was the most likely cause
of the outbreak. This seepage was considered to have been exacerbated by heavy
rains, and the occurrence of muck spreading and the spraying of cattle slurry prior to
the outbreak in the vicinity of a fire clay pipe draining into the break-pressure tank
indicated that this was the likely zoonotic source of oocysts (Smith et al. 1989).
Another outbreak in the UK in 1992 was again associated with heavy rainfall and, in
this instance, flooding of a field in which livestock (species not mentioned) grazed
and thereafter drainage into a shaft associated with a groundwater drinking water
supply (Bridgman et al. 1995) suggests again waterborne zoonotic transmission. It
should be noted that although the traditional epidemiological investigations associ-
ated with both these outbreaks was extensive, they occurred before the introduction
of reliable molecular tools that could be used to determine whether the etiological
agent was potentially zoonotic, and, moreover, before C. parvum and C. hominis had
been recognized as separate species.

Although zoonotic transmission of cryptosporidiosis from lambs has been defin-
itively shown in various outbreaks associated with direct contact such as petting
farms (Gormley et al. 2011; Robertson et al. 2014), and a range of waterborne
outbreaks of cryptosporidiosis in the UK have implicated sheep as the source of the
infection, a lack of studies in which oocysts from both grazing lambs or sheep and
oocysts in water and in patient samples have been characterized has resulted in a lack
of clarity over whether these really are the source of contamination (Robertson
2009). This is unfortunate, as sometimes the assumption that lambs or sheep are
the source of contamination has resulted in measures being implemented that may
have been unnecessary. These have included extensive boil water notices, relocation
of sheep during the lambing season, and even contributed to the closure of some
sheep farms, all measures that may result in anxiety and frustration for local
communities (Robertson 2009). Thus, now that we have tools to help in deciding
sources of contamination of water supplies, it is important to ensure that they are
appropriately used.

While the focus of zoonotic transmission, including by the waterborne route,
tends to focus on C. parvum, it should be noted that sheep are also frequently
infected with C. ubiquitum, and this species has also been detected in a number of
sporadic human cases globally (Cieloszyk et al. 2012; Elwin et al. 2012; Feltus et al.
2006; Leoni et al. 2006; Ong et al. 2002; Soba et al. 2006; Trotz-Williams et al.
2006). As this species has also been identified in storm water, wastewater, raw water,
and drinking water (Jiang et al. 2005; Liu et al. 2011; Nichols et al. 2010; Van Dyke
et al. 2012) and was the third most common species in raw water in Scotland, as well
as the most common species identified in drinking water (Nichols et al. 2010), there
is a clear potential for zoonotic waterborne transmission. Given that no such
waterborne outbreaks have been described to date, it is possible that infectivity to
humans is relatively limited. Likewise, deer also are relatively commonly infected
with both C. parvum and C. ubiquitum, but there have been no documented cases of
proven zoonotic transmission from deer. A study from Australia suggested that deer
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were not likely to be a threat for zoonotic transmission of cryptosporidiosis in a
specific protected drinking water supply watershed (Cinque et al. 2008); a study
from the USA, however, reached the opposite conclusion and stated that deer in a
particular watershed posed a potential threat regarding zoonotic cryptosporidiosis
and therefore were appropriate targets for source water protection (Jellison et al.
2009). In addition, subtyping of C. ubiquitum samples from the USA has suggested
that subtypes XIIb-XIId from wild rodents have the potential to infect humans via
waterborne transmission (Li et al. 2014).

Another zoonotic species of Cryptosporidium, C. cuniculus, has, however, been
associated with waterborne transmission. C. cuniculus is rarely, but sporadically,
identified in human infections (e.g., of 3030 Cryptosporidium-positive fecal samples
submitted for routine typing in the UK between 2007 and 2008, only 37 were
diagnosed as C. cuniculus (1.2%); Chalmers et al. 2011) and transmission of
Cryptosporidium to humans from farmed rabbits has not been recorded (Robertson
et al. 2014). Indeed, an investigation exploring associations between farm animals
and human patients with cryptosporidiosis did not indicate rabbits as a particular
source of infection among farmed animals (Smith et al. 2010). However, a water-
borne outbreak of cryptosporidiosis in England in 2008 affecting 29 people was
identified to the species level in eight patients as C. cuniculus, and to the subtype
level as subtype VaA18 (Chalmers et al. 2009). Furthermore, Cryptosporidium
oocysts of the same species and sub-genotype were identified in the colon of a
carcass of a rabbit (presumably wild) that was found in a tank at the implicated water
treatment works. Thus, this outbreak, which was investigated using both traditional
and molecular epidemiological tools, convincingly demonstrates a waterborne out-
break of zoonotic cryptosporidiosis.

Another of the most important zoonotic species of Cryptosporidium is
C. meleagridis. This species is the third most common species in human cryptospo-
ridiosis worldwide (Robertson et al. 2014). Studies on the prevalence and species
distribution for cryptosporidiosis in humans in South America have identified that
the prevalence of C. meleagridis infection is very similar to that of C. parvum (Cama
et al. 2003, 2007, 2008). Although C. meleagridis infection is usually associated
with infection in turkeys, the only documented case of zoonotic transmission from a
bird source demonstrates that chickens rather than turkeys were the source of
infection (Silverlås et al. 2012). Moreover, no waterborne transmission has been
documented. However, as not all patients in epidemiological investigations that have
been diagnosed with C. meleagridis infections have had contact with birds or even
animals (Elwin et al. 2012), transmission via a contaminated vehicle (such as food or
water) seems possible, or – alternatively – direct infection from another person with
that infection.

As well as adequate water treatment, including sufficient barriers to ensure
acceptable removal and/or inactivation of pathogens such as Cryptosporidium, one
of the major mechanisms for ensuring safe water supply is implementing an appro-
priate catchment control policy. With respect to zoonotic Cryptosporidium infection,
this may mean limiting or restricting access of domestic animals and wildlife to
vulnerable sites, particularly watercourses, associated with drinking water supply
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and possibly recreational use. Such restrictions might be of particular validity during
periods of heavy rain, when wash-off contamination is likely to be highest. Envi-
ronmental studies have demonstrated that contamination of surface waters with
Cryptosporidium oocysts are significantly affected by land use, such as cattle
husbandry and manure management practices, as well as seasonal and weather
characteristics (Keeley and Faulkner 2008). However, such restrictions regarding
grazing of domestic animals, for example, may have little impact if there is a large
reservoir of infection in wild animals, and will also serve little purpose if the
restricted animals are not infected with zoonotic pathogens. For example, a study
in Canada that sought to investigate the contribution of dairy cattle to protozoan
contamination of water sources (Budu-Amoako et al. 2012) concluded that the
Cryptosporidium oocysts being shed were predominantly non-zoonotic C. bovis
and C. andersoni, and therefore of little significance to public health. Given that
pre-weaned calves are the most likely age group and species to shed C. parvum
oocysts, it could be argued that measures to protect water catchments from young
ruminants and their feces, including spreading of calf manure on fields where runoff
cannot occur, should be directed toward this animal group (Robertson et al. 2014).
However, it should be emphasized that water courses should be subjected to
individual risk assessment and measures implemented accordingly; it should not
be forgotten that even with adequate catchment protection and water treatment,
unexpected events may occur that nevertheless may result in contamination (e.g.,
the entry of a rabbit with C. cuniculus infection into water treatment works).
Therefore, it is necessary to follow outbreaks of diarrhea in the community, and –
where appropriate – to analyze water samples for contamination.

40.5 Foodborne Transmission of Zoonotic Cryptosporidium

Although cryptosporidiosis is generally considered a waterborne, rather than
foodborne, disease, the potential for foodborne transmission is widely acknowl-
edged. Indeed, it has been estimated that 10% of all Cryptosporidium infections are
foodborne (EFSA 2018). Globally, Cryptosporidium has been ranked the fifth most
important pathogen out of 24 potentially foodborne parasites with only Taenia
solium, Echinococcus granulosus, Echinococcus multilocularis, and Toxoplasma
gondii exceeding it (FAO/WHO 2014) and caused 8.6 million cases of foodborne
illness in 2010, 3759 deaths and 296,156 DALYs (Ryan et al. 2018). A European
ranking of foodborne parasites (Bouwknegt et al. 2018) also placed Cryptosporid-
ium as the fifth most important, although regionally second highest in both Northern
and Western Europe; a similar exercise from India also placed Cryptosporidium in
the second position (Robertson et al. 2015). Food contamination with Cryptospo-
ridium oocysts may occur during production, processing, or preparation, and the
longevity of the oocysts that is enhanced on moist and sheltered surfaces of fruit and
vegetables (Gajadhar and Allen 2004; Ryan et al. 2018) means that they can survive
various processing treatments, including chlorine baths and blast freezing (Duhain
et al. 2012). This longevity can make trackback measures to an outbreak difficult as
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there can be a long lag time between the contamination of a food item and its
consumption, and, in addition, there may be a prolonged period of several days
between infection and symptoms, and between symptoms and diagnosis. Washing of
fresh produce may fail to remove contaminating oocysts, since they not only adhere
to surfaces but may also infiltrate into leafy vegetables via stomatal openings
(Macarisin et al. 2010a, b). However, a study looking at removal of Cryptosporidium
oocysts (and other parasites) from artificially contaminated blueberries and rasp-
berries found that simple rinsing under cold water for 1 min removed over 85% of
contaminating Cryptosporidium, and washing in a vinegar solution or using a salad
spinner to remove excess water increased removal efficiency to, on average, over
90% (Temesgen et al. 2021).

Fewer foodborne cryptosporidiosis outbreaks have been documented than water-
borne outbreaks. Of the 40 reported cryptosporidiosis outbreaks (in which molecular
characterization was performed) in the last 10 years, 27 have been waterborne while
only 13 foodborne outbreaks have been reported (Zahedi and Ryan 2020). This
could be because fewer foodborne outbreaks have occurred (because, for example,
the oocysts survive less readily on food due to potential for desiccation, freezing, or
heating, or because contamination of food is less likely to occur than contamination
of water). Alternatively, this could reflect that fewer people tend to be infected in
foodborne outbreaks (due to more restricted distribution of the contaminated prod-
uct), and therefore the event may be less likely to be identified. Additionally,
traceback is often hampered by the fact that the food item in question has been
consumed and therefore not available for testing (Gajadhar and Allen 2004; Ryan
et al. 2018). One interesting aspect of comparing foodborne outbreaks and water-
borne outbreaks is that whereas waterborne outbreaks of cryptosporidiosis tend to be
most frequently caused by the anthroponotic species C. hominis, foodborne out-
breaks tend to be most frequently caused by the zoonotic species C. parvum. In a
review considering geographical distribution of foodborne cryptosporidiosis (Rob-
ertson and Chalmers 2013), seven of the eight outbreaks in which molecular
analyses were conducted on samples report C. parvum as the etiological agent,
and only one C. hominis. A further outbreak of foodborne cryptosporidiosis from
May 2012 in the UK (McKerr et al. 2015) was primarily epidemiologically associ-
ated with consumption of ready-to-eat pre-cut mixed leaves from a major supermar-
ket chain and was also found to be due to C. parvum. Of the outbreaks in the last
10 years only 6 of the 27 waterborne outbreaks reported C. parvum as the etiological
agent and only 1 case of C. hominis was reported in 13 foodborne outbreaks (Zahedi
and Ryan 2020). Infection with C. parvum does not necessarily indicate zoonotic
transmission from an animal source, since humans can also transmit C. parvum.
However, epidemiological investigations into at least some of these outbreaks
suggest that an animal source of Cryptosporidium is probable. Moreover, zoonotic
transmission also seems likely for some of the outbreaks in which molecular
analyses were not conducted, as evinced from traditional epidemiological investi-
gations. For example, an outbreak in the USA in 2003 in which ozonated apple cider
was the infection vehicle was demonstrated to be largely due to infection with two
similar sub-types of C. parvum (for one patient, infection with C. ubiquitum was
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recorded) (Blackburn et al. 2006). However, in two earlier outbreaks of cryptospo-
ridiosis associated with consumption of apple cider, species identification had not
been conducted (Millard et al. 1994; Anonymous 1997), although evidence from one
of these outbreaks strongly suggested that animals were the probable source of
infection, with calves with cryptosporidiosis grazing in the orchard from which the
apples had been obtained. The first outbreak linked to apples reported outside the
USA occurred in Norway in Autumn 2018. The species was C. parvum, GP60
subtype IIaA14G1R1, and was linked to one container of self-pressed apple juice
suggesting an isolated contamination event suggesting contaminated ground at the
orchard, contaminated fruit, or contamination during processing (Robertson et al.
2019). It was unclear whether human or animal contamination was most likely to be
responsible for the contamination event.

Another foodborne outbreak of cryptosporidiosis was suspected to have been
transmitted via the consumption of vegetables that had been sprayed with water
possibly contaminated with cattle feces, with both human cases and implicated
animals infected with the same subtype of C. parvum (Collier et al. 2011). Further-
more, it would seem likely that the outbreaks of cryptosporidiosis that have been
postulated to have been caused by the consumption of inadequately pasteurized cow
milk (Gelletlie et al. 1997; Harper et al. 2002) are due to zoonotic transmission,
although this cannot be proven in the absence of insufficient information.

Why foodborne cryptosporidiosis should more likely be due to zoonotic trans-
mission and why waterborne cryptosporidiosis should more likely be due to
anthroponotic transmission is not entirely clear. It could, at least partly be the result
of cryptosporidiosis being historically regarded as a waterborne parasite leading to
under-assessment and underreporting of food as a transmission vehicle coupled with
fewer international standards for testing food compared to drinking water (EFSA
2018). However, it would seem probable that greater effort is made to keep a barrier
between human sewage and food production areas, but it is simply not possible to
maintain this barrier between human sewage and water catchment areas. Further-
more, along the farm-to-fork food production chain there are various opportunities
for contact between food products and animal feces from potentially infected
animals, but relatively few opportunities for contact between human sewage and
food products.

40.6 Detection of Zoonotic Cryptosporidium Oocysts in Water
Supplies and on Food

Our understanding of the importance of the waterborne route of infection for
Cryptosporidium, particularly exacerbated by the occurrence of community-wide
outbreaks with hundreds or thousands of individuals infected, led to a need for
analysis of water samples for these parasites. Such information provides a handle on
the extent of contamination in different water sources and how this may be affected
by factors such as weather patterns and season. Such data are also used as input for
risk assessments, to evaluate whether water supplies are likely sources of infection in
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outbreak situations, to determine the efficacy of different removal or inactivation
measures, and to have a basis for recommending the type and extent of water
treatments and interventions that are necessary for a particular water supply. How-
ever, analysis of water samples for Cryptosporidium oocysts is not easy. Unlike
bacteria they cannot be readily cultivated, and there are no simple, easy-to-quantify
indicators or appropriate surrogates. Thus, in order to detect and quantify Crypto-
sporidium contamination of water, the individual oocysts must be isolated and
enumerated or their DNA (or some other marker) must be isolated and the quantity
measured. In order to determine if the oocysts detected are zoonotic, molecular
analyses must also be conducted, either downstream from detection or as a compo-
nent of the detection method.

Over the past 30 years or so, different approaches and equipment have been
investigated for their suitability at conducting this task. Method requirements
include reproducibility, specificity, and sensitivity (given the low concentrations of
these parasites usually occurring in water). Additionally, it is preferable for the
method to be cheap, user-friendly, rapid, and with the potential to be implemented
in a standard analytical laboratory.

The first documented Standard Methods for analysis of water for Cryptosporid-
ium oocysts were probably the US EPA ICR (United States Environment Protection
Agency Information Collection Rule) Method (US EPA 1996) and the “SCA Blue
book method” (Anonymous 1990). These methods included collection of a water
sample by filtration through a yarn-wound polypropylene filter; removal of all
particulates from the filter using detergents and mechanical extraction; concentration
of the particles by centrifugation (or settling); purification/isolation of putative
parasites by buoyant density gradient centrifugation (usually using Percoll-sucrose,
specific gravity of 1.10); detection of the parasites using immunofluorescent anti-
body testing (IFAT) in which the sample concentrate is incubated with fluorochrome-
labeled monoclonal antibodies against the oocyst walls.

These methods have been improved over time, particularly with respect to the
production of improved sampling techniques (different filter types and continuous-
flow centrifugation) and the use of IMS for isolation of oocysts from the sample
concentrate prior to detection (Anonymous 2006). Interlaboratory trials have been
used for validation work for different techniques, and now the most commonly
followed Standard Methods are probably US EPA Methods 1622 and 1623.1 (both
of which are regularly updated and available for downloading from the US EPA
homepage), and ISO Method 15,553 (Anonymous 2006). In addition, individual
countries or regions have also produced versions of these methods or
considered them.

State-of-the-art detection methods are coming online and include on-chip bio-
sensors, electrochemical biosensors, capacitance, and nanotechnology such as the
use of semiconductor quantum dot technology to fluorescently label oocysts. While
there is no significant difference between this new technique and FITC, quantum
dots are more photo-stable and generate 50% less interference with other fluores-
cence material in water samples. Oligonucleotide gold nanoparticles have been used
for molecular detection without DNA amplification and these nanoparticles have
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been employed in immuno-dot blot assays, increasing sensitivity of parasite detec-
tion 500-fold when compared to conventional ELISA. These results demonstrated
good correlation with those of conventional PCR validation (Luka et al. 2021)
making this method a promising candidate for future use in routine water screening
assuming prices become economically competitive with current detection methods.

Methods for detection of Cryptosporidium contamination of foods has lagged
behind that for water, although an ISO Standard that is directed toward analysis of
leafy green vegetables and berry fruits has been published (ISO 18744; Anonymous
2016). This uses a similar sequence of steps as the water analysis method, but with
elution of the parasites from the fresh produce by a washing procedure prior to
concentration by centrifugation, isolation by IMS, and detection by IFAT.
Immunomagnetic bead separation (IMS) methods have significantly improved the
sensitivity of immunological methods. IFAT detection of Cryptosporidium on lettuce
and raspberries after IMS has been used with increased sensitivity and specificity of
up to 95.8% and 85.4%, respectively (Cook et al. 2006).

Approaches used for Cryptosporidium detection in different food matrices,
including fresh produce, fruit juice, milk and dairy products, meat, and shellfish,
have been extensively described (EFSA 2018; Chalmers et al. 2020); in general, the
most sensitive methods require oocyst separation from the sample matrix followed
by detection either by IFATor PCR. As IFAT is the detection method described in the
ISO Standard, this remains the method most commonly used and is considered the
gold standard. However, there is a need for standardization and although ISO 18744
is considered a good starting point for sample surveys, further refinement to increase
its range of applicability has been recommended (Chalmers et al. 2020). The
methods are not considered suitable for routine analyses for food operators, and
considering factors such as the variety of relevant food matrices, cost, and practica-
bility, transition from IFAT to molecular detection has been recommended (Chalmers
et al. 2020). The EFSA-funded IMPACT project is one progression toward this
recommendation (Mayer-Scholl et al. 2021).

40.7 Conclusion

Cryptosporidiosis is an important protozoan disease that is associated with consid-
erable morbidity and, in some circumstances, mortality on a global level. The main
symptom is diarrhea. One of the most important facets of this infection from a
clinical perspective is the absence of an effective treatment that is suitable for all
patients, including children and the immunocompromised, two patient groups that
are particularly affected by infection.

There are several species of Cryptosporidium, some of which have some degree
of host-specificity, but many of which have the potential to infect humans and are
considered zoonotic. The most important of these is C. parvum, but other species,
including C. cuniculus (predominantly associated with rabbits), C. meleagridis
(predominantly associated with poultry), and C. ubiquitum (predominantly associ-
ated with sheep and cervids, but also rodents) are also of relevance to public health.
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In addition, C. hominis affects predominantly humans, but occasional infections in
other animals have been reported. Various characteristics of Cryptosporidium mean
that it lends itself to waterborne transmission, and many waterborne outbreaks have
been documented, often affecting hundreds or thousands of individuals. The impor-
tance of the waterborne transmission route has instigated the development of
Standard Methods for analyzing water samples for contamination with these para-
sites, and methods for food have also been developed. Although the majority of
documented waterborne outbreaks of cryptosporidiosis are due to infection with
C. hominis (and are therefore not zoonotic), the majority of foodborne outbreaks of
cryptosporidiosis are apparently zoonotic, as evidenced by both traditional and
molecular epidemiological investigations. In addition, zoonotic transmission has
frequently been recorded when there is close contact between infected animals and
humans, particularly veterinary students and young children on petting farms. Thus,
cryptosporidiosis is an important zoonosis, with the potential for causing
community-wide outbreaks of disease due to both waterborne and foodborne
transmission.
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Abstract

The flagellated protozoan Giardia duodenalis is the etiologic agent of giardiasis,
a very common gastrointestinal infection of mammals, including humans, with a
global distribution. The clinical manifestations of giardiasis are quite variable,
and range from the absence of symptoms to acute diarrhea, characterized by
dehydration, abdominal pain, flatulence, nausea, vomiting, fatigue, and weight
loss to chronic infection. There is considerable genetic variation within
G. duodenalis, and eight major genetic groups, or assemblages, have been
identified (assemblages A to H). Of these, assemblages A and B infect both
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humans and animals, whereas assemblages C to H are mostly host-specific, and
rarely reported in humans. Multiple transmission routes are possible, including
direct (person-to person, animal-to-person, and animal-to-animal), and indirect
(through consumption of contaminated water and food) pathways. The increasing
application of molecular techniques, from multi-locus typing up to whole genome
analysis, showed that infection is highly prevalent in many animal species, yet
zoonotic transmission contributes modestly to human giardiasis. Nevertheless, a
few animal species (e.g., beavers) have been implicated in the transmission of
Giardia to humans, particularly through contamination of water; well-conducted
studies in epidemic settings may further clarify the role of animals. Water plays a
very important role in the epidemiology of giardiasis, with widespread contam-
ination of different water sources leading to waterborne outbreaks. To understand
the complex epidemiology of giardiasis, a One Health approach is needed.

Keywords

Giardia · Giardia duodenalis · Taxonomy · Genotyping · Epidemiology ·
Molecular epidemiology · Humans · Farm animals · Companion animals · Wild
animals · Transmission pathways · Zoonosis · Risk factors · Water · Food ·
Outbreaks · Clinical signs · Pathogenesis · Treatment · One Health

41.1 An Introduction to the Organism

Species within the genus Giardia are unicellular flagellates that infect the gut of
different classes of vertebrates. There are currently eight recognized species in the
genus (Table 1), including Giardia agilis in amphibians, G. ardeae and G. psittaci in
birds, G. microti, G. muris, and G. cricetidarum in rodents, G. peramelis in marsu-
pials, and G. duodenalis (syn. G. lamblia, G. intestinalis) in many mammals,
including humans (Adam 2021). The life cycle of Giardia is direct and involves
only two stages, the trophozoite, the stage that replicates in the host and cause
symptoms, and the cyst, which is the infective stage shed with host feces (Fig. 1).
Infection is initiated by ingestion of cysts either by the fecal-oral route (direct
person-to person, animal-to-person, or animal-to-animal contacts), or indirectly
through consumption of contaminated food or water. Exposure to the acidic envi-
ronment of the stomach provides the necessary stimuli for the excystation of
trophozoites from the cyst in the duodenum (Gardner and Hill 2001). Trophozoites
undergo repeated mitotic divisions and are eventually triggered to develop into
environmentally resistant cysts in response to changes in the small intestine envi-
ronment, such as reduced cholesterol, increased bile content, and slightly basic pH,
as well as in response to density and host-induced stress signals (Barash et al. 2017).
Cysts shed with feces are immediately infectious and able to survive for weeks to
months in the environment, leading to contamination of water and food (Feng and
Xiao 2011). In humans, the infective dose is low, and 10–100 cysts might be
sufficient to cause infection (Rendtorff 1954).
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41.2 Taxonomy of Giardia

Based on morphological characters, organisms in the genusGiardia are classified in the
phylum Metamonada, subphylum Trichozoa, superclass Eopharyngia, class
Trepomonadea, subclass Diplozoa, and order Giardiida (Thompson and Monis 2012).

Table 1 The species currently recognized within the Giardia genus, their host distribution, and
distinctive morphological characteristics. The eight assemblages comprised of G. duodenalis, and
their host distribution, are indicated

Species Host
Distinctive morphologic features
(from light or electron microscopy)

Length/width
of the
trophozoite
(μm)

Giardia agilis Amphibians Long and narrow trophozoites with
club-shaped median bodies

20–30/4–5

Giardia
ardeae

Birds Rounded trophozoites, prominent
notch in ventral disc and
rudimentary caudal flagellum.
Median bodies round-oval to claw-
shaped

~10/~6

Giardia
psittaci

Birds Pear-shaped trophozoites, with no
ventro-lateral flange. Claw-shaped
median bodies

~14/~6

Giardia muris Rodents Rounded trophozoites with small,
round median bodies

9–12/5–7

Giardia
microti

Rodents Trophozoites similar to
G. duodenalis. Cysts contain fully
differentiated trophozoites

12–15/6–8

Giardia
cricetidarum

Hamsters Small, rounded trophozoites, more
similar to G. muris

12–18/8–12

Giardia
duodenalis

Pera-shaped trophozoites with claw-
shaped median bodies

12–15/6–8

Assemblage A Mammals, including
humans

Assemblage B Mammals, including
humans

Assemblage C Domestic and wild
canines

Assemblage D Domestic and wild
canines

Assemblage E Ruminants, pigs

Assemblage F Cats

Assemblage G Rats

Assemblage H Marine mammals
(seals)

Giardia
peramelis

Quanda (marsupial) Similar to G. duodenalis
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The taxonomy of Giardia species has been, and still is, a subject of intense debate
and controversy, and this has resulted in a confusing nomenclature with different
names used for the same species (Monis et al. 2009). Early taxonomy, based on the
assumption of strict host specificity (i.e., a different parasite species for each host),
resulted in the description of 51 species of Giardia, including 30 from mammals
(of which 2 from humans), 14 from birds, 4 from amphibians, 2 from reptiles, and
1 from fish (Thompson and Monis 2012). The taxonomy of Giardia species was
reconsidered by Filice (1952), who concluded that no experimental evidence
supported the validity of species named on the basis of host specificity. Filice
proposed to recognize only three morphologically distinct species, namely, Giardia
muris, G. agilis, and G. duodenalis, on the basis of the shape of internal median
bodies as well as body shape and length (Filice 1952). This proposal rapidly became
accepted, albeit, as acknowledged by Filice himself, many species were put under
the G. duodenalis “umbrella,” due to the lack of tools to discriminate between
variants. With the development of advanced microscopic techniques, ultrastructural
description of trophozoites allowed the description of two new species from birds,
Giardia ardeae and Giardia psittaci, whereas Giardia microti, a parasite infecting
various rodents, was recognized as a separate species due to the unique presence of
fully differentiated trophozoites in the cysts. More recently, two additional species,
G. peramelis in marsupials and G. cricetidarum in hamsters, have been described
(Ryan and Zahedi 2019). Therefore, eight species are currently recognized in the
genus (Table 1).

Fig. 1 Schematic representation of the transmission pathways of giardiasis and the life cycle of
Giardia
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The development of techniques for the in vitro propagation of trophozoites in
axenic conditions (Farthing et al. 1983) opened the possibility to characterize
Giardia isolates from different hosts using genetic techniques. The first important
series of experiments, based on polymorphisms of isoenzymes, revealed a large
amount of genetic variability among Giardia duodenalis strains (Andrews et al.
1989). Importantly, cluster analysis of the isoenzyme data identified strongly
supported groups of genetically related strains that, in most cases, were derived
from specific hosts (Monis et al. 2003). DNA sequence analyses further confirmed
the validity of these genetic groups, which were named assemblages to underline the
fact that each group comprised of highly related but not identical strains. To date,
eight assemblages are recognized, which have different host distribution: assem-
blages A and B are found in humans and other mammals, assemblages C and D are
specific to dogs and other canids, assemblage E is found in livestock, assemblage F
in cats, assemblage G in rats, and assemblage H in marine mammals (Cacciò et al.
2018; Table 1). These assemblages are separated by very large genetic distances, and
are likely to represent distinct species, a conclusion reinforced by comparisons at the
whole genome level of isolates from assemblages A, B, C, D, and E (Morrison et al.
2007; Franzén et al. 2009; Jerlström-Hultqvist et al. 2010; Ankarklev et al. 2015;
Kooyman et al. 2019). A revision of the taxonomy and a new nomenclature at the
species level has been proposed but not formally adopted (Monis et al. 2009), as
controversies persisted. Therefore, the term assemblage will be used in this chapter.

As noted above, additional genetic variation exists among isolates within assem-
blages (i.e., intra-assemblage variability), which led to the description of sub-assem-
blages (Monis et al. 2003). Four sub-assemblages in assemblage A (AI, AII, AII, and
AIV) and four in assemblage B (BI, BII, BIII, and BIV) were identified (Monis et al.
2003). Importantly, human isolates belonged to AI, AII, BIII, and BIV. Even the
isolates belonging to sub-assemblages are not identical, and are better viewed as
clusters of closely related isolates (Monis et al. 2003). However, the lack of a
standardized nomenclature for the genetic variants found within sub-assemblages
has created confusion, with different names used in different studies (Sulaiman et al.
2003; Lalle et al. 2005). These genetic variants are better described as genotypes,
and, when multiple loci are investigated, as multi-locus genotypes (MLGs). To avoid
further confusion, genotypes will be identified only at the level of the
sub-assemblage to which they belong (e.g., AI, AII, BIV).

41.2.1 Molecular Typing of Giardia duodenalis

Like for many other pathogens, the introduction of molecular techniques has revo-
lutionized the study of the epidemiology of giardiasis. Molecular tools are thought to
provide higher sensitivity and specificity compared to microscopic or immunologic
assays, and, more importantly, to allow a reliable identification of the parasite at the
level of species, assemblage, sub-assemblage, and genotypes (Cacciò et al. 2008).

The first PCR assays targeted fragments of conserved eukaryotic genes, some-
times using degenerated primers (18S rRNA, glutamate dehydrogenase (gdh), elon-
gation factor 1-alfa, triose phosphate isomerase (tpi); Monis et al. 1999), or genes
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uniquely associated with the parasite (e.g., beta-giardin (bg); Lalle et al. 2005).
These markers are still widely used for genotyping parasite isolates (Feng and Xiao
2011). In particular, a multi-locus typing scheme based on the gdh, tpi, and bg
markers has been consistently used (Cacciò et al. 2008; Lebbad et al. 2010).
Nevertheless, the limited genetic variation found in these markers is not sufficient
for a full discrimination of isolates. A recent study has demonstrated the potential of
a new multi-locus typing scheme, based on six highly variable genes, to distinguish
isolates of sub-assemblages AI and AII, trace zoonotic infection, and identity
outbreak samples (Ankarklev et al. 2018). Similarly, a new typing scheme with
high resolution has been proposed for assemblage B. This scheme is based on
sequence analysis of only three markers, but result in clustering the isolates with a
resolution similar to that obtained by whole genome comparison (Seabolt et al.
2021). The limitations of the currently available markers and the need for new
genotyping tools have been recently reviewed (Capewell et al. 2021).

41.2.2 The Complex Genetics of Giardia duodenalis

Giardia is a tetraploid organism (it has two diploid nuclei) and has been considered
as an asexually replicating organism (Adam 2021). Replication is equational rather
than reductional, which means that nuclear asymmetry is maintained throughout the
replication cycle (Yu et al. 2002). Therefore, mutations are expected to be fixed
independently in each nucleus and, if genetic exchanges do not occur, allelic
heterozygosity should accumulate, as observed in other asexual organisms
(Gladyshev and Arkhipova 2010).

Opposite to this prediction, an extremely low level (0.002%) of allelic sequence
heterozygosity (ASH) was detected in the genome of an assemblage A isolate
(WB isolate, sub-assemblage AI) (Morrison et al. 2007). While this was a surprising
finding, whole genome sequencing (WGS) of sub-assemblage AII isolates showed a
heterozygosity level of 0.25–0.35% (Ankarklev et al. 2015), and an even higher
level (0.43%) was found in the genome of an assemblage B (GS isolate) (Franzén
et al. 2009). Additional WGS confirmed variable levels of ASH in G. duodenalis
assemblages, from 0.89% in assemblage C to 0.74% in assemblage D (Kooyman
et al. 2019), and to 0.037% in assemblage E (Jerlström-Hultqvist et al. 2010).

ASH is often visualized as “double peaks” in chromatograms obtained from direct
sequencing of PCR products. The majority of the heterozygous sites contain two
different bases but some feature three or four, capturing the diversity from all of the
copies of the genome. Formally, these sequencing profiles can be generated by the
presence of genetically different parasites (i.e., a mixed infection) and/or by ASH in a
single population of parasites. Using micromanipulation to isolate single trophozoites
from in vitro culture and single cysts from human stools, Ankarklev et al. (2012)
showed that ASH is present in both single trophozoites and single cysts. Additionally,
different sequence patterns were observed in different cysts originated from the same
human patient, thus suggesting the presence of multiple sub-assemblage infections

1290 M. Lalle and S. M. Cacciò



(Ankarklev et al. 2012). Unfortunately, this elegant approach is unsuitable for multi-
locus sequence typing scheme, and difficult to apply routinely.

Certainly, mixed infections with genetically different isolates are common, as
demonstrated by the use of assemblage-specific PCR assays (Almeida et al. 2010;
Vanni et al. 2012). More recently, Woschke et al. (2021) analyzed longitudinal
samples collected from patients in Germany, and demonstrated that reproducible
pattern of ASH are discernable and of epidemiologic value.

The reliability of any typing scheme is influenced by the occurrence and extent of
genetic exchanges. As mentioned above, the range of allelic heterozygosity observed
in G. duodenalis (<0.001 to 0.89) is similar to that expected in sexually reproducing
organisms (Adam 2021), and this has raised the question of whether canonical
meiotic sexual reproduction, or another form of sexuality, is occurring in this
parasite. Two lines of experimental evidences are pertinent to that question. First,
recombination has been inferred from genotyping data of sub-assemblage AII field
isolates in an endemic setting (Cooper et al. 2010), but also between
sub-assemblages AI and AII in Europe (Ankarklev et al. 2018), and even between
assemblages A and E (Ankarklev et al. 2018).

Second, electron microscopy studies revealed fused nuclei in forming cysts while
fluorescent in situ hybridization allowed visualization of plasmid transfer between
nuclei (Poxleitner et al. 2008). Based on these observations, a model in which
homologous recombination occurs after nuclear envelope fusion was proposed.
However, more recently it has been shown that the two nuclei of Giardia possess
different numbers of chromosomes (aneuploidy, or near tetraploidy) with unequal
distribution of individual chromosomes and genes between the two nuclei (Tůmová
et al. 2019). This indicates that nuclear differentiation provides opportunities for
generation of novel genetic variability.

Clearly, a better understanding of the genetics of G. duodenalis remains essential
to improve genotyping schemes.

41.3 Epidemiology and Molecular Epidemiology of Giardiasis
in Humans

Giardiasis is a very common gastrointestinal infection of humans; it has been
estimated that every year about 184 million people in Asia, Africa, and Latin
America have symptomatic infections (WHO 1996; Pires et al. 2015). The parasite
has a global distribution, but the prevalence of infection is clearly higher in devel-
oping regions of the world, where Giardia is common in both children and adults
(Cacciò and Sprong 2011; Pires et al. 2015).

Infection rates have been reported in both low-income countries (range 8–30%)
and high-income countries (range 1–8%) (Feng and Xiao 2011). Those rates are
probably higher in individuals with diarrhea, but the current epidemiological sce-
nario is largely influenced by the fact that many countries did not report any data, by
the lack of monitoring programs, and by the high rate of asymptomatic carriage of
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Giardia in humans (Cacciò and Sprong 2011). This suggests that giardiasis is
strongly underdiagnosed and underreported.

In humans, giardiasis is mainly a pediatric infection, with the highest prevalence
observed in children aged 0–4 years. This pattern is found in both high- and
low-income countries, and is thought to be due to lower hygiene and higher
susceptibility of children at the first exposure to the parasite (Cacciò and Sprong
2011). A secondary peak is observed in adults aged 30–40; in this case, women
represent the risk category, likely because of direct transmission of Giardia from
children to their mothers. Other risk groups include institutionalized and adopted
children, returning travelers, immigrant/refugees, and in men who have sex with
men (Cacciò and Sprong 2011; Escobedo et al. 2010).

Seasonality has been observed in high-income countries. In the USA, a twofold
increase in transmission of giardiasis occurs during the summer, and coincides with
increased outdoor activities (e.g., swimming and camping) (Yoder et al. 2012).
Similarly, a study in New Zealand (period 1997–2006) showed peaks in the late
summer and early autumn (Snel et al. 2009). In Europe, higher number of cases was
reported from August to October with a peak in September (European Centre for
Disease Prevention and Control. Giardiasis (lambliasis). In: ECDC. Annual epide-
miological report for 2017. Stockholm: ECDC 2019). Bearing in mind the delay
between infection, onset of symptoms, and diagnosis (up to 5 weeks), the late
summer/early autumn peak probably represents an increase in infection during late
summer months, resulting from travel and outdoor recreational activities.

The routes of transmission for sporadic cases are only partially known, but studies
in the USA and the UK have identified international travel, male-male sexual
behavior, having contact with children in diapers, and exposure to drinking and
recreational water as the most important risk factors (Reses et al. 2018; Horton et al.
2019). These studies therefore suggest that prevention measures should focus on
reducing risks associated with diaper handling, sexual contact, swimming in
untreated water, and drinking untreated water.

As mentioned above, humans are mostly infected by assemblages A and B,
although a small number of individuals have been found infected with
assemblage C, E, and F (Ryan and Zahedi 2019; Cai et al. 2021). The geographical
distribution of assemblages largely overlaps, but globally assemblage B is more
prevalent than assemblage A.

Genetic characterization of isolates of assemblage A is relatively straightforward,
also because of the low level of ASH. Phylogenetic analysis of multiple markers
(Cacciò et al. 2008; Lebbad et al. 2010; Ankarklev et al. 2018) showed three strongly
supported groups, namely, sub-assemblages AI, AII, and AIII. Clearly, animal-
derived isolates are grouped in sub-assemblages AI and AIII, but never in
sub-assemblage AII. On the other hand, most human-derived isolates belong to
sub-assemblage AII, but a few are grouped in sub-assemblage AI. The latter may
represent cases of zoonotic transmission, and, when available, data on exposure
substantiated contact with animals as a risk (Ankarklev et al. 2018). Of note, the high
genetic variability of the markers allowed distinguishing isolates from outbreaks,
which shared a specific multi-locus genotype not observed in unrelated, sporadic
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cases from the same country (Ankarklev et al. 2018). The good discriminatory power
of this scheme has been recently confirmed by another study (Woschke et al. 2021).

The situation is less clear for assemblage B. Indeed, while more genetic variabil-
ity is present in the genotyping markers, the high level of ASH complicate the
assignment of isolates to specific genotypes or multi-locus genotypes (Woschke
et al. 2021).

41.4 Epidemiology and Molecular Epidemiology of Giardiasis
in Animals

This section will only provide a concise account of the many studies published in
recent years. Interested readers can find additional details in exhaustive review
articles (Ryan and Zahedi 2019; Cai et al. 2021). As a general comment, is may be
useful to recall that the current knowledge on the prevalence and distribution of
genotypes of Giardia in animals is still incomplete, as data from many areas of the
word are scanty, particularly from Central and South American countries, where
giardiasis is endemic in humans (Coelho et al. 2017; Rivero et al. 2020).

41.4.1 Farm Animals

The prevalence of Giardia in farm animals is clearly influenced by the age of the
animals tested, the study design, the sensitivity of the diagnostic methods, the
geographical and climatological parameters, and management practices (Ryan and
Zahedi 2019).

In cattle, the infection has a global distribution, with animal prevalence ranging
from 1% to 74%, and farm prevalence from 45% to 100%. In general, the prevalence
is higher in young animals compared to adults, and in dairy cattle compared to beef
cattle (Ryan and Zahedi 2019).

In sheep, the animal prevalence ranges from 1.5% to 89% and the farm preva-
lence from 10% to 100% (Feng and Xiao 2011; Ryan and Zahedi 2019). As for
cattle, the prevalence is higher in lambs than in adult sheep. In goats, the animal
prevalence ranges from 4% to 43% and the farm prevalence from 66% to 95%. In
pigs, the animal prevalence ranges from 0.6% to 26.9% and the farm prevalence
from 10% to 84% (Feng and Xiao 2011, Ryan and Zahedi 2019). The data at the farm
level, although variable, indicate that a large proportion of animals will become
infected at a time (Xiao and Herd 1994).

From a public health perspective, identification of the assemblage,
sub-assemblage, and genotype from animal samples is essential to infer zoonotic
potential (Ryan and Cacciò 2013; Cai et al. 2021). Molecular surveys have shown
that assemblage E largely predominates (prevalence >90%) in cattle, globally. In a
recent review that examined studies published since 2012 (Ryan and Zahedi 2019),
typing data from 2672 cattle showed assemblage E in 2426 animals, assemblage A in
207 animals, assemblage B in 29 animals, and mixed assemblages in 37 animals.
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A similar distribution was found in yaks from China and in water buffaloes, with
dominance of assemblage E (Ryan and Zahedi 2019; Cai et al. 2021). Importantly,
the main sub-assemblage in assemblage A in cattle is AI, which is uncommon in
humans, thus suggesting a minor role of cattle as zoonotic reservoir.

In sheep and goats, assemblage E clearly predominates, followed by assemblage
A (Ryan and Zahedi 2019, Cai et al. 2021). Like for cattle, sub-assemblage AI is the
most common variant, although sub-assemblage AII was reported in some studies
(see Cai et al. 2021).

In pigs, Assemblage E is the most commonly found, and among isolates belong-
ing to assemblage A, sub-assemblage AI was found.

In horses, the prevalence ranges from 1.5% to 17.4%, being usually higher in
foals than in adults (Cai et al. 2021). Contrary to what is reported above for other
farm animals, surveys conducted in Europe, South America, and Asia showed that
most positive samples from horses had assemblages A and B, with identification of
sub-assemblage AI.

41.4.2 Companion Animals

Giardiasis is a common infection of dogs and cats, with prevalence ranging
from1.1% to 45.9% (Bouzid et al. 2015; Ryan and Zahedi 2019; Cai et al. 2021).
This wide range of prevalence can be attributed to the use of diagnostic techniques
with different sensitivity (microscopy, ELISA, and PCR), but also to the nature of the
population studied (household, shelter, stray), the animal age, breed, spay/neuter
status, and geographic location (Ryan and Zahedi 2019; Cai et al. 2021). In general,
the highest prevalence is observed in younger animals and in kennel or shelter
populations.

Molecular analysis of dog isolates showed that the host-specific assemblages C
and D are more prevalent than the zoonotic assemblages A and B, although a
remarkable number mixed infections was found (Ryan and Zahedi 2019; Cai et al.
2021).

Among cats, the host-specific assemblage F is the most prevalent, followed by
assemblage A, with less frequent reports of assemblage B, C, D, and E (Ryan and
Zahedi 2019).

41.4.3 Wild Animals

As mentioned above, a number of host-adapted species (G. muris, G. microti,
G. peramelis, G. agilis, G. cricetidarum, G. ardeae, and G. psittaci; Table 1) are
known to infect a wide range of wild animals. However, the zoonotic assemblages A
and B are also commonly found in wild animals.

In non-human primates (NHP), data from chimpanzees, gibbons, gorillas,
macaques, monkeys, and lemurs indicate a prevalence ranging from 4.8% to
57.8% (Ryan and Zahedi 2019; Cai et al. 2021). In many cases, surveys have
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concerned captive animals, where transmission of Giardia may differ from that
occurring in the natural environment. However, genotyping data have shown a
similar distribution of assemblages in captive and wild NHPs, with assemblages A
and B present, and the latter being more prevalent. Thus, NHP and humans share
similar distribution and relative proportion of G. duodenalis assemblages.

In rodents, the prevalence of G. duodenalis infection is high, ranging from 6% to
66.3% (Cai et al. 2021). The host-specific assemblage G and the zoonotic assem-
blage B have been commonly found in species such as chinchillas, bamboo rats, and
beavers. Beavers are of particular interest, since it was association between infection
in these animals and waterborne outbreaks of human giardiasis that led the World
Health Organization to classify Giardia as a zoonotic parasite (WHO 1979). In
Canada and North America, giardiasis is also known as “beaver fever” and the role
of these animals as source of human infection through contamination of drinking
source water has been argued since many years, but proved difficult to confirm.
Recently, a retrospective comparative genomics analysis of Giardia isolates follow-
ing various waterborne outbreaks have shown clustering of human isolates with
isolates from surface water and beavers implicated to be sources by public health
(Prystajecky et al. 2015; Tsui et al. 2018). Thus, beavers can act as an amplification
host or reservoir host for G. duodenalis in watersheds.

In wild hoofed animals, assemblage E is rare, while it is highly prevalent in
livestock. Interestingly, sub-assemblage AIII appears to be largely restricted to this
group of animals, albeit it has been found in a cat (Lebbad et al. 2010), but never in
humans.

In wild carnivores, molecular analyses have shown that the host-adapted assem-
blage D is prevalent in coyotes, raccoon dogs, foxes, and wolves, but assemblages A
and B have been found in most wild carnivores tested (Cai et al. 2021). The most
common sub-assemblage found in these hosts is AI.

In marsupials, one of the dominant mammalian groups within watersheds in
Australia, data from 31 species belonging to 9 families have indicated a prevalence
ranging between 1.3% and 24.1% (Ryan and Zahedi 2019). Molecular typing has
detected assemblages A and B with higher frequency compared to the host adapted
species, G. peramelis (Ryan and Zahedi 2019). Although sporadically,
assemblages C, D, and E have also been reported in marsupials, suggesting trans-
mission between multiple hosts.

In marine mammals, including seals, dolphins, whales, and porpoise, all
G. duodenalis assemblages, except assemblage E, have been found. These animals
often harbor the host-specific assemblage H, which has never been detected in
humans (Ryan and Zahedi 2019).

41.5 Remarks on Zoonotic Transmission

With the increased application of molecular typing techniques, it is becoming clear
that most animal species do not act as reservoirs ofGiardia cysts infectious to humans.
This is based on the higher occurrence of host-adapted assemblages (C to H)
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in animals, which are rarely described in humans (Cacciò et al. 2018; Cai et al. 2021).
Moreover, the identification of sub-assemblages AI and AII in animals, and the lack of
sub-assemblage AII, which seems to be largely adapted to humans, suggest that
zoonotic transmission of assemblage A is limited, although possible.

The situation is less clear for assemblage B, also due to difficulties in genotyping
isolates caused by high ASH, but future efforts should focus on this assemblage.
High-resolution typing of isolates using whole genome data, although technically
demanding, can generate relevant data, as already shown (Tsui et al. 2018). Well-
designed studies that include evaluation of risk factors and consider cross-species
transmission in endemic settings, such as rural areas where people, domesticated
animals, and wildlife overlap (e.g., Kuthyar et al. 2021), remain important to assess
zoonotic transmission.

41.6 Waterborne and Foodborne Giardiasis

Although the importance of zoonotic transmission is still to be understood, there is
little doubt that a large number of different hosts can shed Giardia cysts in the
environment, thus potentially contribute to contamination of water and food. Not
surprisingly, a plethora of studies have demonstrated the ubiquitous presence of
Giardia cysts in all water samples tested, including raw and treated wastewater,
surface water, ground water, and drinking water (reviewed by Hamilton et al. 2018).

Quite logically, contamination is highest in untreated wastewater samples, and,
indeed, up to 77% of the samples from published studies (1543 of 2010) were
positive, with concentrations of up to 1,200,000 cysts per liter (Hamilton et al.
2018). In treated wastewater samples, the maximum concentration reported was of
51,333 cysts per liter. The number of positive samples, and the concentration in
Giardia cysts, decreases in surface water samples, yet the reported levels range from
0.01 to 1000 cysts per liter in river water samples, from 0.004 to 16.2 cysts per liter
in samples from lakes and dams, and from 0.3 to 33 cysts per liter in beach waters
(Hamilton et al. 2018). Since these water sources are used for recreational activities
or for the production of drinking water, contamination with Giardia cysts is of
particular relevance for public health.

The ability of the Giardia cyst stage to withstand chlorine disinfection of water
and to persist for long periods in the environment while maintaining viability,
coupled with the low infective dose, clearly enhances its transmission (Boarato-
David et al. 2017).

A recent review examined waterborne protozoan outbreaks during the period
from 2017 to 2020, and found that Giardia has been responsible for 48 of the
251 outbreaks (Ma et al. 2022). Almost all outbreaks were reported in the USA,
UK, and New Zealand, a finding most likely explained by more advanced diagnostic
capabilities and existence of surveillance programs to monitor water contamination
in high-income countries. Large outbreaks linked to contaminated drinking water
have been reported in Portland (USA) with about 50,000 infected individuals, and in
Bergen (Norway) with about 2500 infected individuals.
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Food can also be a vehicle of Giardia transmission. The detection of parasite
cysts in food is difficult, because contamination levels are expected to be low and
available detection methods have sub-optimal performance (e.g., microscopy), or are
costly (e.g., immunomagnetic separation). Moreover, specific characteristics of food
may interfere with extraction/elution of cysts, therefore influencing recovery and
leading to an underestimation of the contamination.

Nevertheless, cysts have been detected on dairy products, meat, shellfish, fruit,
and vegetables (Ryan et al. 2019). Fresh produce, which are often consumed raw, is
thought to represent the high-risk food.

Few outbreaks of foodborne giardiasis have been identified and investigated, all
in the USA, and have been linked to various foods, with fresh produce being the
most common food type. Investigations have indicated infected food handlers as the
most common source of contamination (Ryan et al. 2019).

41.7 Giardiasis in Humans

Human giardiasis occurs with heterogeneous clinical manifestations and high vari-
ability in the severity of disease, ranging from the lack of apparent symptoms
(subclinical or asymptomatic giardiasis) to acute or chronic illness (Farthing
1997). Symptoms usually appear within 2 weeks after ingestion of cysts and last
for up to 6 weeks. Diarrhea is the commonest symptom of the acute phase accom-
panied by greasy stools, flatulence, abdominal discomfort, fatigue, and weight loss.
Fever, nausea, vomiting, itch, and urticaria are far less common (Farthing 1997).
Acute symptoms are generally self-limiting and resolve following clearance of the
parasite. Although recurrent infection can be frequent in poor-hygiene settings,
persistent (chronic) infection, with intermittent or no symptoms, has been observed
worldwide in some patients to last far more than 2 months, up to years (Escobedo
et al. 2014). Low production of specific anti-Giardia antibodies, malnutrition,
immunosuppression, and co-infection with other pathogens have been associated
with the development of chronic giardiasis (Fink and Singer 2017; Escobedo et al.
2018). Extraintestinal manifestations have been reported in up to 30% of infected
patients, and include ocular pathologies, reactive and post-infectious arthritis,
IgE-mediated allergies, and muscular complication due a decrease in potassium
level following diarrhea (Halliez and Buret 2013). Long-term sequelae are well
documented too, in both adults and children. In low-income countries and poor-
hygiene settings, where giardiasis is endemic and highly prevalent in children below
2 years of age, worsening of symptoms has been reported (Platts-Mills et al. 2015).
A prospective longitudinal studies on a large children cohort clearly identified
giardiasis, independently of diarrheal disease (Muhsen and Levine 2012), as a risk
factor to develop failure-to-thrive syndrome, malnutrition, malabsorption, retarded
growth and development, and poor cognitive functions (Donowitz et al. 2016;
Rogawski et al. 2017). In high-income countries, patients who experienced symp-
tomatic giardiasis are at high risk to develop long-term post-infectious sequelae,
such as post-infectious irritable bowel syndrome (PI-IBS) and chronic fatigue (CF),
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with a higher provability compared to other gastrointestinal infections (Litleskare
et al. 2018; Halliez and Buret 2013; Nakao et al. 2017; Dormond et al. 2016). The
prevalence of PI-IBS in patients infected with Giardia is significantly higher com-
pared to control groups, even 10 years after infection (Litleskare et al. 2018). Delays
in diagnosis and treatment of giardiasis might cause/increase the risk of chronic
infection and the development of PI-IBS and CF (Mørch et al. 2009). The complex
interplay between host factors (immunological response, gut microbiota) and para-
site factors (e.g., genotype/assemblage-specific pathogenic mechanisms) accounts
for the extreme variability in clinical manifestations, although our understanding of
this complexity is still incomplete (Fig. 2) (Allain and Buret 2020). Acute symp-
tomatology (i.e., diarrheal disease), and also malabsorption, are the result of an
alteration of the intestinal barrier function induced by the parasite, which occurs via
enterocyte apoptosis, increased intestinal permeability, and disruption of microvil-
lous brush border and villus shortening (Allain and Buret 2020). To resist peristaltic
flow, G. duodenalis trophozoites tightly adhere to the surface of enterocytes of the
small intestine epithelium, without invading the intestinal tissue. Attachment occurs
mechanically via the ventral disc, a microtubule-based suckling structure, and via
chemical binding mediated by specific proteins, such as giardins and lectins (Müller
and von Allmen 2005). Although mechanical damages (i.e., ventral disc imprint)
were observed in vivo on mouse enterocytes infected by G. muris (Erlandsen and

Fig. 2 Giardia pathogenic mechanisms. Giardia adheres to the mucosa of small intestine
(by ventral disk and adhesive proteins) and induces disruption of the epithelial barrier via:
(1) mucus layer breakdown, (2) shortening of microvilli, (3) disruption and alteration of apical
junctional complexes, (4) enterocyte apoptosis. Giardia (5) alters the relative composition of
intestinal microbiota, and (6) promotes disruption of biofilms of pathobionts. Impairment of
intestinal function by Giardia leads to (7) malabsorption of water, glucose, nutrients, and electro-
lytes, (8) leading to chlorine hypersecretion water outflow into the intestinal lumen and diarrhea.
Giardia survives host immune system and modulate inflammatory response by (9) cysteine
protease-mediated cleavage of immunoglobulin and chemokines/cytokines
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Chase 1974) or G. duodenalis (Khanna et al. 1990), and in vitro on MDCK cell lines
incubated with different G. duodenalis isolates (Chávez et al. 1995), a similar
damage was not observed when examining human biopsies. Nevertheless, duodenal
biopsies of patients with chronic giardiasis showed villus shortening, decreased
transepithelial electrical resistance (TEER) and increased paracellular permeability,
altered ion and glucose transport, downregulation of tight junction proteins (i.e.,
claudin 1), and increased apoptosis of enterocytes (Troeger et al. 2007). Since
epithelial microvilli are responsible for nutrient-coupled absorption of electrolytes
(particularly Na and D-glucose), their shortening impairs the absorption of water,
glucose, and electrolytes. This imbalance causes chloride hyper-secretion with water
outflow into the intestinal lumen, resulting in distension, rapid peristalsis, and
diarrhea (Maàyeh and Svärd 2017). Giardia can compromise the intestinal barrier
function in several ways, particularly via the activity of excretory/secretory products
(ESPs). Damaging of brush-border microvilli occurs at the expense of cytoskeleton
both directly, via degradation of the key actin-binding protein villin by Giardia
secreted cysteine proteases (CPs), and indirectly, via modulation of phosphorylation
level and degradation of villin and ezrin by T-lymphocyte CD4+/CD8 + -mediated
immune responses (Solaymani-Mohammadi and Singer 2013; Bhargava et al. 2015).
Additionally, the agglutination properties of Giardia lectins on enterocyte mem-
brane, to which the parasite adheres, might contribute to microvillus shortening
(Farthing et al. 1986).

The intestinal barrier integrity can also be compromised by depletion of the
mucus barrier, breakdown of apical junctional complexes (AJCs), and apoptosis of
enterocytes in an ESP-mediated manner. Giardia can thin the mucus layer, coating
the enterocytes surface, by CP-mediated cleavage of mucin-2, and can further
deplete the mucin stock by triggering mucus hypersecretion from goblet cells via
cleavage and activation of protease-activated receptor 2 (Amat et al. 2017; Fekete
et al. 2022). The lack of the mucus barrier indeed promotes parasitic colonization
and access of the trophozoites to enterocyte cell membrane. Proteins from AJCs,
particularly those in tight and adherent junctions (claudins, occludins, ZO proteins,
E-cadherin, β-cathenin), are targeted and degraded by Giardia CPs (Ma’ayeh et al.
2017; Liu et al. 2018; Ortega-Pierres and Argüello-García 2019). In a human
organoid-derived in vitro model of giardiasis, disruption of tight junctions and loss
of epithelial barrier function with decrease in TEER activation was observed early in
response to Giardia infection, and associated to the activation of enterocytes cAMP/
PKA signaling pathways (Holthaus et al. 2021). Giardia also induces enterocyte
apoptosis mediated by activation of pro-apoptotic caspase-3 and -9, increased
expression of pro-apoptotic Bax, decreased expression of anti-apoptotic Bcl-2, and
induced proteolytic cleavage of poly(-ADP-ribose) polymerase (PARP). Impaired
glucose uptake by Giardia through SGLT1 inhibition is another mechanism associ-
ated with activation of the apoptotic pathway in enterocytes (Maàyeh and Svärd
2017). However, the identity of Giardia molecules responsible for the activation of
these different pathways is still unknown.

Pathogenesis and outcomes of giardiasis, and the composition of gut microbiota,
are strictly correlated, as mainly observed in animal models. Colonization of the host
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gut can be controlled by commensal microbiota that prevent establishment of the
parasite (Fekete et al. 2021). In turn, during the acute phase of infection, the parasite
can induce alteration in the microbiota, both at the site of infection and beyond (Fekete
et al. 2021). This alteration results in an enrichment of bacterial taxa showing high
metabolic flexibility and better oxygen tolerance, with lipids and arginine as energy
source (Fink and Singer 2017). Moreover, the breakdown of the mucus layer induced
by Giardia can also promote disruption of microbiota biofilms, leading to the release
of pathobionts that in turn triggers an inflammatory response eventually responsible
for the development of post-infection inflammatory diseases (Fekete et al. 2021).
Further evidences also indicate that the microbiota may play an important role in the
development of stunting associated with giardiasis (Singer et al. 2020).

Giardia infection is characterized by an absence of overt inflammatory cell
infiltration, thus with a low inflammatory response of the mucosal layer (Oberhuber
et al. 1997). Giardia takes advantage of multiple strategies to evade the host’s
immune system and modulate local inflammatory responses. The parasite possess
a mechanism of antigenic variation that relies on the exposure of variant surface
proteins (VSPs), which form a dense coat on the surface of the trophozoite
(Gargantini et al. 2016). The VSPs repertoire is large, with up to 300 different
members, and highly variable between assemblages and even among isolates
(Franzén et al. 2009). Only one VSP is predominantly expressed at any time by
the parasite, and its replacement during infection allows the parasite to escape the
immune response (Gargantini et al. 2016). Sera from Giardia-infected individuals
recognize VSPs, as well as other Giardia secreted proteins, indicating their impor-
tance in antibody-mediated immunity (Moss et al. 2014). Indeed, a significantly
lower anti-VSP IgG/M response is associated with chronic infections (Hjøllo et al.
2018). Simultaneous exposure of the immune system to multiple VSPs represents a
promising vaccine strategy (Serradell et al. 2016). Giardia is also able to neutralize
antimicrobial molecules produced by the host. Secretion in the gut lumen of parasite
enzymes able to metabolize arginine (i.e., arginine deiminase [ADI], ornithine
carbamoyl transferase [OCT)], and of CPs result in the inhibition of nitric oxide
production, by arginine consumption, and cleavage of antimicrobial defensins,
respectively (Liu et al. 2019; Eckmann et al. 2000). Giardia CPs also degrade host
immunoglobulins (IgG, IgA1, and IgA2) and pro-inflammatory chemokines/cyto-
kines (CXCL1–3, CXCL8, CCL2, and CCL20) (Ortega-Pierres and Argüello-García
2019). Evidences from in vitro long-term exposure of human enterocytes to Giardia
trophozoites and from duodenal biopsies of children (<2 years) suffering from
environmental enteric dysfunction (EED), a subclinical disorder of intestinal func-
tion common in tropical countries and in settings of poverty and economic disad-
vantage, and giardiasis indicate that Giardia also induces downregulation of genes
associated with host inflammatory response pathways (Roxstrom-Lindquist et al.
2005; Haberman et al. 2021). In the gerbil model of giardiasis, a switch from an
initial Th1/proinflammatory response to a marked Th2 response was observed
during late infection (Serradell et al. 2018).

The host immune response can control primary G. duodenalis infection by
multiple immunological factors. Increasing evidences indicate that CD4+ T cells
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are essential for parasite clearance, since T cell-deficient mice fail to control infec-
tion. In particular, a prominent role is played by the Th17 cell population, which
produces IL-17 in IL-6-dependent manner. Upregulation of IL-17 during murine or
bovine infections was reported, whereas IL-17 deficiency in mice results in a delay
in parasite clearance (Singer et al. 2019). The complement system is also involved in
activating and mediating downstream immune responses during infection. Mice
deficient for the complement receptor C3aR displays a reduced T-cell response
against parasite antigens following infection (Singer et al. 2019).

The role of secretory IgA in parasite clearance and in protection against reinfection
is controversial. IgA are produced in response to intestinal infections by B-cells within
the intestinal lamina propria, and then transported in the gut lumen by the enterocytes
(Fink and Singer 2017). An increased risk of giardiasis with chronic diarrhea, malab-
sorption, and even lymphoid hyperplasia has been observed in patients with IgA
immunodeficiency, and patients with symptomatic giardiasis had significantly lower
secretory IgA levels in fecal samples (Swain et al. 2019). Evidence from the murine
model of infection withG. muris suggested that IgA antibodies contribute to protective
immunity (Fink and Singer 2017). However, while G. muris infection can persist in
pIgR-deficient or B cell-deficient mice (with impaired IgA production), no difference
in parasite clearance were observed in mice infected with G. duodenalis, irrespective
of IgA deficiency (Fink and Singer 2017). In gerbils infected with G. duodenalis, the
amount of fecal IgAwas directly proportional to the inoculum (dose) of trophozoites,
while the elimination of cysts was inversely proportional to the dose and to fecal IgA
levels (Amorim et al. 2010). Mast cells (MCs) also play a role in the immune response
againstGiardia. As shown in the murine infection model, MCs are massively recruited
to the small intestine during infection and are linked to IgA production, as mice
deficient in the receptor protein kinase c-kit, a weak activator of MCs, failed to
produce parasite-specific IgA (Fink and Singer 2017).

41.8 Giardiasis in Other Mammals

Clinical signs of giardiasis has been documented in both livestock and companion
animals, although less extensively than in humans. On the other hand, and despite
the availability of the murine and gerbil models, information on Giardia-induced
pathogenesis in animals is fragmentary.

Infection in dogs and cats is mostly asymptomatic. When present, clinical signs in
dogs range from slight abdominal discomfort to severe abdominal pain, cramps, and
soft to watery diarrhea, whereas acute diarrhea and weight loss are more commonly
reported in cats (Tangtrongsup and Scorza 2010; Janeczko and Griffin 2010). As
observed in humans, infection is more common in puppies and in kittens than in
adults, likely as the result of an immature immune system (Dixon 2021). For both
animal species, shedding of cysts is similar in healthy and in symptomatic animals
(Thompson et al. 2008; Tangtrongsup and Scorza 2010; Tysnes et al. 2014). As for
humans, the clinical presentation of giardiasis in animals is likely influenced by
strain variability, genetic predisposition, presence of other pathogens, gut microbiota

41 Giardiasis from a One Health Perspective 1301



composition, nutritional status, stress, and immunosuppression (Uiterwijk et al.
2019). Noteworthy, chronic giardiasis is also observed in dogs. Study on puppies
naturally infected with G. duodenalis (assemblages C and/or D) lead to the conclu-
sion that the disease is not self-limiting and can last for over 5 months, in the absence
of any treatment (Boucard et al. 2021). Moreover, a marked alteration of the gut
microbiota was observed in puppies shedding high number of cysts compared to
those that shed low numbers, suggesting microbiota-mediated impaired intestinal
function (Boucard et al. 2021).

Infection with Giardia is very common in ruminants, and can be associated with
diarrhea, weight loss, and malabsorption; however, asymptomatic infections are also
common (Thompson et al. 2008; Geurden et al. 2010). Malabsorption has been
reported in infected calves and goat kids, and related to an increased number of
intraepithelial lymphocytes, suggestive of epithelial permeability, and a decreased
villus to crypt ratio (Ruest et al. 1997; Koudela and Vítovec 1998). The relevance of
Giardia as a causative agent of diarrhea in ruminants is still unclear, as diarrheal
disease is influenced by other factors, such as co-infections with other pathogens and
husbandry practices. Nevertheless, even asymptomatic infections can have a nega-
tive impact in production and growth performance in livestock. Indeed, pre-weaned
dairy calves positive for Giardia showed a reduced daily gain compared to Giardia-
negative calves (Santin 2020).

In sheep and goats, Giardia can cause severe diarrhea, depression, weight loss,
and mortality, and infection has been associated with poor feed efficiency and
decreased weight gain (Thompson et al. 2008; Geurden et al. 2010). In an outbreak
caused by Giardia Assemblage B in a sheep farm, malabsorption, decreased weight
gain, and impairment in feed efficiency was associated with excretion of malodorous
and poorly formed feces, but not with diarrhea. A mild to severe infiltrative enteritis
with eosinophils, lymphocytes, and plasma cells was detected in histological sec-
tions of the gut (Aloisio et al. 2006). Giardiasis in sheep was associated with a
reduced carcass weight (Jacobson et al. 2016). In pigs, Giardia has been associated
with diarrhea; however high rates of infection have also been reported in asymp-
tomatic pigs (Armson et al. 2009; Akinkuotu et al. 2019). Characterization of the
assemblage is important, since pigs infected with assemblage E showed soft/diar-
rheic feces, whereas those infected with assemblage A did not (Armson et al. 2009).
Giardiasis has been reported also in horses but clinical signs of infection are rarely
observed. When present, particularly in young and aged or immunologically
suppressed horses, symptoms include mild/self-limiting diarrhea, severe in case of
heavy infections, poor hair coat, and weight loss (Siwila 2017).

41.9 Treatment of Giardiasis in Human and Animals

Currently, no vaccine is available to protect humans from Giardia infection. Treat-
ment options then rely on a limited pool of effective molecules, with metronidazole
(MTZ) and other long acting 5-nitroimidazoles (tinidazole, secnidazole, and
ornidazole) being the first-line drugs (Lalle 2010). Treatment of symptomatic cases
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of giardiasis is always recommended, particularly in low-endemic areas, to alleviate
disease’s severity, prevent chronic infection, and reduce the risk of spreading the
infection (Lalle and Hanevik 2018). The 5-nitroimidazoles are pro-drugs that can
exert their toxic effects only after reduction of the nitro group into reactive
nitroimidazole intermediates. As this happens in a strongly reductive environment,
only anaerobic/microaerophilic organisms are targeted by the drugs (Lalle 2010;
Lalle and Hanevik 2018). Standard MTZ regimen in adults consists of three doses/
day of 250 mg or 500 mg of drugs for 7 or 5 days, respectively. For children, 5–7 mg
of MTZ is administered three times/day for 5–7 days (Mørch and Hanevik 2020).
Tinidazole, secnidazole, and ornidazole are commonly administered in a single-dose
regimen of 1–2 g in adults and 20–50 mg/kg in children (Mørch and Hanevik 2020).
Unpleasant side effects and an increase of cases that are refractory to MTZ treatment,
particularly among returning travelers from Asia, are posing new challenges for the
management of giardiasis (Lalle and Hanevik 2018). To treat cases of refractory
giardiasis, different regimens of MTZ and of second-line drugs, such as albendazole
and cloroquine, either individually or in combination, have been used successfully
(Lalle and Hanevik 2018).

An inactivated veterinary vaccine (GiardiaVax), composed of killed trophozoites
isolated from a sheep (unknown assemblage), was licensed to prevent disease and
reduce cyst shedding in dogs (Siwila 2017). As the efficacy of this vaccine is
contradictory in calves and cats, and even in dogs, it has been withdrawn from
several markets, worldwide (Siwila 2017; Geurden et al. 2014). An oral vaccine
formulation comprising VSPs immunopurified from trophozoites of the GiardiaWB
isolate expressing full VSP repertoire has proven effective to reduce clinical signs
and to prevent new infections in experimentally infected gerbils, puppies, and kittens
(Serradell et al. 2016). Noteworthy, immunization of dogs with this vaccine in an
endemic area resulted in a decrease of Giardia infection among children living in the
same area (Serradell et al. 2016).

Pharmacological treatment of symptomatic companion animals is widely used to
reduce the potential zoonotic transmission to human. Treatment approval varies
between countries. Fenbendazole is widely registered in EU countries for the
treatment of dogs, and it is also recommended for cats. A combination tablet
containing febantel/pyrantel/praziquantel is licensed for dogs in European countries
and countries outside the EU (ESSCAP 2018). Metronidazole is also licensed in
most European countries for dogs and cats, but onset of serious adverse effects of the
CNS in dogs treated recurrently or with high dose might discourage its use (Rob-
ertson 2021). Currently, no drugs are approved for treatment of giardiasis in pets in
USA, but fenbendazole and metronidazole are commonly used as well (Siwila
2017). No drug is licensed for treatment of giardiasis in ruminants or other livestock.
Treatment with fenbendazole, albendazole, and the broad-spectrum antibiotic
paromomycin is effective in improving clinical conditions (decreased diarrhea and
increase weight gain) and in reducing cyst shedding. However, drug treatment of
ruminants might be of limited significance, due to the high risk of reinfection
associated to high environmental contamination of farm and high costs for producers
(Siwila 2017; Robertson 2021).
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41.10 Conclusions

The issue of zoonotic transmission has dominated the debate around Giardia for
about 30 years, since the WHO recognized giardiasis as a zoonosis. In recent years,
there have been substantial advances in our understanding of the biology, genetics,
and taxonomy of Giardia, and a wealth of data has been generated through the
molecular characterization of isolates from many hosts and from the environment.
We now understand that the genetics of Giardia is complex, and that more com-
plexity is found among isolates of assemblage B, possibly due to more frequent
genetic exchanges. Molecular epidemiologic surveys have demonstrated that ani-
mals are more commonly infected with assemblage-specific Giardia parasites that
are not infectious to humans. However, animals are also infected with assemblage A
and B, which are zoonotic. Sub-assemblages AI and AII are found in both humans
and animals, but sub-assemblage AI is preferentially found in livestock and pets
whereas sub-assemblage AII is predominantly found in humans. Sub-assemblage
AIII is almost exclusively found in wild hoofed animals, and is likely to be
non-zoonotic. The host distribution of assemblage B is predominantly human and
non-human primates, but many other mammals are also infected. Therefore, while
the potential for zoonotic transmission exists, studies in well-defined epidemiologic
settings are needed to confirm which animal can act as reservoir and under which
conditions zoonotic transmission can occur. Further, the extent of reverse zoonotic
transmission (i.e., from humans to animals) should also be evaluated in view of its
importance for conservation management.

Concerning the pathology of giardiasis, current knowledge on disease outcomes
in animals is limited and not linked to the different Assemblages potentially infecting
both human and animal. Zoonotic transmission and differences in symptomatology
are questions that certainly need to be further investigated. Some evidences suggest
that vaccination of companion animals can be a valuable strategy to prevent human
giardiasis, particularly in poor-hygiene settings where anthropozoonotic transmis-
sion is likely to occur and the zoonotic Assemblages A and B are mainly present.
The possible role of animal reservoirs in the onset of parasite resistance to drugs
(e.g., nitroimidazoles) should also receive attention.

Future studies, in particular, those aimed at further comparative genomics of
assemblages, should lead to a more comprehensive understanding of the host-
specificity and transmission cycles of Giardia.

41.11 Cross-References

▶Cats – Revered and Reviled – and Associated Zoonoses
▶Cryptosporidium and Cryptosporidiosis: Trickle or Treat?
▶Dogs and Transmission of Infection to Man, “Respected Member of the Family?”
▶Zoonoses and Poverty: The Multiple Burdens of Zoonoses in Low- and Middle-
Income Countries
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Abstract

Leptospirosis is a biphasic febrile illness common in tropical and subtropical
regions. Clinically, patients may present with a mild, influenza-like illness
through to syndromes revealing multiorgan failure. The aim of the current review
is to focus on the rare neurological and psychiatric complexities of leptospirosis.
A review of neuroleptospirosis and psychosis in leptospirosis will precede a
review of the extant literature concerning acute disseminated encephalomyelitis
following a leptospiral infection. Physicians working in areas where the incidence
of leptospirosis is high should remain cognizant of patients with leptospirosis
presenting primarily with a neurological syndrome. Such awareness will ensure a
diagnosis of leptospirosis is not delayed and appropriate treatment strategies
implemented.

Keywords

Infectious disease · Leptospirosis · Neuroleptospirosis · Psychosis · Acute
disseminated encephalomyelitis · Neurology · Psychiatry · Psychology ·
Neuroscience

42.1 Introduction

Since the previous edition of this body of work, there have been advances in molecular
biology that reveal that the genus Leptospira consists of 66 species that can be
classified across four subclades. Pathogenic leptospires belong primarily in the P1
subclade of the new classification (Casanovas-Massana et al. 2020; Vincent et al.
2019). Serologically, there are more than 300 distinct leptospiral serovars arranged
across 30 serogroups (World Organization for Animal Health 2022). The current
chapter in this second edition of Zoonoses – Infecting Humans and Animals, is not
aiming to provide an all-encompassing review of the extant leptospirosis literature.
There is a plethora of excellent reviews in the medical and scientific literature
reviewing leptospirosis and those looking for extensive reviews of great breadth and
depth in the area are directed to the work of Ellis (1990), Levett (2001), Adler and de la
Peña Moctezuma (2010), Levett and Haake (2010), Adler (2015), the first addition of
this series (Craig et al. 2015), and of course the seminal review of the topic by Faine
et al. (1999). The aim of the current review is to focus on the rare neurological and
psychiatric complexities of leptospirosis. This will manifest itself with a review of
neuroleptospirosis, which in isolation of other symptomology is a rare presentation of
leptospirosis. The chapter will also offer a review of psychosis in leptospirosis and a
review of the extant literature concerning acute disseminated encephalomyelitis
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(ADEM) following a leptospiral infection. In discussing ADEM, Hill’s (1965) per-
spectives of causation will be considered in assessing if ADEM following an episode
of leptospirosis is a coincidence. Such a review is timely given the emergence of these
neurological and psychiatric manifestations in the course of leptospirosis, and, sec-
ondly, given that altered mental status is a poor prognostic indictor.

42.2 Leptospira

In their reviews Reik (1987) and Levett (2001) describe leptospires, the causative
infectious agent of leptospirosis, as 6–20 μm in length with a diameter of 0.1–0.2 μm
and may consist of 30–50 closely wound spirals. Leptospires morphologically
resemble a corkscrew when they are observed in scanning electron micrographs
(Tulsiani et al. 2011; Willcox 1976). Leptospirosis has been reported in over
150 mammalian species (Picardeau 2013; Ko et al. 2009). The main animal reser-
voirs include rodents, dogs, cattle, horses, and pigs. These animals may act as
maintenance hosts for adapted serovars such as serovar Canicola in dogs or serovars
Ballum, Icterohaemorrhagiae, or Copenhageni in rodents. Renal colonization and
shedding of leptospires in the urine of infected animals engenders the transmission
of the organism to infect humans and other animals who are incidental hosts (Adler
and de la Peña Moctezuma 2010; Faine et al. 1999).

42.3 Human Epidemiology

The global burden of human leptospirosis is currently unknown; however, estimates
of the annual incidence range from 0.1–1 case/100,000 people in temperate areas to
100 cases/100,000 during epidemics in tropical regions (Everard and Everard 1993;
Levett 2001). In addition, the incidence of leptospirosios is also higher in those
environments prone to flooding (Lau et al. 2010a). An estimated 300,000–500,000
severe cases occur each year, with case fatality reports of up to 30% (WHO 2003;
Hartskeerl 2006). In an attempt to develop a better understanding of the burden of
leptospiral disease, the WHO (2011) estimates that the global incidence in endemic
areas exceeds five severe cases per 100,000. Across Europe as a whole, the overall
incidence rate in 2010 was 0.13 per 100,000 inhabitants (Dupouey et al. 2014). The
Asia Pacific region has some of the highest incidence rates for leptospirosis since
high population densities are potentially a risk factor for leptospirosis (Victoriano
et al. 2009). This is not surprising given the frequent climatic calamities, over-
crowding, poor sanitation, proximity of domestic and wild animals, and occupa-
tional risks. In Sri Lanka the annual incidence is reported as 54 per million, in
Thailand the annual incidence is estimated to be 48.9 per million, and Taiwan the
incidence has been reported at 4.1 per million (Pappas et al. 2008). In French
Polynesia, the average incidence is 39 per 100,000 and in New Caledonia, the
average incidence is 45 per 100,000 (Picardeau 2013). In Australia, the annual
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incidence is 8.9 cases per million. Leptospirosis is endemic in the Caribbean islands
and in many parts of Central and Southern America. Pappas et al. (2008) reported
that the incidence in Trinidad and Tobago is 120.4 per million, Barbados 100.3 per
million, and Jamaica 78 per million. In El Salvador, Brazil, and Argentina the
incidence is 35.8, 12.8, and 9.5 per million, respectively. Given the lack of reporting
in many developing areas, misdiagnosis, lack of awareness, patients failing to
present for treatment, and those with subclinical infections, it is almost impossible
to determine the true incidence. The source of infection in humans is usually through
either direct or indirect contact with the urine of an infected animal. Further, the
usual portal of entry is via compromised cutaneous or mucosal membranes (Levett
2001). Occupation is a significant risk factor as dairy and cattle farmers, veterinar-
ians, abattoir workers, meat inspectors, rodent control workers, and other occupa-
tions where intermit contact with animals is required, all have a greater chance of
direct contact with the urine of infected animals. Occupations that bring humans into
indirect contact with animal urine are also at risk of infection, e.g., sewer workers,
miners, soldiers, septic tank cleaners, fish farmers, gamekeepers, canal workers, rice
field workers, taro farmers, banana farmers, and sugar cane workers (Faine et al.
1999; Levett 2001; Tulsiani et al. 2011). Recreational activities while traveling are
also considered a risk factor for the disease (Lau et al. 2010b).

42.4 Evidence of Human-to-Human Transmission

Currently, reported evidence of human-to-human transmission is scarce. Adler and
de la Peña Moctezuma (2010), p. 289) submit that “human to human transmission
for practical purposes is non-existent and that leptospirosis is recognised globally as
a zoonosis.” However, diagnosis of such transmission has been suggested serolog-
ically. Bolin and Koellner (1988) reported the case of a 29-year-old breastfeeding
mother who worked as a veterinarian and had a confirmed L. interrogans serovar
Hardjo infection. The mother continued to breastfeed during her illness and 21 days
post-onset of symptoms, the infant displayed clinical signs consistent with leptospi-
rosis. A positive result was confirmed by the microscopic agglutination test (MAT).
In another report detailing possible human-to-human transmission, Harrison and
Fitzgerald (1988) discussed the possible sexual transmission of L. interrogans
serovar Icterohaemorrhagie. The diagnosis of this condition was also confirmed
serologically by MAT.

42.5 Pathogenesis

The minimum infecting dose leading to leptospirosis is elusive; however, the
incubation period is assumed to be inversely correlated with the size of the inoculum.
For example, a high infecting dose may engender a short incubation period when
compared to a low infecting dose. Conversely, small doses may result in prolonged
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incubation times which may extend into the immune phase. It is anticipated that
these small infecting doses might be responsible for mild or even subclinical
infection (Faine et al. 1999). Once in the blood, leptospires are capable of circulating
to all tissues. Leptospires that evade phagocytic cells of the recticuloendothelial
system grow in an exponential manner doubling every eight hours (Faine et al.
1999). There is evidence to suggest that phagocytosed leptospires do not survive
long within the interior of the phagocyte (Tu et al. 1982; Wang et al. 1984). Virulent
strains have the ability to attenuate phagocytic responses by activating apoptosis in
the macrophage (Merien et al. 1998). Moreover, Adler and de la Peña Moctezuma
(2010) write that the ability to resist complement and death by neutrophilic destruc-
tion may be a feature of virulent leptospires in nonimmune hosts. A number of
leptospiral virulence factors such as hemolysins, fibronectin binding proteins, and
numerous surface proteins such as LipL32, Lig A, Lig B, lipoprotein Loa22, and the
6 Len proteins (LenABCDEF) are postulated to play a role in pathogenesis (Adler
and de la Peña Moctezuma 2010; Bulach et al. 2006; Hoke et al. 2008; Matsunaga
et al. 2003; Merien et al. 2000; Picardeau et al. 2008; Ristow et al. 2007; Stevenson
et al. 2007). L. interrogans catalase KatE and HtpG (high-temperature protein G is
the bacterial homolog to the highly conserved molecular chaperone Hsp90) and
CLpB, an ATP-dependent disaggregase (Lourdault et al. 2011; Kędzierska-
Mieszkowska and Arent 2020), have also been shown to be virulence factors in
leptospires (Eshghi et al. 2012; King et al. 2014) as have several flagellar compo-
nents (Lambert et al. 2012; Wunder et al. 2016), phospholipase C (Zhao et al. 2013)
and collenganse A (Kassegne et al. 2014).

42.6 Clinical Presentation

Following the initial incubation period which can be as short as 3 days or as long as
one month (Haake and Levett 2015), the infection enters the acute phase of the
disease which can last up to 10 days (Tulsiani et al. 2011). Clinically, during the
acute phase, patients typically present with headache, fever, excruciating myalgia,
and arthralgia and sometimes rigors, vomiting, photophobia, and a mucosal rash
(Faine et al. 1999). Conjunctival suffusion has utility as a diagnostic indicator as it is
commonly reported in leptospirosis (Haake and Levett 2015). Hemoptysis, hypo-
tension, and bradycardia are also common presentations. These symptoms are
considered nonspecific, thereby making the diagnosis of leptospirosis difficult.
Hepatosplenomegaly, jaundice, liver failure, renal failure, and acute respiratory
distress are common features of the more acute form of the disease (Sutliff et al.
1953; Solbrig et al. 1987; Faine et al. 1999; Levett 2001). Central to the pathology
observed in leptospirosis is the damage caused to the endothelium of small blood
vessels. This engenders ischemia in target organs, thus resulting in renal, hepatic,
and pulmonary damage and thrombocytopenia. Levett (2001) posits that many of the
clinical complications occur during the immune phase when the patient produces
immunoglobulins, specific for the destruction of leptospires and the leptospires
localize within tissues.
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42.7 CNS Involvement

Before the central tenants of this chapter are explored it is appropriate to orientate the
reader to the subject matter with a brief overview of CNS involvement in leptospi-
rosis. In their review of 483 cases of leptospirosis, Heath et al. (1965) reported that of
all the organ systems, the CNS was the most frequent system involved in leptospi-
rosis. Heath et al. (1965) observed CNS complications such as CSF pleocytosis,
meningismus, CSF protein elevation, or mental disturbance in 235 (68%) of their
483 cases. Leptospires reach the CNS rapidly and Mumford et al. (1990) posit that
the neurological derangements may be due to the effects of the organism and the
hosts immune reaction to the leptospires. Here Mumford et al. (1990) are noting that
CNS pathology may occur in the acute and immune phases of leptospirosis. During
the acute/leptospiremic phase, patients may endure an intense, analgesic-resistant
headache. While the pain is mostly frontal, bitemporal or occipital pain may be
reported and may persist into the immune phase (Reik 1987). Leptospires may be
isolated in CSF during the acute phase, in which the CSF will usually be otherwise
unremarkable and any signs of meningeal irritation are the exception rather than the
norm. Reik (1987) posits that while 25% of cases may exhibit cerebral symptoms in
the acute phase, these symptoms are mild and transient as are cranial nerve and
peripheral nerve neuropathies experienced during this time.

The CNS derangements observed in the immune phase add to the rich tapestry in
the fabric of the pathology observed in leptospirosis. Faine et al. (1999) posits that
aseptic meningitis is a common complication in the immune phase. Headaches,
vomiting, photophobia, neck stiffness, confusion, and delirium may emerge during
this time. The CSF in the immune phase reveals a pleocytosis in 80–90% of cases
with a transient granulocytosis giving way to a lymphocyte predominance. Hemor-
rhagic CNS complications may be diverse and multifocal with bleeding in cerebral
subarachnoid, subdural, intraparenchymal, and spinal extradural regions (Reik
1987). Cranial nerve neuropathies with optic, oculomotor, glossopharyngeal, facial,
or auditory nerve involvement have been reported (Gsell 1978) as have peripheral
nerve abnormalities engendering brachial and lumbosacral plexitis and Guillain-
Barré syndrome (Faine et al. 1999; Reik 1987). Recovery from these cranial and
peripheral neuropathies may take weeks or months and in some instances recovery
may be incomplete (Gsell 1978).

At autopsy there are diverse pathologic changes observed both macroscopically
and microscopically in those who have succumbed to leptospirosis. While Edwards
and Domm (1960) suggest that changes in the brain and meninges are minimal and
nonspecific, Koppisch and Bond (1953, as cited in Gsell 1978) reported that
macroscopically, narrow sulci, flattened gyri, and a yellow or greenish subarachnoid
fluid and choroid plexis can be observed in some but not all instances. Arean (1962)
examined the brains of 13 leptospirosis patients and posited the brain was slightly
green and the convolutions were edematous and the sulci narrow. Reik (1987) posits
that pathological changes in the CNS during leptospirosis include perivascular
lymphocytic infiltration in the brain and spinal cord, loss of cerebellar granular
cells, patchy demyelination in the cortex and pons as well as gliosis. Moreover,
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Gsell (1978) posits glial cell proliferation, variable perivasal lymphocytic inflam-
mation, and purpural hemorrhages may underpin the encephalitic process.

42.8 Neurological Presentation in Leptospirosis
(Neuroleptospirosis)

The World Health Organization (2003) confirms that the clinical manifestations of
leptospirosis are highly variable and the disease may present as either a mild,
influenza-like illness; Weil’s syndrome characterized by jaundice and renal failure;
hemorrhage and myocarditis with arrhythmias; meningitis/meningoencephalitis, or
pulmonary hemorrhage with respiratory failure. Panicker et al. (2001) reported on
40 patients who were admitted to hospital with an acute neurological disease, and
who were subsequently found to have leptospirosis. While 13 of these 40 patients
presented with headache, fever, neck stiffness, and a CSF consistent with an aseptic
meningitis, 17 of the 40 patients presented with a primary paraparesis. Recent reports
of patients presenting with a primary acute neurological disease with an absence of,
or very few leptospiral symptoms are presented in Table 1. Inspection of Table 1
shows that the neurological presentation of the six patients is quite variable. Head-
ache, stiff neck, and vomiting are consistent with an aseptic meningitis seen in the
CSF as an elevated white blood cell count with elevated protein and glucose. In the
peripheral blood a neutrophilic leucocytosis may be observed with elevated liver
function tests and serum creatinine in some instances. Radiologically, X-ray and
ultrasound appear to be of limited utility as they present normal findings.
T2-weighted MRI showing hyperintense signals in different CNS regions may be
clinically useful, however this technology may not have the specificity to differen-
tiate CNS pathology due to a leptospiral etiology from other microbial etiologies.
Physicians working in areas where the incidence of leptospirosis is high should
remain cognizant of primary neuroleptospirosis as this initial presentation is uncom-
mon. Further, in the absence of hepatic or renal involvement, a diagnosis of
leptospirosis is likely to be delayed. This delay may prevent the most appropriate
treatment, therefore reducing positive outcomes.

42.9 Psychosis During Leptospirosis

Watson et al. (2021, p. 1) succinctly summarize psychosis as “a highly disruptive
syndrome with many aetiologies characterised primarily by delusions, hallucina-
tions, and disorganised thought, speech and behaviour.” Psychosis during an episode
of leptospirosis was reported in the work of early pioneers in leptospirology (Hecker
and Otto 1911, as cited in Gsell 1978; Trembur and Schallert 1916, as cited in Gsell
1978). Recent accounts of psychosis during an episode of leptospirosis are presented
in Table 2. Inspection of Table 2 reveals that most case studies have reported
psychosis in the immune phase of leptospirosis. The one exception was the latest
case series by Semiz et al. (2005); however, while leptospires were identified in their

42 Leptospirosis: Messing with Our Minds- A Review of Unusual. . . 1319



Table 1 Recent reports of neuroleptospirosis

Publication
Neurological
symptoms CSF

Other pathology
(Blood) Radiology Outcome

Mumford
et al.
(1990)

Increasing leg
weakness and
pain in lower
limbs. Flaccid
paraplegia and
areflexia

Not Reported Neutrophilic
leucocytosis,
thrombocytopenia,
deranged LFTs
Abdominal/Liver
ultrasound normal
Chest, abdominal,
and spinal X-ray
normal
Nerve conduction
studies normal

Succumbed

Wang et al.
(2016)a

Neck stiffness,
vomiting, and
headache

WBC of 254 cells/μL
91% lymho/
mononuclear
Protein ¼ 91 mg/dl
Glucose ¼ 64 mg/dl

Hemoglobin 15.7 g/
dL
Platelet count was
338,000 cells/μL
WBC count was
18,670 cells/μL
81.2% segmented
neutrophils
creatinine 1.03 mg/
dl, AST 34 IU/L

Recovered

Bhatt et al.
(2018)

Diffuse
headache,
decreased
responsiveness to
commands with
decreased verbal
output and
inability to move
limbs.
Constricted
pupils,
nonreactive to
light, neck
rigidity, positive
Brudzinski and
Kernig’s signs

WBC ¼ 115/mm3

Lymphocytic
predominance
Glucose ¼ 60 mg/dL
Protein ¼ 53 mg/dL

MRI hyperintensity
in dorsal midbrain
and area
surrounding the
anterior
commissure

Recovered

Tomacruz
et al.
(2019)

Altered
sensorium,
behavioral
changes, agitated
and disoriented to
person, time, and
place, and
seizures

WBC ¼ 5 cells/μL
lymphocytic
predominance
Protein ¼ 60 mg/dL
Glucose ¼ 74.55 mg/
dL

WBC¼ 16� 109/L
Elevated LFTs and
serum creatinine
Hyperintense
signals located at
the bilateral, frontal
subcortical white
matter and left
external capsule

Recovered

Bandara
et al.
(2021)b

Patient 1
Headache,
photophobia, and

WBC ¼ 166 cells/μL
Polymorphs 96%
Protein¼ 52.4 mg/dL

WBC ¼ 14 � 103/μ
L (Neutrophilia)
CRP ¼ 238 mg/dL

Recovered

(continued)
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patients’ blood cultures, they were also IgM reactive. Therefore, it is likely these
patients were in the late acute/early immune phase. This would also be consistent
with the mixed microscopic agglutination test results. Table 2 also reveals that there
is no specific serovar engendering the observed psychosis, as psychosis was
observed in patients infected with different serovars. Unfortunately, the majority of
reported cases do not mention the infecting serovar.

While psychiatric symptoms may result from direct invasion of the central
nervous system by an infectious agent, a number of lines of evidence point toward
an immune-based response providing the genesis for psychosis in leptospirosis.
Firstly, there is a greater risk of developing systemic autoimmune diseases following
an episode of leptospirosis (Teh et al. 2020). Moreover, recently, a 13-year-old
female developed neuropsychiatric and extrapyramidal features and sleep distur-
bances (but no definite hallucinations, illusion, or delusion) following an episode of
leptospirosis. The patient was shown to produce anti-N-methyl-D-aspartate receptor
(anti-NMDAR) auto-antibodies and was started on intravenous methylprednisolone
and intravenous immunoglobulin. The patient showed gradual improvement over
one week following immunotherapy. Furthermore, the extrapyramidal and neuro-
psychiatric features completely resolved within 2 weeks. Interestingly, Pollak et al.
(2020) delineate numerous CNS auto-antibodies that may provide the genesis for
numerous psychiatric states and report that the main psychiatric symptoms associ-
ated with anti-NMDAR antibodies include anxiety, agitation, bizarre behavior,
catatonia, delusional or paranoid thoughts, visual or auditory hallucinations,

Table 1 (continued)

Publication
Neurological
symptoms CSF

Other pathology
(Blood) Radiology Outcome

vomiting and
neck stiffness

Glucose ¼ 83.6 mg/
dL

Elevated LFTs and
serum creatinine
CT of brain –
normal
Ultrasound
abdomen – normal

Patient 2
Headache,
photophobia, and
vomiting and
neck stiffness

WBC ¼ 64 cells/μL
Polymorphs 13%
Protein ¼ 39 mg/dL
Glucose ¼ 72.9 mg/
dL

WBC ¼ 26 � 103/μ
L (Neutrophilia)
CRP ¼ 14 mg/dL
Normal or slight
elevation on LFTs
Serum creatinine
normal
CT of brain –
normal
CT of chest –
normal

Recovered

aInfecting serovar ¼ L. santarosai serovar Shermanii
bInfecting serovar ¼ L. borgpeterenii serovar Tarassovi for both patient 1 and patient 2
WBC white blood cell (count); LFT’s liver function tests; CRP C-reactive protein; MRI magnetic
resonance imaging; CT computed tomography
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Table 2 Reports of psychosis during an episode of leptospirosis

Author N Phase Serovar Titre Presentation/Symptoms

Bouman (1935) 2 Immune Not
reported

Patient
1. 1:3000

Agitated and walked atactically,
constantly moving arms, stealing,
had visual disturbances, and acts
of violence. Scared and thought
people were threatening him and
his condition would not improve.
Though he was a sexual deviant.
Later believed that people had
negative thoughts of him.
Believed his illness was due to a
political and medical conspiracy

Immune Not
reported

Patient
2. 1:
100000

Restless, conversant but
disorientated and though people
were talking about him. Believed
he was bad for his wife, and
people wanted to kill him. He was
mute, anxious, and had eating
disturbances. Could be easily
agitated and was at times
aggressive

Edwards and
Domm (1960)

1 Late acute
early immune

Canicola Patient. 1:
3200

Refused to take medication, ran
down hallway screaming, escaped
from the hospital, and assaulted a
restaurant attendant

Avery (1976a)* 1 Late acute Hardjo
(prijitno/
bovis?)

1:12800 Paranoia, believed a bad spirit had
entered him. Hebephrenic though
disorder with poor association of
though, Communication, and
staturing. Had bodily
hallucinations

Avery (1976b)*
same patient

1 Immune Not
reported

Not
reported

Psychotic symptoms – no further
delineation of the symptoms

Marshall and
Scrimgeour
(1978)

1 Immune Tarassovi 1:1500 Schizophreniform psychosis –
limited delineation of symptoms
auditory hallucinations, confused
meaningless speech, and
disorientated in time and space

Ram and Karim
(1981)

2 Indeterminable Pomona Patient
1 not
reported

Patient 1: Numerous visual
hallucinations and delusions of
people wanting to harm him

Indeterminable Not
reported

Patient
2 not
reported
but
reactive

Patient 2: Numerous visual
hallucinations and delusions of
people wanting to harm him,
labile mood, apprehensive, and
disorientated in time and space

Semiz et al.
(2005)

4 Late acute/
(blood culture
+)

Not
reported

Patient
1 not
reported

Patient 1: Increased psychomotor
activity, concentration difficulties,
insomnia, grandiosity, and flight
of ideas.

(continued)

1322 S. B. Craig et al.



movement disorder, and seizures. Moreover, recent animal studies using a mouse
model have reported that mice infused with CSF from patients with anti-NMDAR
encephalitis displayed reversible psychotic-like features and dopamine receptor
changes in cell surface dopamine receptors (Carceles-Cordon et al. 2020). In total
the evidence presented here suggests the generation of anti-NMDAR auto-antibodies
may be germane to psychiatric disturbance in leptospirosis.

Pollak et al. (2020) delineate further immune mechanisms that may be associated
with psychosis. For example, Pollak et al. (2020) postulate that raised CRP, IL-6,
TNF-α, and several other cytokines are increased in patients with psychosis com-
pared with healthy controls and may qualify as biomarkers for psychosis. This is of
interest to the association of leptospirosis and psychosis as IL-6 and TNF-α may be
elevated in leptospirosis (Levett 2001; Haake and Levett 2015). Pollak et al. (2020)
provide further avenues of immunological underpinnings associated with psychosis
when they posit that there is evidence of increased microglial density and activation

Table 2 (continued)

Author N Phase Serovar Titre Presentation/Symptoms

Early immune
(IgM reactive)

EEG. Abnormalities from right
temporal lobe. MRI revealed
gliosis in bilateral thalamus and
brachium pontis. Brief Psychiatric
Rating Scale (BPRS) score of
20 and Young Mania Rating Scale
(YMRS) score of 35

Late acute/
(blood culture
+)
Early immune
(IgM reactive)

Not
reported

Patient
2 not
reported

Patient 2: Aggressive behavior,
nihilistic delusions, lack of
insight, slowing of though and
psychomotor abilities
Scale for the Assessment of
Negative Symptoms
(SANS) ¼ 59
Scale for the Assessment of
Positive Symptoms (SAPS) ¼ 41
BPRS ¼ 32

Late acute/
(blood culture
+)
Early immune
(IgM reactive)

Not
reported

Patient
3 not
reported

Patient 3: Insomnia, agitated, and
aggressive behavior
Persecutory and grandiose
delusions, flight of ideas, euphoria
Distractibility, and increased
psychomotor activity
SANS ¼ 22, SAPS ¼ 43,
BPRS ¼ 35, and YMRS ¼ 40

Late acute/
(blood culture
+)
Early immune
(IgM reactive)

Not
reported

Patient
4 not
reported

Patient 4: referential, persecutory,
and influence delusions affective
blunting, decreased psychomotor
activity, flow of thought, and self-
care.
SANS ¼ 107, SAPS ¼ 15, and
BPRS ¼ 44
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as well as lymphocyte infiltration occurring in approximately 20% of brains of
individuals who had schizophrenia. This latter point is of interest given psychosis
is common in schizophrenia and the observed CNS pathology outlined in the
previous section reporting glial cell proliferation (Gsell 1978) and perivascular
lymphocytic infiltration in the brain and spinal cord are pathological features of
leptospirosis.

42.10 Acute Disseminated Encephalomyelitis (ADEM) Following
a Leptospiral Infection

Tenembaum (2013) posits that acute disseminated encephalomyelitis (ADEM) is an
immune-mediated inflammatory demyelinating disease effecting the brain and spinal
cord that can follow vaccination or systematic infection. Fever, malaise, headache,
nausea, and vomiting may precede the altered consciousness and neurological
symptoms. ADEM is rapidly progressive and while a full recovery is observed in
most of patients, a minority of patients show residual neurological deficits even after
6 months. Tenembaum (2013) also highlights how life-threating ADEM can be with
reports of respiratory failure secondary to brainstem involvement or severe impaired
consciousness occurring in 11–16% of cases. Moreover, a case control study
revealed neurocognitive deficits in attention, executive function, IQ, and educational
achievement in children following an ADEM diagnosis before five years of age
(Jacobs et al. 2004). ADEM may also be a risk for a future diagnosis of multiple
sclerosis in a minority of patients (Hintzen et al. 2016). A complete understanding of
the pathogenesis underpinning ADEM eludes the literature; however, an autoim-
mune etiology predominates with molecular mimicry, inflammatory cascades, and
associations with some major histocompatibility complex (MHC) class II alleles all
being postulated in the etiology (Tenembaum 2013). Treatment regimens consists of
corticosteroids, intravenous immunoglobulin, and plasmapheresis (Pohl and
Tenembaum 2012). Diagnosis may require MRI imaging. MRI T2-weighted images
typically reveal multiple hyperintense bilateral, asymmetric patchy and poorly
marginated lesions. ADEM lesions are typically observed in the subcortical and
central white matter, cortical gray-white matter junctions, thalamus, basal ganglia,
cerebellum, and brainstem. Spinal cord involvement may also be observed in
patients with large spinal cord lesions extending over multiple segments (Pohl
et al. 2016). The cerebrospinal fluid (CSF) findings of patients with ADEM are
unremarkable. If a pleocytosis is observed it is usually a mild lymphomonocytic
pleocytosis, with increased protein and normal glucose levels. Oligoclonal IgG
bands are considered transient and a rare phenomenon (Tenembaum 2013).

The clinical presentation, CSF results, and MRI T2 observations of the extant
case reports of ADEM following a leptospiral infection are presented in Table 3.
Strikingly, there is consistent clinical presentation with all five patients with ADEM
following leptospirosis presenting with some form of altered consciousness. The
CSF results were consistent across the five case reports. CSF white cell counts were
similar in four of the five patients with lymphocytes, the predominate cells, observed
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in most instances. Similarly, while CSF protein was elevated, CSF glucose was
normal. T2 MRI results also revealed all patients demonstrating hyperintense lesions
throughout the CNS. Combined these results are congruent with ADEM
(Tenembaum 2013). Complete resolution however was not observed in all the
patients. One patient succumbed to the disease and one patient had sequalae after
1-month follow-up. It is uncertain if this patient achieved full resolution.

While randomized controlled studies may not be possible to prove pathogenic
leptospires causing ADEM, it is germane to consider if leptospires are causing the
immune-mediated manifestations of ADEM or is the development of ADEM fol-
lowing an episode of leptospirosis simply coincidental. This is a reasonable consid-
eration and one analyzed by Ellul et al. (2020) who used Hill’s (1965) nine pillars of

Table 3 Acute disseminated encephalomyelitis (ADEM) following a leptospiral infection

Publication
Neurological
symptoms CSF MRI Follow-up

Alonso-
Valle et al.
(2001)

Confusion
and left
hemiparesis
with facial
central palsy

11 cells/mm3

(90% Lymphocytes)
Protein 168 mg/dL
Glucose Normal

T2 hyperintense
bilateral sub cortical
matter lesions and T2
hyperintense unilateral
lesion in the left
cerebellum

MRI at
1 month
resolution

Chandra
et al.
(2004)

Stuporous,
responding
only to
painful
stimuli

10 cells/mm3 (100%
lymphocytes)

T2 hyperintense lesions
in the subcortical white
matter, corpus callosum,
thalamus, basal ganglia,
and upper brainstem

MRI at
6 months
resolution

Lelis et al.
(2009)

Fever,
fatigue,
seizures, and
reduced
consciousness

Normal T2 hyperintense lesions
near lateral ventricles,
cerebellar peduncle, and
left cerebellar lobe

Sequalae at
1 month

Singh et al.
(2011)

Altered
sensorium,
drowsy

10 cells/mm3 (70%
lymphocytes)
Protein 81 mg/dL
Glucose normal

T2 hyperintense lesions
involving subcortical
white matter, bilateral
internal and external
capsules, basal ganglia,
corpus callosum,
cerebellar hemispheres,
pons, and bilateral
middle cerebellar
peduncles

MRI at
1.5 months
resolution

Özbay
et al.
(2021)

Severe
confusion

WBC 20 � 106/L
Protein 1620 mg/L
Glucose normal

T2 hyperintense lesions
involving the thalamus,
periventricular white
matter, and the corpus
callosum and regions
distal to the internal
capsule

Nil. Patient
succumbed
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causation in their consideration of SARS-Cov2 and the development of neurological
disorders. In applying Hill’s (1965) criteria to determine causative links between
leptospirosis and ADEM it can be argued that six of the nine pillars of causation are
supported. Firstly, although case reports are low there is consistency with the link in
regard to presentation and clinical accounts from different locations around the
world (Asia and Europe). The relationship appears specific in regard to the pathology
observed and neurological manifestations. Temporality is observed with the ADEM
postinfectious syndrome, due to an adaptive immune response, proceeding not
preceding leptospirosis. Biological plausibility is supported by the recent observa-
tion of CNS-targeted auto-antibodies such as anti-NMDAR antibodies in leptospi-
rosis in addition to the reports of Guillain-Barre syndrome and an increased risk of
systemic autoimmune rheumatic diseases following leptospirosis (Levett 2001;
Panda et al. 2021; Teh et al. 2020). Coherence is perhaps supported by the vast
CNS, PNS, cranial nerve and peripheral nerve, and CNS hemorrhagic complications
observed in leptospirosis. The development of ADEM does not, in the words of Hill
(1965, p. 289), “seriously conflict with the generally known facts of the natural
history and biology of the disease” (leptospirosis). Further, analogy is supported by
the finding that ADEM has been reported following infection with other bacteria
such as Mycoplasma pneumoniae, Borrelia burgdorferi, and beta-hemolytic Strep-
tococcus and vaccination against pertussis (Tenembaum,2013). Unequivocally, the
limited number of reports (N ¼ 5) of ADEM relative to incidence of leptospirosis in
the tropics, estimated to be 10–100 per 100,000 (WHO 2003), undermines Hill’s
(1965) experimental, strength, and biological gradient aspects of causation. It
should be noted that Hill (1965, p. 299) states that, “none of my nine viewpoints
can bring indisputable evidence for or against the cause and-effect hypothesis and
none can be required as a sine qua non.” Evidence in support of experimental,
strength, and biological gradient aspects of causation may change, however, as
more cases of ADEM following leptospirosis come to light and/or in vitro or animal
models are developed.

42.11 Conclusion

Understanding the pathology underpinning the neurological and psychiatric symp-
toms observed during an episode of leptospirosis is pivotal given that altered mental
status is a poor prognostic indictor. The pathology observed in the CNS and PNS are
extensive and much of the pathology may be driven by immune-mediated factors.
Further case reports and investigations focusing on immune-mediated factors such as
anti-NMDAR auto-antibodies are necessary to advance our understanding of the
underlying pathological process in leptospirosis.
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Abstract

Glanders, caused by infection with Burkholderia mallei, primarily causes infec-
tion in equines, but may be transmitted to humans, and thus qualifies as a true
zoonosis. Melioidosis is caused by B. pseudomallei, genetically very similar to
B. mallei, but which is an environmental saprophyte capable of infecting humans
and a wide range of other animals. Good evidence of animal-to-human, or even
human-to-human, transmission of melioidosis is lacking, and so it is most
appropriately referred to as a sapronosis, or at most a sapro-zoonosis. Although
rare in Western countries, both microorganisms have recently gained much
interest because of their potential use as bioterrorism agents and widening
geographic footprint. The increasing recognition of melioidosis in humans and
recent outbreaks of glanders in animals have led to their description as emerging
or reemerging diseases, and melioidosis as a neglected tropical disease.
Laboratory-associated infections with both organisms have also occurred,
resulting in their categorization as Hazard Group 3 pathogens. In this chapter
we review the epidemiology of animal and human cases of glanders and
melioidosis, the evidence for different modes of transmission, pathogenesis and
clinical features, diagnosis and treatment, as well as public health and disease
control issues.

Keywords
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43.1 Introduction

Glanders, caused by infection with Burkholderia mallei, primarily causes infection in
equines, but may be transmitted to humans, and thus qualifies as a true zoonosis.
Melioidosis is caused by B. pseudomallei, genetically very similar to B. mallei, but
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which is an environmental saprophyte capable of infecting humans and a wide range
of other animals. Good evidence of animal-to-human, or even human-to-human,
transmission of melioidosis is lacking, and so it is most appropriately referred to as
a sapronosis, or at most a sapro-zoonosis. Although rare in Western countries, both
microorganisms have recently gained much interest because of their potential use as
bioterrorism agents and widening geographic footprint. The increasing recognition of
melioidosis in humans and recent outbreaks of glanders in animals have led to their
description as emerging or reemerging diseases, and melioidosis as a neglected
tropical disease. Laboratory-associated infections with both organisms have also
occurred, resulting in their categorization as Hazard Group 3 pathogens. In this chapter
we review the epidemiology of animal and human cases of glanders and melioidosis,
the evidence for different modes of transmission, pathogenesis and clinical features,
diagnosis and treatment, as well as public health and disease control issues.

43.2 Glanders

43.2.1 History and Epidemiology

Symptoms of glanders in equines were reported as early as 425 BC by Hippocrates;
however it was Aristotle who first described it as “μηλις” (malis in Latin, from which
B. mallei takes its name) in approximately 350 BC (Sharrer 1995). B. mallei was first
isolated from the liver of an infected horse in 1882 (Boerner 1882). Infection resulted
in significant morbidity and mortality in equines worldwide, and was occasionally
transmitted to humans in prolonged close contact with horses, such as grooms,
coachmen, veterinarians, and butchers, or to other animals through direct or indirect
contact.

Glanders has since been eradicated from Western Europe, the USA, and Canada
due mainly to the reduction in the use of horses in everyday life, but also to improved
animal husbandry and hygiene and strict programs enforcing statutory testing and
slaughter of infected animals (Blancou 1994; Derbyshire 2002); however the disease
persists in the Middle-East, parts of Asia, and South America. A possible
reintroduction occurred in Germany in 2014, which was identified on routine
pre-export serological tests despite a lack of epidemiological evidence of contact
with B. mallei infected horses (Kettle and Wernery 2016). This possibly represented
latent disease, which was not detected by standard diagnostics (Kettle and Wernery
2016). Within the last 20 years, increasing numbers of equine cases have been
reported from countries including Pakistan, India, Bangladesh, Brazil, Turkey,
Iran, Iraq, Afghanistan, Kuwait, Bahrain, UAE, Lebanon, Latvia, Belarus, Mongo-
lia, and China (Rahman et al. 2018; Health 2013; Khan et al. 2013). These are
usually sporadic involving single or small numbers of animals, although occasion-
ally larger outbreaks have occurred, such as that in India between 2006 and 2010
involving 8 states and 164 equines (Malik et al. 2012). Sporadic human cases have
also been reported from Cameroon, Curaçao, Sri Lanka, and Turkey (Office
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International des Épizooties 2011). Laboratory-associated human cases, such as that
which occurred in a military research microbiologist in the USA in 2000 (Srinivasan
et al. 2001), the first case in the USA for over 50 years, have also been reported
occasionally.

Due to its high fatality rates and transmissibility of the disease in animals and
humans, glanders has long been considered as a potential biological weapon. When
horses were widely used for military purposes, devastating natural outbreaks
occurred, for example, during the American Civil War (Sharrer 1995). B. mallei
was actually used by the Germans in sabotage attempts during World War I
(Christopher et al. 1997), and in human experiments by the notorious Japanese
Unit 731 in Manchuria in the period leading up to World War II (Darling and
Woods 2004). It is reported to have been weaponized by the Soviet Union, and
used against the Mujaheddin in Afghanistan in the 1980s (Alibek and Handelman
1999). With resurgent bioterrorism concerns, B. mallei, listed as a category B
bioterrorism agent and Tier 1 Select Agent by the Centers for Disease Control and
Prevention and the US Department of Agriculture, is now being studied in many
laboratories throughout the world.

43.2.2 Modes of Transmission

It was initially thought that glanders was transmitted through the air; however in the
early eighteenth century it was proposed that transmission took place through direct
contact with infected horses, or indirectly through contaminated harnesses and water
troughs (Khan et al. 2013; Kinsley 1911). Inoculation or ingestion of infected
clinical material was demonstrated to cause infection in horses and other animals
in experiments conducted in the late nineteenth and early twentieth centuries, which
also confirmed that “glanders” and “farcy” were different manifestations of the same
disease (O’Leary 1908; Schutz 1898). Later, nasal discharge and skin exudate from
infected animals was shown to contain large numbers of bacteria that could be
readily cultured, and it was shown that viable bacteria could survive for at least
4 weeks suspended in water (Miller et al. 1948).

Once it has contaminated harnesses, grooming tools, hoof trimming equipment,
water troughs, or hands, B. malleimay transmit to new hosts through skin abrasions,
mucous membranes, ingestion of water containing infective material, or inhalation
of dried infected particles (Carr Gregory 2007). The disease spreads quickly in
overcrowded, poorly hygienic, and humid environments (Khan et al. 2013). Occa-
sional cases have been reported in carnivores fed on infected meat (Alibasoglu et al.
1986; Khaki et al. 2012). Vertical transmission has occurred naturally from mare to
foal, and from laboratory infected guinea pig sows to their offspring (Loeffler 1886;
Rutherford 1906).

Zoonotic transmission to humans appears to be relatively uncommon. During
World War II, human infections were rare despite a 30% prevalence in horses in
China (Darling and Woods 2004). Disease has occurred almost exclusively in
individuals whose occupation involves close and prolonged contact with horses,
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but there is often no history or clinical evidence of inoculation or path of infection
(Bernstein and Carling 1909). Lethal human glanders has also been documented to
occur following a bite by an infected horse (Pilcher 1907). As is the case for
melioidosis, diabetes may place humans at greater risk of infection after exposure,
although reports of this are remarkably rare, perhaps because of the rarity of human
glanders since diabetes became readily treatable (Srinivasan et al. 2001). Human
infection by ingestion has not been definitively reported, although it has been seen in
carnivores (Alibasoglu et al. 1986; Khaki et al. 2012). In fact even where there is
known to have been consumption of glanderous meat, human infection has not
occurred (Loeffler 1886). Human-to-human transmission is also rare, but has been
reported, and has usually involved close contact with the infected individual either as
a family member, a carer, during medical procedures, or postmortem examination
(Loeffler 1886; Robins 1906). In a review of 156 reported cases at the turn of the last
century, around 10% were believed to have been acquired from human contact
(Robins 1906). In the present day, improved living conditions, universal precautions,
disinfection, and available treatment make human-to-human transmission much less
likely to occur. Recently, a study examining 538 in-contact individuals, including
equine handlers, veterinarians/field assistants, and laboratory workers processing
B. mallei samples, found no seropositive individuals by complement fixation test
(CFT) and enzyme-linked immunosorbent assay (ELISA) (Singha et al. 2020a).

In developed countries, laboratory exposure seems to be a greater threat than
animal contact, and anecdotal observations suggest that B. mallei may be more
infectious in this setting than B. pseudomallei (Howe and Miller 1947). Some
cases have occurred following obvious aerosol exposures during spillage of culture
material, or direct inoculation injuries (Howe and Miller 1947) but many did not
recall a particular exposure (Srinivasan et al. 2001). It is suspected that most
laboratory-acquired cases are a result of inhalation (Carr Gregory 2007).

Although outbreaks continue to occur in the endemic regions listed above, little is
known about the ecology and population dynamics of B. mallei. A recent study
investigated the molecular epidemiology of glanders in Pakistan. Isolates from
15 glanderous horses in the Punjab between 1999 and 2007 underwent variable
number of tandem repeat (VNTR) analysis, phylogenetic analysis, and comparison
to ten whole-genome-sequenced strains of B. mallei. The results confirmed the
Punjab strains to be genetically distinct from the sequenced strains, and to form
three distinct clades, with the majority belonging to a single clade temporally and
geographically spread, suggesting that this is ecologically established in the Punjab
region (Hornstra et al. 2009). Together with additional epidemiological data, the
authors concluded that human movement of equines contributed to the dispersal of
B. mallei genotypes and that strains could persist for at least 1.5 years. Similarly,
glanders infection in a dromedary in Bahrain was shown to be genetically similar to
the Dubai 7 strain, which caused an outbreak in horses in United Arab Emirates in
2004 (Wernery et al. 2011), and it was suggested that the strain was introduced from
that region through international horse trade. The first molecular characterization of a
Brazilian B. mallei strain isolated from a mule in 2016 found that it was most closely
related to an Indian strain isolated from a horse in 1932 (Laroucau et al. 2018).
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Using 45 B. mallei isolates, this study identified three distinct lineages; L1- included
only two isolates from Turkey and the United Kingdom, L2- isolates mainly from
India, China, and Burma, with some from Hungary, Iran, Pakistan, and the UAE, and
L3- mainly Turkish isolates along with some from Brazil, Hungary, India, Iran,
Russia, and the USA. Caution is advised due to the paucity of available B. mallei
genome data, meaning there is likely to be bias in the geographic clustering seen so
far (Laroucau et al. 2018). In India, the state of Uttar Pradesh (UP) has become a
glanders hotspot. Between 2013 and 2016, ten isolates from horses and mules
identified a cluster of five that were linked to UP (Singha et al. 2021). However,
further VNTR analysis identified considerable genotypic variability of B. mallei
isolates from India. These were closely linked to isolates from Pakistan, followed by
Turkey, which points to an ancestral clone that disseminated to geographically linked
countries via equine movement over time (Singha et al. 2021).

43.2.3 Microbiology

B. mallei is a facultative intracellular, aerobic, nonmotile Gram-negative bacillus.
The results of DNA-DNA hybridization (Rogul et al. 1970), multi-locus sequence
typing (MLST) (Godoy et al. 2003), and whole genome sequencing (Nierman et al.
2004) have demonstrated unequivocally that B. mallei is actually a clone of
B. pseudomallei, which has undergone a substantial reduction in the size of its
genome during the process of adaptation as an equine pathogen (Nierman et al.
2004), differing at only a single nucleotide site in one of seven housekeeping genes
studied. Based on these data it should not taxonomically be considered a separate
species; however it retains species status due to its specific clinical and epidemio-
logical behavior.

Very few recent clinical isolates are available for study, so knowledge of the
characteristics of B. mallei is based on historical descriptions and archived strains,
which may be laboratory-adapted to varying degrees. The organism often has an
irregularly stained appearance on Gram’s stain due to the presence of “lipoid
granules” (Worley and Young 1945). Miller noted that when the organism was
stained in clinical specimens, there was an impression of a capsule; however this
is not apparent using common capsule stains (Miller et al. 1948). It is nutritionally
versatile, being able to use a wide range of organic compounds as a carbon source,
and can oxidize glucose and usually mannitol. It is able to grow on most laboratory
media, but requires glycerol for optimum growth (Miller et al. 1948), initially
forming shiny and translucent colonies, which tend to become mucoid with age.
Selective agars have been developed and may be useful when clinical specimens
from non-sterile sites are collected (Kinoshita et al. 2019). Most strains are oxidase
positive. The optimal temperature for growth is 37 �C; many strains grow poorly
below 25 �C but all will grow at 41 �C. B. mallei is unable to survive in dried pus for
longer than a few days, or for 24 h when exposed to sunlight, although it can survive
in tap water for at least 4 weeks (Miller et al. 1948; Howe and Miller 1947) and for
3–5 weeks in wet, humid, or dark environmental conditions. Following inoculation
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onto nonporous laboratory materials (e.g., rubber gloves, glass, and stainless-steel),
B. mallei China 7 viability decreased to nondetectable levels within 4–7 days.
However, it was inactivated on exposure to vapor phase hydrogen peroxide (Rogers
et al. 2016).

It grows less luxuriantly on laboratory media than B. pseudomallei, from which it
may be distinguished by its susceptibility to aminoglycosides and lack of motility.
Like B. pseudomallei, it is intrinsically resistant to colistin and polymyxin
B. B. mallei is nonflagellated, despite retaining flagellar genes that are not expressed
(Song et al. 2010), whereas B. pseudomallei has 2–4 polar flagella per cell.

43.2.4 Pathogenesis

B. mallei has the ability to invade and replicate inside epithelial and phagocytic cells
and evade host immune mechanisms, resulting in an acute and fatal course, or a more
chronic persistent infection state. In vivo animal models of glanders, in particular
hamster and mice models, have provided important data on various pathogenic
mechanisms. Nonhuman primate models highlight striking differences in patholog-
ical features observed between melioidosis and glanders (Nelson et al. 2014). With
B. pseudomallei infection, most pathological features were hepato-splenic; multi-
focal suppurative lesions with areas of variable necrosis, whereas B. mallei lesions,
although multifocal, were non-necrotic, and more severe in the lungs. All B. mallei-
challenged animals had multifocal necrotizing pneumonia, but only one-third of
B. pseudomallei-challenged animals exhibited pneumonia (Nelson et al. 2014).

B. mallei ATCC 23344 genome contains at least two luxI and four luxR homo-
logues, which are quorum sensing (cell-density)-based regulators of virulence factor
expression. When inactivated, reduced bacterial virulence was observed in mice
(Ulrich et al. 2004). The genome also encodes a virAG two-component regulatory
system that is required for virulence in hamsters (Nierman et al. 2004) and over-
expression results in transcription of approximately 60 genes (Schell et al. 2007).

Like many pathogenic Gram-negative bacteria, Burkholderia spp. use a Type III
secretion system (T3SS) to interact with and invade host cells. This system involves
secretion of a protein onto the membrane of a host cell, to which the bacteria can
subsequently bind, form a pore, and insert effector proteins directly into the host cell
cytosol. B. mallei contains two T3SS, one of which is the animal pathogen-like Bsa
T3SS (T3SSAP), which is required for rupture of endocytic vacuoles, escape into the
host cell cytoplasm (Ribot and Ulrich 2006) and actin-based motility to promote
spread within and between cells (Ulrich and Deshazer 2004). A type VI secretion
system, T6SS-1, part of the VirAG regulon, is essential for B. mallei virulence in the
hamster model of glanders (Schell et al. 2007) and has an important role in growth
and actin-based motility following uptake of B. mallei by murine macrophages
(Burtnick et al. 2010). B. mallei also exhibits Bim-A dependent intracellular actin-
based motility, similar to that discussed later for B. pseudomallei. Multinucleated
giant cell (MNGC) formation is characteristic of both organisms and is believed to
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be involved in establishing persistent infection by facilitating intercellular spread
and immune evasion (Duval and White 1907; Burtnick et al. 2011).

In laboratory infected guinea pigs, B. mallei has been shown to produce a thick
carbohydrate capsule (Popov et al. 1991), the coding sequence of which is 99%
identical to that of the B. pseudomallei capsule (Deshazer et al. 2001). This enables
B. mallei to resist macrophage and complement-mediated killing, promoting sur-
vival in serum (Burtnick et al. 2002). Furthermore, mutated strains lacking a capsule
appear nonpathogenic in mice and hamsters (Deshazer et al. 2001). Lipopolysac-
charide has also been shown to be a potent activator of Toll-like receptor-4 in vitro
(Brett et al. 2007).

Through the various modes of transmission outlined previously, using these
pathogenic mechanisms, B. mallei is able to penetrate mucosae, invade lymphatics,
and spread hematogenously. Postmortem examinations of glanderous animals have
revealed nodules and ulcers of the nasal passages, larynx, lip, and other tissues
(Fig. 1); sero-sanguinous fluid in the nasal cavity, paranasal sinuses, and trachea;
sub-pleural lung nodules; diffuse, miliary granulomatous nodules with caseo-
necrotic centers; pulmonary edema or severe bronchopneumonia; and less fre-
quently, muscle abscesses (Khan et al. 2013). Some ulcerating lesions are believed
to be endotoxin mediated (Carr Gregory 2007).

43.2.5 Clinical Presentation in Animals

In addition to the normal equine hosts, glanders has been confirmed in camels,
bears, wolves, dogs, and felines (Health 2013; Wernery et al. 2011), and in
laboratory experiments guinea-pigs and hamsters appear to be susceptible, whereas
cattle, fowl, rats, and pigs appear to be more resistant (Hu et al. 1958, Minnet
1959). Donkeys are particularly susceptible and develop an acute fatal form of
infection, whereas horses tend to develop a chronic, more insidious, yet eventually
fatal illness. The clinical presentation of equine glanders may be acute or chronic,
and it typically manifests as a respiratory illness with pulmonary and nasal

Fig. 1 Tracheal ulcers noted
on post-mortem of a
glanderous horse. Copyright
Prof. D.E. Woods
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involvement (“glanders”; Fig. 2) or with cutaneous nodules and lymphangitis
(“farcy”; Fig. 3a, b), although these forms often coexist, and pulmonary involve-
ment is almost invariably found at postmortem. The incubation period varies from
a few days to several months (Health 2013). The clinical presentation in other
susceptible animals appears similar to that in equines. General clinical signs noted
may include fever, rough hair coat, breathing difficulty, joint and limb swelling,
inappetence, and gradual emaciation (Singha et al. 2020b).

Acute infection in donkeys begins with fever, anorexia, loss of stamina, and
respiratory symptoms such as nasal discharge and cough. This is shortly followed
by swelling of the nostrils, nodules, and ulceration of the nasal septum,
mucopurulent nasal discharge, submaxillary lymphadenopathy (often with suppu-
ration), and increasing shortness of breath (Health 2013; Wernery et al. 2011;
Minnet 1959). Death occurs within a few days to weeks as a result of respiratory
failure and sepsis.

In horses, glanders generally follows a more chronic course with episodic exac-
erbations followed by improvement in symptoms. The animal may have intermittent,
low-grade fever, and mild respiratory symptoms; however the disease may remain
latent for months to years without significant symptoms or signs. As disease pro-
gresses, cough, weakness, and signs of wasting develop, and nasal and cutaneous
forms ensue with inflammatory nodules and ulceration of the nasal cavity and upper
respiratory tract (see Fig. 1), yellow-green purulent nasal discharge (see Fig. 2), and
lymphangitis or nodular lymphadenitis particularly affecting the limbs (Fig. 3b). The
skin nodules may also ulcerate, and deep lesions are often associated with joint
swelling and edema of the hind quarters resulting in lameness. Shortness of breath
progresses as lung nodules and abscesses develop, and nodules are often found in the
liver and spleen. Neurological involvement has been noted but is rare (Dobberstein
1935). Although chronic cases may survive for many years, the animal will usually
become increasingly debilitated and eventually die (Health 2013; Khan et al. 2013;
Minnet 1959; Saqib et al. 2012). Chronic and subclinical cases are potential sources
of transmission to other animals or humans through shedding of bacteria in respira-
tory secretions and skin exudate (Wittig et al. 2006). Increased incidence of glanders

Fig. 2 Typical purulent nasal
exudate due to glanders
infection in horses. Copyright
Prof. D.E. Woods
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has been recorded during the seasonal transition from spring to summer followed by
the humid rainy season, with working stress also playing an important role (Singha
et al. 2020b; Fonseca-Rodriguez et al. 2019; Ghori et al. 2017).

43.2.6 Clinical Presentation in Humans

Knowledge of the clinical features of glanders in humans is based on a relatively
narrow window in the literature of just over 100 years between the early nineteenth
and the early twentieth centuries, and a few more recently published

Fig. 3 (a) Cutaneous nodules
around the jaw and (b)
lymphangitis of the lower
limb representing “fracy” due
to glanders in a horse.
Copyright of the Central
Veterinary Research
Laboratory, Dubai, United
Arab Emirates

1340 H. S. Virk et al.



laboratory-acquired cases (Srinivasan et al. 2001; Robins 1906; Howe and Miller
1947). The clinical manifestations appear to relate to the route of infection, and
whether the disease remains localized or disseminates, which probably accounts for
the relative frequency of involvement of the head, neck, and upper limbs. Typically,
it results in pneumonia, septicemia, and chronic suppurative skin infection. Average
incubation is 1–14 days (Nelson et al. 2014). Localized infection typically produces
pus-forming, ulcerating nodules and abscesses of the skin, subcutaneous tissues, or
mucous membranes, with associated lymphangitis or regional lymphadenopathy.
Depending on the site affected, there may be swelling and increased discharge from
nasal, ocular, or respiratory mucous membranes. Fever, malaise, headache, myalgia,
and gastrointestinal upset are common accompanying features.

Cutaneous inoculation or entry of B. mallei via mucous membranes typically
results in a localized infection at the site of entry within 1–5 days. Although
involvement of the nasal or oral mucosa has been well described, this is by no
means invariable and certainly not as prominent as it is in horses, but pustular lesions
around the face appear to be common. If untreated, lymphatic or hematogenous
spread takes place after 1–4 weeks, resulting in pulmonary, septicemic, or dissem-
inated infection with abscesses in many organs, but particularly the spleen, liver, and
lungs (Carr Gregory and D. 2007). Multiple, painful skin and soft tissue nodules and
abscesses may be a particularly prominent feature, and these often contain a char-
acteristic oily pus (“farcy oil”). Pulmonary involvement, secondary to aerosol
inhalation or as part of disseminated infection, may present with cough, purulent
sputum, shortness of breath, and chest pain as a result of pneumonia, lung abscess, or
pleural effusion. Pneumonia, abscesses with cavitation, and miliary nodules have
been seen on chest radiographs (Carr Gregory 2007). Septicemia may develop
immediately or up to 2 weeks after initial exposure or recurrence, and has a poor
prognosis. The most recent reported case of human glanders occurred in Brazil in
2020, when an 11-year-old child, who was known to be in constant close contact
with families who owned horses, presented with fever, chest pain, and breathing
difficulty, going on to develop septic shock. Chest X-rays identified pericardial and
pleural effusions with pneumonia. B. mallei was subsequently cultured from
abscesses, which appeared on his trunk. An abrasion on his left knee was presumed
to be the portal of infection (Santos Junior et al. 2020).

Although human glanders was generally fatal over days to weeks before antibi-
otics were available, a more protracted course of disseminated infection interrupted
by latent periods has also been described (Bartlett 1988), as well as cases of localized
abscesses, which responded to incision and drainage only (Bernstein 1909). Recent
naturally occurring and laboratory-acquired cases have survived with antibiotic
treatment similar to that used for melioidosis despite delays in making the diagnosis.

43.2.7 Diagnosis

A definitive diagnosis of glanders, in animals or humans, generally requires
isolation and identification of B. mallei from clinical samples, although serocon-
version following known exposure would also be highly suggestive of infection.
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Specimens from suspected or confirmed cases should be handled with appropriate
laboratory containment. All suspected cases should have blood and urine culture,
together with sputum, pus, exudate from superficial lesions and other samples as
available or appropriate. Guidelines for culture and identification of B. mallei have
been developed (Microbiology 2008). Gram’s stain of clinical samples may dem-
onstrate the irregularly stained Gram-negative bacilli. The organisms are difficult
to demonstrate in tissue sections where they may have a beaded or encapsulated
appearance (Miller et al. 1948). Isolation from non-sterile sites may be optimized
by using a selective medium such as Burkholderia cepacia agar, although selective
media containing aminoglycosides designed for B. pseudomallei, such as
Ashdown’s agar, are inhibitory to the aminoglycoside-susceptible B. mallei
(Glass et al. 2009). B. mallei is often not correctly identified by API 20NE
(Amornchai et al. 2007) and other commercial identification systems (Glass and
Popovic 2005). Well-resourced laboratories are now using matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass spectrometry for bacterial
identification. However, accurate results require good sample preparation and a
well-developed database. To ensure highly pathogenic organisms are nonviable
and safe for handling, the American Society for Microbiology document “Sentinel
Level Clinical Laboratory Protocols for Suspected Biological Threat Agents and
Emerging Infectious Diseases” recommends that laboratories use the tube extrac-
tion method followed by filtration through a � 2 μm pore size filter for suspected
biothreat agents (Rudrik et al. 2017). Caution is advised with a genus-level
identification of Burkholderia species by MALDI-TOF MS. All suspected
B. mallei isolates should be referred to the relevant national reference laboratory
for molecular confirmation.

Molecular techniques have been developed to identify B. mallei in laboratory
culture (Lee et al. 2005; Thibault et al. 2004b; U’ren et al. 2005) and although their
use is currently restricted to research and reference laboratories, they could poten-
tially be used to detect the organism in clinical specimens. PCR targeting the
flagellin gene of B. mallei (fli-P) was used successfully to detect the organism in
clinical samples taken during a glanders outbreak in horses (Scholz et al. 2006).

In suspected cases of glanders in animals, the mallein skin test was historically
used for diagnostic purposes. The test is based on a hypersensitivity reaction to a
protein fraction (mallein) of B. mallei following intrapalpebral or subcutaneous
injection or administration in eyedrops, leading to marked eyelid swelling, a painful
raised lesion, or conjunctivitis, respectively, after 1–2 days, often accompanied by
fever (Health 2013). Mallein testing can, however, lead to subsequent false positive
results in other serological tests (Hagebock et al. 1993), and may be falsely negative
in animals with acute glanders or in the late stages of chronic disease (Neubauer et al.
2005). It is no longer recommended due to animal welfare concerns, but may be used
in remote endemic regions where storage and transport of samples for serological
testing is problematic (Health 2013).

Numerous serological tests for the diagnosis of glanders in horses exist
including complement fixation test (CFT), various enzyme-linked
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immunosorbent assay (ELISA), immunoblot (IB), Rose Bengal Test (RBT),
indirect hemagglutination assay (IHA), agar-gel immunodiffusion (AGID), indi-
rect fluorescent assay test (IFAT), counter immunoelectrophoresis (CIE), and dot
ELISA. Many of these methods are not widely validated, cross-react with other
Burkholderia species, and, like the mallein test, may give false negative results in
acute cases or very debilitated animals. CFT represents the current method of
choice for the diagnosis of glanders and is required before international horse
trade by the World Organization for Animal Health (OIE) (Health 2013). It is
90–98% sensitive, becoming positive within 1 week of infection, and remaining
positive in chronic cases and exacerbations of latent cases (Health 2013). A
cELISA has been developed using an uncharacterized anti-lipopolysaccharide
monoclonal antibody, and shown to have similar performance characteristics to
the CFT (Katz et al. 2000). However, both methods have suboptimal specificity
(Neubauer et al. 2005), particularly when testing serum samples from animals in
glanders-endemic areas (Khan et al. 2012). A recently optimized BimA protein-
based indirect enzyme-linked immunosorbent assay (iELISA) exhibited 96%
sensitivity and 91% specificity, with 100% repeatability and minimal decrease
in diagnostic efficacy after storage of ELISA plates at room temperature or 37 �C
for 90 days (Singh et al. 2018). ELISAs based on recombinant antigens (TssA,
TssB, and Hcp1) and semi-purified fractions of B. mallei (IDVet) have been
shown to have significantly higher specificity, offering a suitable alternative for
serological testing of equids (Elschner et al. 2019; Elschner et al. 2021). CFT
performance is also significantly affected by the availability of quality reagents
and specifically by the B. mallei antigen applied. False positive tests can have
serious consequences in terms of animal slaughter and financial losses.
Performing an immunoblot as a confirmatory test for all positive CFT results
has been suggested as a means of overcoming the sensitivity issues (Khan et al.
2012). The serodiagnosis of glanders in animals should only be undertaken and
interpreted by specialists with relevant expertise. Ideally, the diagnosis should be
confirmed by culture if possible. The European Union Reference Laboratory
(EURL) for glanders, nominated in 2008, found good intra-laboratory repeatabil-
ity of CFT testing; however, a risk of inter-laboratory inconsistency was
highlighted, which may misclassify positive samples with low CFT titers
(Laroucau et al. 2016). A field deployable recombinase polymerase
amplification-lateral flow (RPA-LF) assay, which is highly sensitive (down to
10 fg of B. mallei genomic DNA) and specific, shows promise as a tool for use in
endemic areas with limited laboratory resources (Saxena et al. 2019).

No validated serological test is currently available for the diagnosis of human
glanders, although numerous melioidosis serodiagnostic tests are in use around the
world and, given the serological cross-reactivity between B. mallei and
B. pseudomallei, it is likely that these would become positive in many cases of
human glanders. Recent molecular and immunological research is leading to the
identification of more specific and immunogenic B. mallei antigens to optimize
serological diagnosis.
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43.2.8 Treatment

B. mallei is intrinsically resistant to a range of antimicrobial agents, including early
beta-lactams, but unlike B. pseudomallei, B. mallei remains susceptible to
aminoglycosides and macrolides (Kenny et al. 1999; Thibault et al. 2004a). Most
strains are susceptible to carbapenems, ceftazidime, amoxycillin–clavulanic acid,
piperacillin, doxycycline, and trimethoprim-sulfamethoxazole (Thibault et al.
2004a; Kenny et al. 1999; Al-Izzi and Al-Bassam 1989; Heine et al. 2001). Despite
low mean inhibitory concentrations in vitro, certain antimicrobials, including
aminoglycosides, may not be effective in vivo due to the intracellular nature of the
infection. Doxycycline and fluoroquinolones, such as ciprofloxacin and ofloxacin,
with good intracellular and tissue penetration, have demonstrated efficacy when used
to treat experimental infection in animals (Batmanov 1991; Iliukhin et al. 1994;
Russell et al. 2000); however, in one study relapse occurred in some doxycycline
treated animals (Russell et al. 2000). Doxycycline has also been shown to have some
efficacy as post-exposure prophylaxis following aerosol and intraperitoneal chal-
lenge in animals (Russell et al. 2000; Iliukhin et al. 1994).

Trials to determine optimal treatment for animal and human glanders are
lacking. Until recently, glanderous animals, including those that are asymptomatic
with positive serological tests, have been euthanized according to strict veterinary
public health policies to prevent spread to other domestic animals or humans. In
the case of high value animals, such as those in equestrian sports, an expensive
treatment regimen may be justified. During an outbreak of culture confirmed
glanders in 23 horses at the Lahore Polo Club in Pakistan, a combination of
intravenous enrofloxacin and trimethoprim-sulfadiazine for 3 weeks, followed by
oral doxycycline for a total of 12 weeks, successfully treated all infections (Saqib
et al. 2012).

Recommendations for treatment of human glanders adopt the same antimicrobial
regimens as those validated for melioidosis, which are based on clinical trial
evidence. This consists of an intensive phase of intravenous antimicrobial therapy
(ceftazidime or a carbapenem) for a minimum of 10–14 days, followed by an
eradication phase of oral antimicrobial (trimethoprim-sulfamethoxazole) for
12–20 weeks, or longer if there is widespread visceral disease (Lipsitz et al. 2012).
Without the latter phase, there is likely to be a high risk of relapse, particularly in
those with disseminated infection. Drainage of abscesses where possible is an
important adjunct to antimicrobial therapy.

43.2.9 Prevention and Control

Control and eradication of glanders has to date depended on the detection and
elimination of infected animals to prevent onward transmission. A requirement for
serological testing of animals prior to international transport in order to prevent the
introduction of glanders into glanders-free regions, has been recommended by the
World Organization for Animal Health (Health 2003).
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Attempts to develop vaccines against B. mallei have so far been experimental and
no vaccine against glanders is yet available for either human or animal use. Intrana-
sally vaccinated BALB/c mice using an iron-acquisition-deficient B. malleitonB strain
had 100% survival on subsequent challenge. However, necropsy and organ colony-
forming units (CFU) enumeration showed splenomegaly and abscess formation with
persistence of the attenuated B. mallei, which poses a significant safety concern
(Hatcher et al. 2016). In contrast, a recombinant Parainfluenza virus 5 expressing
BatA (autotransporter protein) resulted in 74% survival, with complete bacterial
clearance from the lungs and spleen in 78% (Lafontaine et al. 2019). Interestingly,
using a double mutant by deletion of tonB and hcp1 genes produced clearance from
all organs by 21 days post inoculation, with unremarkable histopathology. Further-
more, serum from these mice was able to inhibit bacterial growth when co-cultured
with B. mallei. Greatest protection was observed in mice with the highest total IgG
titers and IgG2a/IgG1 ratios (markers of Th1-driven immune response and protec-
tion). Together, these studies demonstrate that live-attenuated vaccines can elicit a
strong humoral response that contributes toward protection (Hatcher et al. 2016).
The addition of the Toll-like receptor 9 (TLR9) agonist CpG oligodeoxynucleotide
(activating B and NK cells, antibody production, and Th1 cell development) as an
adjuvant may yet provide better protection and reduce the number of vaccine doses
required (Hatcher et al. 2016). More recent work is taking advantage of genome-
wide bio- and immune-informatic analysis to predict highly immunogenic antigens.
This led to the development of a nano-glycoconjugate vaccine (containing OmpW,
OpcP, and Hemagglutinin protein antigens alongside LPS), which offered complete
protection in an inhalational glanders mouse model (Tapia et al. 2020). Vaccine
development is gaining momentum and much progress has also been made with
melioidosis vaccines (see below), which may offer cross-protection.

If animal or human glanders is suspected, the case should be isolated, and
personal protective equipment (PPE) worn by any person who must come into
contact with the patient or samples. Local and national public health and veterinary
authorities must be notified immediately and confirmed cases in animals reported to
the World Organization for Animal Health. Any confirmed human glanders case
occurring without equine exposure should prompt consideration of a deliberate
release of the organism. In human cases, isolation and appropriate infection control
precautions (according to the site of infection) should be taken until the patient is
culture negative.

Confirmed animal cases and serologically positive animal contacts should be
destroyed humanely, with the provision of adequate compensation to owners.
Reasonable compensation schemes helped to eradicate glanders in Canada (Derby-
shire 2002). In contrast, in some developing countries as little as $1.1 US dollars is
paid in compensation for slaughter of a glanderous animal, which may be the basis of
the owner’s livelihood, thus forcing them to sell the animal and risk onward
transmission to other animals and regions (Khan et al. 2013; Saqib et al. 2012).
Premises and facilities of infected animals should be quarantined, cleaned, and
disinfected. Carcases as well as contaminated bedding, feed, manure, and equipment
in the vicinity should be buried or incinerated.
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Prevention of laboratory-acquired human infection depends on a full risk assess-
ment, appropriate containment and practices, the use of personal protective equip-
ment, and the institution of appropriate guidelines in the event of accidental
laboratory exposure (Lipsitz et al. 2012).

43.3 Melioidosis

43.3.1 History and Epidemiology

Melioidosis was first described by Whitmore and Krishnaswami as a “glanders-
like. . . .pyaemic or septicaemic” illness occurring in morphia addicts in Rangoon in
1911 (Whitmore and Krishnaswami 1912) and was documented in 5% of postmor-
tem examinations in Myanmar around this time (Cheng and Currie 2005). Fulminant
presentations at autopsy were characterized by widespread caseous consolidation of
the lungs and typically abscesses in the liver, spleen, or other organs (Whitmore
1913). The name originates from the Greek “μηλις” (distemper of asses) and “ειδoς”
(resemblance), and the name was suggested by Stanton and Fletcher in 1921
(Stanton and Fletcher 1921), who went on to report a number of human and animal
cases around Kuala Lumpur (Stanton and Fletcher 1932). It was later demonstrated
that the causative bacterium, now known as B. pseudomallei, was saprophytic and
could be cultured from soil and surface water in Vietnam (Chambon 1955) and
subsequently from many other parts of Southeast Asia and northern Australia. In
Australia, B. pseudomallei was first identified in sheep in 1949 (Cottew 1952) and
the first human case occurred in a diabetic patient who died of septicemic
melioidosis in north Queensland in 1950 (Rimington 1962). Using MLST (Currie
et al. 2007), and more recently whole-genome sequencing (Chewapreecha et al.
2017), phylogenetic analysis has suggested that Australian isolates, which demon-
strate greater genetic diversity, are ancestral to those found in Southeast Asia
(Pearson et al. 2009). This supports the present hypothesis that Australia was the
original reservoir for the current B. pseudomallei population, which expanded to
Southeast Asia, where the Mekong subregion has emerged as a hotspot for
B. pseudomallei evolution (Chewapreecha et al. 2017). Further dissemination to
Africa and Central and South America is thought to have occurred between the
seventeenth and nineteenth centuries (Chewapreecha et al. 2017). Gee et al. used a
typing scheme for length polymorphisms in the 16S–23S internal transcribed spacer
(ITS) of Burkholderia spp. and identified ITS type G isolates (containing the
Yersinia-like fimbrial (YLF) gene) as associated with the Western Hemisphere
(Gee et al. 2014). Analysis of single-nucleotide polymorphisms (SNPs) from
whole genome sequencing is proving valuable in linking clinical isolates with
geographic provenance. For example, a US military veteran who had spent time in
Southeast Asia during World War II was initially reported as having the longest
latency period (62 years) before developing melioidosis (Ngauy et al. 2005). There
was no history of travel to other known endemic regions. However, WGS found the
isolate to belong to the Western Hemisphere clade and grouped with genomes from
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patient isolates with a travel history to Guatemala, Panama, and Peru. This isolate
also belongs to the ITS type G cluster, which suggests that his exposure to
B. pseudomallei may not actually have occurred during his internment in World
War II (Gee et al. 2017). In the Darwin cohort periods of latency were thought to
have occurred in 3% of melioidosis cases (Currie et al. 2021).

Melioidosis is endemic in many tropical regions, mainly between latitudes 20�N
and 20�S, although B. pseudomallei is unevenly distributed in the environment in
these areas and the true distribution has not been accurately defined (Dance 2000a).
The highest isolation rates have been found in rice paddies, rubber plantations, and
other cleared and cultivated areas (Nachiangmai et al. 1985; Strauss et al. 1969) but
high rates have also been seen in urban sports fields in Singapore (Thin et al. 1971),
and grazing sites of animals with melioidosis in Australia (Thomas et al. 1979).
Factors that may influence environmental distribution include temperature, humid-
ity, rainfall, ultra-violet exposure, soil composition, vegetation, fertilizers, and soil
disturbance such as excavation or ploughing (Inglis et al. 2001). Recent modeling
and epidemiological studies highlighted the underdiagnosis and underreporting of
melioidosis, which was estimated to have infected 165,000 people (95% credible
interval 68,000–412,000) and caused 89,000 deaths (36,000–227,000) worldwide in
2015 (Limmathurotsakul et al. 2016). This equates to 4.6 million disability adjusted
life-years (DALYs), a greater burden than those for dengue and leptospirosis, and
suggests that melioidosis should be formally categorized as a reemerging neglected
tropical disease (Limmathurotsakul et al. 2016; Birnie et al. 2019; Savelkoel et al.
2021). India, Bangladesh, Vietnam, Nigeria, and Indonesia are predicted to contrib-
ute almost three-quarters of the total global disease burden (Birnie et al. 2019).
Despite this, only ~1300 cases were reported annually worldwide in 2010, less than
1% of the estimated incidence (Limmathurotsakul et al. 2016). Whether this reflects
the inadequacy of current surveillance systems or the inaccuracy of the modeling
remains to be determined.

The relatively small numbers of cases reported in endemic areas during the latter
half of the twentieth century probably reflects the limited culture facilities in many
rural, high risk regions (Dance 1991). This is supported by the fact that western
armed forces, with access to high quality laboratory diagnostics, reported at least
100 confirmed cases of melioidosis among French (Rubin et al. 1963) and American
(Sanford 1985) soldiers, respectively, during the conflicts in Vietnam in contrast to
the numbers of cases identified among the indigenous population. In Thailand, very
few cases were reported until the improvement of district microbiology laboratories
and increased clinical awareness in the 1980s, which led to in around 800 case
reports by 1986 (Leelarasamee and Bovornkitti 1989) and an average of nearly 1800
culture-positive cases annually between 2012 and 2015 (Hantrakun et al. 2019). Sri
Lanka has become a case study for uncovering the hidden burden using enhanced
surveillance, awareness, and WHO’s laboratory capacity building program (Corea
et al. 2016). Despite only a handful of cases identified since 1927, and at times even
being considered non-endemic for melioidosis (Cheng and Currie 2005), rising
annual cases have been identified there since 2006, totaling 250 cases over
10 years in 8 out of 9 provinces (Corea et al. 2018).
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Warm climates favor the persistence of B. pseudomallei in the environment;
however when introduced to a non-endemic area the organism may persist for
several years in soil. This apparently occurred during a prolonged outbreak in France
in the 1970s, which was thought to have followed the importation of an infected
panda (Mollaret 1988). More recently, cases occurring in the USA have been linked
to imported tropical fish (see below) and an aromatherapy spray (Dawson et al. 2020;
CDC 2021). With increasing movement of humans, animals, and goods around the
world, new endemic foci may become established. Sporadic cases have been
reported in the Americas, the Caribbean, and sub-Saharan Africa (Cheng and Currie
2005; Dance 1991) although the true incidence in these areas is unclear because of a
lack of laboratory facilities and clinical awareness. Ongoing mapping of the distri-
bution of B. pseudomallei and melioidosis is available at https://www.melioidosis.
info/map.aspx.

Molecular tools have demonstrated that environmental isolates are often identical
to epidemiologically related human or animal strains, that there is considerable
diversity among isolates persisting in a particular region, and that clonal outbreaks
have occurred when the organism is introduced to a non-endemic region (Gee et al.
2017; Cheng and Currie 2005; Currie et al. 1994).

By the year 2000, melioidosis was regarded as an emerging infection due to
increasing reports of confirmed cases in endemic regions, particularly Thailand,
where it is estimated that more than 2500 culture-positive cases of human
melioidosis occur annually, increasing reports of cases from regions where the
disease was not known to be endemic (e.g., the Americas and the Caribbean)
(Cossaboom et al. 2020; Sanchez-Villamil and Torres 2018), and concerns that it
could be spread to non-endemic regions by infected animals (Dance 2000b). Much
of the increase has been due to improved diagnostics and clinical awareness, but the
increasing prevalence of predisposing medical conditions such as diabetes in
populations of endemic areas (Dance 2000b) and possibly climate change and
increasing travel and migration have also impacted on melioidosis epidemiology.
Analysis of melioidosis among returned travelers in Europe identified Thailand as
the main source of infection (53%), with one-fifth of patients being misdiagnosed
(Le Tohic et al. 2019). However, even in countries where notification is mandatory,
such as the UK, many cases are still going unreported (O'connor et al. 2020).

Currently, the greatest burden of melioidosis is reported in Thailand (especially
the northeast) and Northern Australia where annual incidence rates vary between
4 and 50/100,000/year (Parameswaran et al. 2012; Hantrakun et al. 2018).
Melioidosis is now the third most common cause of death from infectious disease
in northeast Thailand,(Limmathurotsakul et al. 2010) although this has been under-
recognized through routine surveillance systems (Hantrakun et al. 2019) and is the
commonest cause of fatal community-acquired bacteremic pneumonia in the North-
ern Territory of Australia (Currie et al. 2000b). The disease is highly seasonal, with
75–85% of cases presenting during the rainy season (Suputtamongkol et al. 1994;
Currie et al. 2010), and incidence rates as high as 102.4/100,000 have been recorded
in the indigenous Australian population during severe rains (Parameswaran et al.
2012; Currie et al. 2004). Large case series have identified diabetes mellitus as by far
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the most important risk factor for infection, with occupational exposure to soil and
water, male sex, Aboriginal Australians, alcoholism, chronic lung disease, chronic
renal disease, thalassemia, and kava and steroid use all additional risk factors for
melioidosis (Cheng and Currie 2005; Suputtamongkol et al. 1994; Currie et al.
2010). The majority of cases have a predisposition, but in around 20% none is
identified (Currie et al. 2010). Presence of a single risk factor increases the risk of
death from melioidosis by 8.4 times (95% CI 2.7–26.0) (Currie et al. 2021).

With respect to animal infection, B. pseudomallei appears to affect a broader
range of animal hosts than glanders, with infection in equines being relatively rare,
although it may occasionally cause severe infections in horses. Species that have
been infected include terrestrial and aquatic mammals, birds, and fish. Goats, sheep,
pigs, and camels appear particularly susceptible, whereas dogs, cats, and cattle
appear more resistant, but these may develop disease if they become immunocom-
promised (Choy et al. 2000). Sporadic cases or small outbreaks have been reported
in various primates, marsupials, deer, buffalo, camels, llamas, zebras, horses, mules,
rabbits, meerkats, rodents, iguanas, parrots, crocodiles, dolphins, and seals (Elschner
et al. 2014; Sprague and Neubauer 2004). Animal cases have also been reported in
other regions, such as southern and western Australia(Currie et al. 1994; Ketterer
et al. 1986), China(Li et al. 1994), Iran (Baharsefat and Amjadi 1970), Saudi Arabia
(Barbour et al. 1997), United Arab Emirates (Wernery et al. 1997), South Africa
(Van Der Lugt and Henton 1995), and the Americas (Zehnder et al. 2014; Galimand
and Dodin 1982). Epizootics have been reported after importation of animals from
areas of endemicity. This was believed to be the source of a cluster of infections in
sheep, goats, and pigs in Aruba in 1957 (Fournier 1965), an outbreak in a Paris zoo,
which spread to other zoos and equestrian clubs in France in the 1970s (Mollaret
1988), and an outbreak in primates in the UK in the 1990s (Dance et al. 1992). More
detail on confirmed cases of melioidosis in different animal species worldwide can
be found in a review by Sprague and Neubauer (Sprague and Neubauer 2004).

43.3.2 Modes of Transmission

Whitmore’s early observations of melioidosis in guinea pigs led him to believe that
the infection was transmitted by consumption of food and drink contaminated by
urine, sputum, or other secretions containing viable bacteria, from infected persons
or animals (Whitmore 1913). In the 1930s, Stanton and Fletcher also proposed that
infection occurred by ingestion, although they believed that rodents were a zoonotic
reservoir (Stanton and Fletcher 1932). It was subsequently observed that human
infections commonly followed exposure to mud and water, and that B. pseudomallei
could be isolated from mud and surface water (Chambon 1955), leading to the
current knowledge that it is an environmental saprophyte. Well-documented modes
of transmission include inoculation and aspiration of water during near drowning
(such as during the Asian tsunami in 2004), and laboratory-acquired infection
(although only two such instances have been reported in the literature). Epidemio-
logical evidence and animal studies also suggest a role for inhalation and ingestion,
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although it is often impossible to define precisely how and when infection occurred.
Although sporadic cases have been anecdotally associated with infection in animals,
there is limited evidence for zoonotic or person-to-person spread (Dance 2000a), and
it is equally likely that both humans and animals have acquired infection from the
same environmental source. The few suspected human-to-human B. pseudomallei
transmissions have been in siblings with cystic fibrosis (Holland et al. 2002) and
diabetes (Arauz et al. 2020), an American Vietnam veteran diagnosed with
B. pseudomallei-associated prostatitis and his spouse (Mccormick et al. 1975), and
cases of mother-to-child transmission via transplacental, breast, or perinatal routes
(Aziz et al. 2020; Rodriguez et al. 2020; Ralph et al. 2004; Kunakorn et al. 1991).
Recently, a case of transmission from a breastfeeding mother with mastitis was
confirmed using WGS (Aziz et al. 2020).

Inoculation of organisms through penetrating injuries or preexisting skin lesions
appears to be the major mode of acquisition, particularly in farmers who are
continually exposed while working in the mud and surface water of paddy fields
(Suputtamongkol et al. 1994). Twenty five percent of patients in one case series
recalled a previous inoculation injury, but often there is no such history (Currie et al.
2000b). B. pseudomallei is most abundant in soil depths of >10 cm; however during
the rainy season it can rise and concentrate at the surface (Limmathurotsakul et al.
2013a). Inoculation is the method most frequently used to induce infection in animal
models, and natural infection in animals occurs in this way by entry of bacteria
through minor skin trauma, bite wounds, and scratch injuries. This was the likely
mode of infection in a patient from Maryland, USA with no travel history who
developed melioidosis in 2019. Isolates of B. pseudomallei that were indistinguish-
able by WGS and clustered with isolates from Southeast Asia were obtained from
both the patient and a freshwater aquarium in which all the fish had died. The patient
recalled reaching into the aquarium with bare hands and arms a month prior to onset
of illness (Dawson et al. 2020). Nosocomial infections have also occasionally been
reported, mainly through use of contaminated medical supplies and solutions
(Merritt et al. 2016).

Infection after inhalation has been repeatedly demonstrated in laboratory animals
(Jeddeloh et al. 2003), and this may be an important and underestimated mode of
acquisition in humans. In Australia, B. pseudomallei recovered from an air sample
was linked to a clinical isolate from a patient with mediastinal melioidosis by WGS
(Currie et al. 2015), and the north-easterly winds during the typhoon season in
Taiwan were associated with detection of B. pseudomallei-specific DNA in aerosols
and a hot spot of transmission (Hsueh et al. 2018). It is now established that during
periods of very heavy rainfall, increases in pneumonic cases of melioidosis occur,
probably as a result of aerosolization of the bacteria (Currie and Jacups 2003).
Inhalation was previously thought to be the primary mode of transmission due to
the high incidence of melioidosis in US military helicopter crews during and after the
Vietnam War.

Ingestion has also been proposed as a mode of infection in both humans and
animals. Contaminated water supplies have been implicated by PFGE as the point
source of melioidosis outbreaks in Australia (Currie et al. 2001; Inglis et al. 1999).
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Suppurative parotitis, a common presentation in children with melioidosis in South-
east Asia, is believed to be due to the ingestion of contaminated water or soil,
resulting in the ascent of bacteria from the mouth to the parotid gland (Stoesser
et al. 2012). Although not confirmed, an untreated river water supply was implicated
in melioidosis outbreaks occurring in intensive piggeries (Ketterer et al. 1986). In
these outbreaks, an oral mode of transmission was suspected due to the common
finding of infected gastro-hepatic nodes. Feco-oral transmission was felt to be
unlikely due to the fact that B. pseudomallei was infrequently isolated from fecal
samples of infected pigs. However, fecal shedding has been detected from wallabies
and wild stock, suggesting it may be a means of expanding the geographical
distribution of B. pseudomallei (Höger et al. 2016). Recent nonhuman primate
models showed that ingestion of>6 x 106 cfu resulted in acute-febrile, lethal disease
(Nelson et al. 2021). Enteritis was observed in fatal disease with the lungs being the
first organ colonized outside of the gastro-intestinal tract. Severe pathological feature
in the mesenteric lymph nodes suggests that lymphatic drainage maybe an important
route of dissemination post ingestion (Nelson et al. 2021).

Despite early theories, there is relatively little evidence for melioidosis being a
true zoonosis. In addition to the aquarium-associated case described above, three
anecdotal cases of possible zoonotic infection in Australia were described by Choy
et al. (Choy et al. 2000). In one case, B. pseudomallei was cultured from a wrist
lesion of a meat worker in Darwin; secondly, a vet in rural Queensland developed
abscesses on the arm, but this does not appear to have been confirmed as melioidosis
by culture; and similarly, a goat farmer had a lesion on his hand resembling a
“milker’s lesion” for 2 months preceding a diagnosis of melioidosis, which again
does not appear to have been culture-confirmed. In Malaysia, a case of suspected
sheep-to-human-transmission was reported in a 10-year-old boy (Idris et al. 1998).
The evidence for this was entirely circumstantial, and it is more likely that he
contracted the illness from soil and water in the environment (from which
B. pseudomallei was also isolated). Earlier anecdotal evidence of animal-to-human
transmission of melioidosis was reported during “L’affaire du Jardin des Plantes,” an
outbreak of melioidosis that started in a Paris zoo and spread to other zoos and
equestrian clubs in France through transport of infected animals and contaminated
manure. At least two fatal human cases were said to have occurred during this
outbreak, although details were never published (Dodin and Galimand 1986). In
none of these cases has there ever been genotypic evidence of the relationship
between the human and animal isolates, and so the case for animal-to-human
transmission remains unproven. Nonetheless, the potential for zoonotic transmission
can lead to significant public health concerns and responses, such as those that
occurred following the importation into the USA of a rescue dog from Thailand that
was subsequently found to have B. pseudomallei urinary tract infection. Fortunately,
there were no resultant human infections (Ryan et al. 2018).

There have been concerns that goats, which appear to be particularly susceptible
to melioidosis and often develop mastitis as a manifestation of the infection (Fig. 4),
could transmit the disease via infected milk. However, small studies of infected goats
have found that the organism is only isolated from body fluids in a minority of cases
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(Thomas et al. 1988a). Furthermore, a recent literature review of bacterial infections
following animal bites worldwide did not identify any cases of melioidosis,
supporting the fact that transmission from body fluids is unlikely (Abrahamian and
Goldstein 2011). However, clearly it makes sense in public health terms to avoid
drinking milk or eating meat from infected animals.

43.3.3 Microbiology

B. pseudomallei is an irregularly staining, oxidase-positive, motile Gram-negative
bacillus, which sometimes exhibits marked bipolarity microscopically. It can be
distinguished from B. mallei by its motility and usually its resistance to
aminoglycosides. It grows readily on most routine culture media, initially forming
smooth creamy, nonhemolytic colonies (Day 2), which may become dry and wrin-
kled (Day 4) with a metallic sheen on prolonged incubation (Fig. 5), sometimes with
a zone of hemolysis surrounding confluent growth. Considerable variability in
colonial morphology may be seen between, and even within, strains. It is often
dismissed as a contaminant or misidentified (e.g., as Acinetobacter spp. Pseudomo-
nas spp. or Bacillus spp.), especially on nonselective agars, where it may be
outgrown by other microbial flora. Ideally, selective media (e.g., Ashdown’s agar)
should be used, particularly where laboratory staff are unfamiliar with its character-
istics or when polymicrobial growth is expected, with daily examination of plates for
up to 4 days in suspected cases. In respiratory samples from low-incidence settings,
this approach improved sensitivity (87.5%) and allowed for quicker identification
than routine media (50%) (Subakir et al. 2020). Important characteristics include
arginine dihydrolase and gelatinase activity, the inability to assimilate arabinose
(distinguishing B. pseudomallei from the closely related avirulent B. thailandensis),
and growth at 42 �C. Its intrinsic resistance to aminoglycosides (although clonal
isolates susceptible to gentamicin are common in Sarawak, Malaysia) (Podin et al.
2014), polymyxins and the early beta-lactams, but susceptibility to co-amoxiclav, is

Fig. 4 Mastitis found on
post-mortem of a goat who
died of melioidosis. Copyright
Dr Carl Soffler
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particularly characteristic, and any oxidase positive Gram-negative bacillus with
these characteristics should be assumed to be B. pseudomallei until proved otherwise
(Trinh et al. 2018). The species is antigenically homogeneous, but a number of
molecular techniques, most usefully MLST and WGS, can distinguish between
isolates.

43.3.4 Pathogenesis

A range of bacterial factors have been associated with virulence, but the relative
contributions of individual virulence factors to the disease process have not been
fully characterized. A variety of adhesins, in particular type 4 pili, appear to be
involved in attachment of bacteria to different eukaryotic cell types, and expression
is regulated by the pilA gene (Allwood et al. 2011). Capsular polysaccharides also
act to inhibit opsonophagocytosis and complement-mediated killing (Egan and
Gordon 1996). Like B. mallei, B. pseudomallei utilizes up to three T3SS, including
Bsa T3SS. In vitro experiments have demonstrated the importance of this system,
and its individual components, in host cell invasion, escape from endosomes and
intracytoplasmic survival (Stevens et al. 2002). Mutations in components of the
T3SS in B. pseudomallei have reduced ability to cause disease in animal models
(Stevens et al. 2004). Cell-to-cell spread takes place by actin-based motility, which is
dependent on the BimA protein (Stevens et al. 2005) (mutations of which have been
linked to central nervous system diseases, especially in Australia) and the cluster
1 type VI secretion system (T6SS-1), which mediates endocyte escape and mem-
brane fusion during intracellular spread via VgrG5 spike protein (Toesca et al. 2014).
The antiphagocytic polysaccharide capsule, quorum sensing mechanisms, and bac-
terial components such as lipopolysaccharide, flagella, secreted products (protease,
lipase, lecithinase, various toxins), and a siderophore (“malleobactin”) also have
important roles in environmental protection and adaptation, and host immune system

Fig. 5 Typical dry, wrinkled
colonies of Burkholderia
pseudomallei after 48 hours
culture on Ashdown’s media
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evasion (Wiersinga et al. 2018; Cheng and Currie 2005). The ability of the organism
to survive and grow intracellularly or become metabolically inactive within granu-
lomas probably contributes to the persistent nature of the infection and the risk of
relapse.

The clinical outcome after exposure to B. pseudomallei in the environment varies
from person to person, ranging from asymptomatic seroconversion (the commonest
outcome) or localized infection to fulminant sepsis and death, and is dependent on
the size and route of the inoculum, the virulence of the infecting strain, and host
immune factors. On the host side, innate immune mechanisms, macrophage, and
neutrophil function, and both cellular and humoral responses all play a role in
defense against the organism, hence the strong associations with immune-
suppressing conditions such as diabetes (12-fold increased risk compared with the
normal population) (Limmathurotsakul et al. 2010), thalassemia, renal impairment
(associated with disease severity in India) (Shaw et al. 2019), and alcohol excess
(Cheng and Currie 2005; Currie et al. 2004). In a prospective study of over 1000
patients with melioidosis, a third of whom had diabetes, there was a statistically
significant survival advantage in diabetics compared with nondiabetics. However,
this was confined only to patients taking glyburide (a second generation sulfonyl-
urea, which acts as KATP-channel blocker and broad-spectrum ATP-binding cassette
(ABC) transporter inhibitor used in treating type 2 diabetes mellitus) (Koh et al.
2011). Subsequent diabetic mice models demonstrated an anti-inflammatory effect
of glyburide by reducing IL-1b, diminished cellular influx, and reduced bacterial
dissemination to distant organs (Koh et al. 2013).

Interestingly, HIV does not appear to be a risk factor despite murine studies
showing a role for the adaptive immune system in control of infection, with
increased survival correlated to CD8+ T cell responses in humans (Jenjaroen et al.
2015). An exaggerated host response with high levels of pro-inflammatory cytokines
such as TNF-alpha may also have a pathogenic role (Nuntayanuwat et al. 1999),
whereas hypofunctional TLR5 has been associated with decreased organ failure,
improved survival, and functional cytokine response (Chantratita et al. 2014; West
et al. 2014). Antigens and epitopes (e.g., BopE – Type III secreted protein, AhpC –
alkyl hydroperoxide reductase, PilO – Type IV pilus biosynthesis protein),
immunodominant in survivors, have been identified as immune correlates of protec-
tion (Dunachie et al. 2017). Diabetic patients were noted for their impaired response
to GroEL proteins (chaperonins that assist in protein folding) during acute infection
(Dunachie et al. 2017).

43.3.5 Clinical Presentation in Humans

The majority of infections appear to be subclinical with 60–70% of populations in
endemic areas acquiring antibodies to B. pseudomallei by the age of 4 years without
clinically apparent disease (Wuthiekanun et al. 2006). When disease manifests, it
may be localized or disseminated with septicemia. The incubation period varies
depending on the mode of acquisition and infecting dose, with most cases occurring
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within 3 weeks after an inoculation injury (median 4 days, IQR 3–7 days), (Currie
et al. 2021) and as soon as 24 h after a near-drowning event (Currie et al. 2000b;
Suputtamongkol et al. 1994). The median age at presentation with melioidosis is
50 years, with 4–10% of patients under 16 years of age (Currie et al. 2010; Mcleod
et al. 2015). Pneumonia is the commonest presentation, and is evident in around half
of all cases (Currie et al. 2010). Cavitation may occur in the upper zones mimicking
tuberculosis. Localized abscesses may occur in any other organ including the skin
and soft tissues, lymph nodes, liver, spleen, genitourinary tract (especially the
prostate gland in males), parotid gland, bone or joint, and nervous system. Localized
disease without bacteremia generally has a good outcome and low mortality. How-
ever, in 50–75% of cases the patient is bacteremic, although this is lower in pediatric
populations (Turner et al. 2016; Currie et al. 2021), and just over one-fifth of these
are in septic shock at presentation, which has a mortality approaching 50% despite
optimal treatment (Birnie et al. 2019; Currie et al. 2010; Suputtamongkol et al.
1994). There appear to be geographical variations in manifestations, with
hepatosplenic abscesses more common in Asian populations and suppurative paro-
titis in Asian children, and higher rates of prostatic and neurological melioidosis seen
in Australia (Cheng and Currie 2005), although this could be biased by better access
to imaging. Recrudescent melioidosis after treatment occurs in up to 5% of cases
(Currie et al. 2021). This is due to reactivation of the original strain (relapse) in
approximately 75% of cases, which is usually associated with a failure to sterilize
deep-seated foci of infection in disseminated disease, but may also be associated
with poor adherence to therapy or an insufficient duration of eradication therapy
(Currie et al. 2000a). Reinfection with a different strain accounts for ~25% of
recurrent infections (Currie et al. 2021).

43.3.6 Clinical Presentation in Animals

As outlined above, a wide range of animal species may be affected by melioidosis,
with a range of clinical manifestations and severity. In fact, the disease in animals is
usually similar to that in humans, with subclinical infections common and abscesses
occurring in any organ, particularly lungs, liver, spleen, and associated lymphatics.
The acute form presents as fulminant sepsis with hematogenous dissemination and
high mortality, often associated with respiratory distress and diarrhea, and tends to
occur in younger animals of susceptible species. The chronic form presents as a more
non-specific illness in older animals, with low-grade fever, anorexia, cough, pro-
gressive emaciation, and lameness (Choy et al. 2000). In sheep, goats, and horses,
nasal, and ocular discharge (similar to that seen in glanders) is common, and central
nervous system involvement may contribute to paralysis, convulsions, nystagmus,
and blindness (Sprague and Neubauer 2004). Mastitis appears to be a particular
feature in goats (Fig. 4), orchitis has been described in rams and boars, and skin
lesions, limb edema, lymphangitis, and meningoencephalitis in horses (Sprague and
Neubauer 2004). Monkeys are affected in a similar way to horses, but neurological
involvement is more unusual (Sprague and Neubauer 2004).
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43.3.7 Diagnosis

Melioidosis should be considered in any person or animal who has visited or
migrated from an endemic area presenting with septicemia and/or abscesses, espe-
cially if they have a predisposing condition such as diabetes. Confirmation of the
diagnosis relies on culture of the organism from blood, sputum, pus, or other body
fluid indicated by the clinical presentation. Liaison with the microbiology laboratory
is of utmost importance if melioidosis is suspected. Firstly, the organism is a hazard
group 3 pathogen and must be handled in appropriate laboratory containment in case
of transmission to laboratory staff. Secondly, selective media such as Ashdown’s or
B. cepacia media may be used to optimize the isolation of the organism from sites
with a normal flora. And thirdly, if not aware of the clinical context, growth in
cultures may be dismissed as a contaminant by the unwary.

Culture may take several days, and meanwhile microscopy of pus, sputum, or
urine may reveal bipolar or unevenly staining Gram-negative rods, although this
appearance is not specific. Immunofluorescent staining of such samples is a useful
rapid diagnostic tool but is not widely available (Wuthiekanun et al. 2005). Once
cultured, commercial identification kits such as the API 20NE usually identify the
organism correctly but may give misleading results (Amornchai et al. 2007), so
presumptive isolates should be sent to a Reference Laboratory if in doubt as to the
identity. Well-equipped laboratories are increasingly using matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass spectrometry for bacterial
identification, provided an appropriate database including hazardous pathogens is
available as discussed above (Lasch et al. 2016). A latex agglutination test using a
monoclonal antibody to the 200 kDa extracellular polysaccharide is also useful for
screening suspect colonies or positive blood culture fluid, with 95% sensitivity and
99.7% specificity (Anuntagool et al. 2000). In low-resource or -incidence settings,
selective media followed by real-time PCR has been shown to improve diagnosis of
melioidosis at a reasonable cost (Subakir et al. 2020).

Direct detection of B. pseudomallei antigens in clinical samples is another approach
that might be particularly useful in areas where culture is not available. A lateral flow
test using a monoclonal antibody specific for capsular polysaccharide (CPS), with a
limit of detection of ~0.2 ng/ml, the Active Melioidosis Detect Lateral Flow Immuno-
assay (AMD LFI; InBios, USA), is not yet on the market but has undergone evaluation
in several settings. Testing against a large panel of B. pseudomallei isolates showed an
analytical reactivity of 98.7%, with cross-reactivity in only 2.8% of near neighbor
species (Houghton et al. 2014). The AMD-LFI was 99% sensitive and 100% specific
on turbid blood culture bottles. The high specificity was maintained across all sample
types, with relatively high sensitivity in pus and sputum samples but poor sensitivity on
serum. In this cohort from Laos, urine samples had a positive predictive value of 94%
for diagnosingmelioidosis; a potential game changer for diagnostics in resource limited
settings (Woods et al. 2018). Similar findings were reproduced from prospective
cohorts in India, although highest discordance was demonstrated from serum –
34.1%. This was corroborated in Thailand where sensitivity in serum was 31.3%
(Wongsuvan et al. 2018).
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There is no standard serological test for melioidosis. An indirect hemagglutina-
tion (IHA) test, using a crude mixture of poorly characterized antigens, is most
widely used, but it lacks sensitivity and specificity in humans, particularly in
endemic areas where background seropositivity rates are high (e.g., 29%, 38%,
and 12.8% in studies in India, Thailand, and Australia, respectively) (Vandana
et al. 2016; Chaichana et al. 2018; Smith et al. 2018). A rapid immunochroma-
tographic test for IgG appeared to be more sensitive and specific than IHA in
populations of endemic areas but is no longer commercially available (Wuthiekanun
et al. 2004). Recently, ELISAs employing better characterized antigens such as
purified O-polysaccharide (OPS) and hemolysin co-regulated protein (Hcp-1) have
been shown to have better performance than the IHA for serodiagnosis of
melioidosis in endemic areas (Pumpuang et al. 2017), with IgG antibody levels for
both antigens raised from an early stage (Pumpuang et al. 2019). A rapid
immunochromatography test (ICT) using Hcp-1 was evaluated in cohorts of
melioidosis patients, healthy controls, and patients with other infections, demon-
strating an overall sensitivity of 88.3% (Phokrai et al. 2018). However, until kits
using more refined, standardized antigens are available, the utility of serological tests
is largely limited to non-endemic regions. Despite the limitations, serology continues
to be used in veterinary medicine, and a two-step method by screening with IHA
followed by confirmation with a complement fixation test was shown to be sensitive
and specific in caprine melioidosis (Thomas et al. 1988b). Molecular methods have
also been developed but are not yet used for routine diagnostic purposes.

Radiology is an important adjunct to microbiological diagnosis, and may dem-
onstrate diffuse nodular infiltrates, abscess, or cavitating pneumonia on chest radio-
graph. Liver, splenic, prostatic, or other intra-abdominal abscesses on ultrasound or
CT may be suggestive of the diagnosis (Huson et al. 2020).

43.3.8 Treatment

B. pseudomallei is intrinsically resistant to many classes of antibiotics, including
some third generation cephalosporins, early penicillins, aminoglycosides, colistin,
and polymyxin, and exhibits relative resistance to quinolones and macrolides
(Cheng and Currie 2005). Acquired resistance may occur but rarely compromises
the choice of antibiotic treatment (Wuthiekanun et al. 2011; Fen et al. 2021),
although one recent paper from China reported nearly 13% of isolates as resistant
to ceftazidime (Rao et al. 2019).

The treatment of melioidosis may be classified into acute and eradication phases.
In the acute phase the aim is to kill bacteria in the circulation and prevent patients
dying of overwhelming sepsis, and in the eradication phase the aim is to kill any
residual bacteria in abscesses or tissues and prevent relapse of infection. Currently,
ceftazidime or a carbapenem for 2 weeks is the treatment of choice for the acute
phase, and co-trimoxazole for 12–20 weeks for eradication (Anunnatsiri et al. 2020).
Recent updates to Australian guidelines recommend a minimum of 3 weeks intra-
venous therapy for multi-lobar pneumonia without bacteremia, 4 weeks if

43 Glanders and Melioidosis: A Zoonosis and a Sapronosis 1357



bacteremic, and minimum 3 weeks for those with only single lobar pneumonia with
concomitant bacteremia. Even longer courses of treatment (up to 8 weeks intrave-
nously and 6 months orally) are recommended for those with deep-seated foci of
infection, including bone and joint, central nervous system, and intravascular
involvement (Sullivan et al. 2020).

In a trial of 161 patients in Thailand (65 with confirmed melioidosis, 54 of these
septicemic), ceftazidime (120 mg/kg/day) in the acute phase reduced mortality from
74% to 37%, compared with the conventional combination regimen of chloram-
phenicol, doxycycline, and co-trimoxazole (White et al. 1989). Other cephalospo-
rins, such as cefotaxime and ceftriaxone, were associated with significantly greater
mortality compared with ceftazidime in retrospective analyses (Chaowagul et al.
1999). Subsequent trials assessed ceftazidime with and without the addition of
co-trimoxazole in the acute phase of melioidosis, and failed to demonstrate any
difference in mortality between the monotherapy and combination groups
(Chierakul et al. 2005). Median time to defervescence of fever was 9 days (Simpson
et al. 1999b). In the Darwin cohort, extending the acute intensive phase to 4 weeks,
resulted in a relapse rate of only 1.2% (Pitman et al. 2015).

Carbapenems are the most active drugs in vitro against B. pseudomallei, and are
more rapidly bactericidal (Smith et al. 1996). A randomized trial comparing
ceftazidime (120 mg/kg/day) with imipenem/cilastatin (50 mg/kg/day) for a mini-
mum of 10 days was unfortunately terminated early and therefore underpowered. It
showed no difference in mortality between the two groups, but higher rates of
treatment failure in the ceftazidime group (41.3% versus 20.3%) (Simpson et al.
1999a). Co-amoxiclav is considered second-line therapy for the acute phase. One
study from Malaysia has suggested veterinary cases, especially those involving
novel ST 1130 isolates show significantly higher likelihood of resistance to
meropenem (Sadiq et al. 2018). B. pseudomallei isolates carrying the carbapenemase
blaOXA-57 have also been identified, although, >90% of blaOXA-57 carrying
isolates were phenotypically susceptible to imipenem (Amladi et al. 2019). The
concern is however that IS (insertion sequences) family transposases (carried by
these isolates), which facilitate mobilization of extended-spectrum -lactamase
(ESBL) and carbapenemase genes, would have been missed had hybrid genome
assembly not been performed (Amladi et al. 2019). This highlights the wider threat
of AMR and virulence gene acquisition and need for robust surveillance systems
globally.

The conventional combination of chloramphenicol, doxycycline, and
co-trimoxazole for eradication therapy was extremely poorly tolerated leading to
reduced compliance and increased rates of relapse. Omitting chloramphenicol was
shown to be beneficial in terms of side effect profile, with no adverse treatment
outcomes (Chaowagul et al. 2005). Years of clinical experience in Australia,(Currie
et al. 2021) however, suggest that co-trimoxazole monotherapy for 12–20 weeks is
probably adequate to prevent relapse. The MERTH trial conducted in Thailand, also
supported the use of co-trimoxazole monotherapy on the basis of efficacy, safety, and
tolerance by patients (Chetchotisakd et al. 2014). Another recent RCT,which did not
meet the primary end point (culture-confirmed recurrent melioidosis), found that
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all-cause mortality was significantly lower with a 12-week regimen (0.3%) com-
pared to 20 weeks (3%), meeting the criteria for non-inferiority for the secondary
composite end-point (overall recurrent melioidosis and mortality) (Anunnatsiri et al.
2020). In the rare cases of co-trimoxazole resistance (determined by MIC), and
where co-trimoxazole is contraindicated, co-amoxiclav is the preferred choice for
eradication therapy, although this is associated with increased rates of relapse
(Rajchanuvong et al. 1995). In a cohort of >3000 patient isolates, only 0.33%
were resistant to co-trimoxazole. Encouragingly, all resistant isolates were suscep-
tible to co-amoxiclav, but only 91% to doxycycline (Saiprom et al. 2015). As
mentioned previously, poor compliance also contributes to relapse, and so it is
crucial that each patient is counseled in the importance of completing the full
treatment course regardless of symptomatic improvement.

Novel agents such as cefiderocol, a siderophore cephalosporin, which inhibits
peptidoglycan synthesis and is described as universally stable against β-lactamases
(providing greater efficacy than carbapenems, cephalosporins, and other inhibitor
combinations), shows promise as it is highly active in vitro against B. pseudomallei
(Burnard et al. 2021).

Apart from appropriate antibiotic therapy, the management of melioidosis must
also incorporate optimal supportive treatment for sepsis, including maintenance of
blood pressure, adequate glycemic control, and management of respiratory and acute
renal failure. Around one quarter of cases require admission to intensive care (Currie
et al. 2021). The drainage of abscesses should also take place where possible.
Adjunctive granulocyte colony-stimulating factor (G-CSF) has been used to boost
host neutrophils in an attempt to control infection, but despite promising outcomes in
a retrospective study, G-CSF did not significantly reduce mortality in a randomized
controlled trial (Cheng et al. 2004; Cheng et al. 2007).

Even with appropriate antimicrobial and supportive therapy, mortality remains
high for septicemic cases. Poor prognostic factors include shock, absence of fever,
leucopenia, abnormal liver function, renal impairment, high level or persistent
bacteremia, hypoglycemia, and acidosis (Currie et al. 2021; Limmathurotsakul
et al. 2011). However, over the past 5 years, a combination of optimal sepsis
management and antibiotic therapy has reduced the overall mortality from
melioidosis in Darwin, Australia, to only 6% (Currie et al. 2021).

The efficacy of post-exposure prophylaxis (PEP) in protection against developing
melioidosis remains unknown. Animal models show that PEP simply delays the
onset of disease, rather than preventing it (Dance et al. 2017). In over 70-years of
combined experience in diagnostic laboratories from endemic regions, which handle
thousands of B. pseudomallei samples at containment levels less stringent than US
biosafety level 3, leaders in the melioidosis field have not once been consulted about
a case of laboratory-acquired infection (Dance et al. 2017). Exposure of 30 healthcare
workers (HCWs) in South Korea, including five high risk exposures to pus/blood
through non-intact skin and 25 low risk contacts with blood through intact skin,
along with two laboratory staff who opened the lid of an agar plate growing
B. pseudomallei outside a biological safety cabinet, resulted in no seroconversion
or symptoms of melioidosis. The only two well-described laboratory-acquired cases
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to date involved sonication outside a safety cabinet and cleaning up a spillage of
B. pseudomallei culture with bare hands while having an ulcerative lesion on a finger
(Jun et al. 2017). A recent study in Queensland (Australia) identified no infections or
seroconversions following 1267 instances when B. pseudomallei was handled out-
side a safety cabinet (Gassiep et al. 2021). Using bioaerosol sampling and
B. thailandensis, as a bioequivalent surrogate in handling experiments, the authors
found no evidence of environmental contamination. This suggests the risk of
laboratory-acquired melioidosis may be lower than that for glanders or some other
hazard group 3 agents. In the rare occasion where a high-risk exposure or low risk
exposure in a lab worker with underlying risk factors has occurred, PEP with
co-trimoxazole may be considered following a careful discussion of risks and benefits
(Peacock et al. 2008). As a caution, of two lab technicians who were exposed to
aerosolized B. pseudomallei while manipulating cultures outside a biosafety cabinet,
neither of whom developed melioidosis or seroconverted, one had to take time off
work due to adverse drug reaction (fever, cough, and rash) to co-trimoxazole, so the
decision to offer PEP should not be taken lightly (Mitchell et al. 2017).

As is the case for glanders, the long duration of treatment of melioidosis in
animals can be expensive and ineffective. In cases where treatment is deemed
necessary, such as in animals of economic value, treatment regimens are as for
human cases.

43.3.9 Prevention and Control

A cost-benefit analysis has suggested that immunization against melioidosis would
be worthwhile if used in high-risk populations, even when only partial protection is
assumed (Luangasanatip et al. 2019). A Steering Group on Melioidosis Vaccine
Development (SGMVD) was created to advise the scientific community in 2015
(Limmathurotsakul et al. 2015). A key recommendation was that vaccine candidates
should also be tested in diabetic animal models. The Defense Threat Reduction
Agency (DTRA) recently funded the United States Army Medical Research Institute
of Infectious Diseases (USAMRIID) to conduct head-to-head comparisons of prom-
ising vaccine candidates in 2020. As recommended by SGMVD, this study should
provide concrete evidence for antibody- and cytokine-mediated responses that
confer protection and preferably sterilizing immunity (Khakhum et al. 2020). How-
ever, although potential candidates are under investigation, as yet there is no licensed
human or animal vaccine for melioidosis.

Due to the complex pathogenicity of B. pseudomallei and strain heterogeneity, it
has become evident that a multicomponent vaccine using a combination of protec-
tive antigens will be required for complete protection. Thankfully, intense research
has resulted in several multivalent platforms such as glycoconjugates, multivalent
subunit preparations, live-attenuated bacteria, nanoparticle platforms, and outer
membrane vesicles (OMV) that have proven highly effective in experimental animal
models of melioidosis, conferring 40–100% efficacy (Morici et al. 2019). OMVs
hold particular promise as they lack any observable toxicity, are self-adjuvanting

1360 H. S. Virk et al.



(driving dendritic cell maturation), and can contain intracellular stage-specific pro-
teins such as T3SS-3 or T6SS-1 (Baker et al. 2021). A recent study using purified
B. pseudomallei CPS covalently linked to recombinant CRM197 (a nontoxic mutant
of diphtheria toxin) produced opsonizing antibody responses with high IgG titers.
Mice vaccinated with a combination of CPS-CRM197 and recombinant Hcp1
showed 100% survival in a lethal inhalational challenge model, with 70% sterilizing
immunity (Burtnick et al. 2018). This candidate is planned to be the first melioidosis
vaccine used in a human phase 1 clinical trial in diabetic and nondiabetic volunteers.

In the absence of a licensed vaccine, preventive measures must focus on avoid-
ance of contact with B. pseudomallei in the environment. A matched case-control
study carried out in northeast Thailand found that working in rice fields, walking
barefoot, bathing in pond water, exposure to rain, water inhalation, and having an
open wound all significantly increased the odds of acquiring melioidosis
(Limmathurotsakul et al. 2013b). A lower risk of melioidosis was associated with
wearing protective clothing such as long trousers and rubber boots, and washing
with clean water after working in the fields. The authors, therefore, recommended
avoidance of direct contact with soil and environmental water whenever possible,
but wearing protective clothing and washing after exposure if this is unavoidable.
Wounds should be kept covered until they have completely healed, and the applica-
tion of herbal remedies to wounds should be avoided, as this was also associated
with an increased risk of melioidosis. Since there was a small but significant risk
observed with drinking untreated water, and since B. pseudomallei was found in
water drunk by 7% of cases and 3% of controls, including borehole, wells, and piped
supplies, it was also recommended that only treated water should be drunk in
endemic areas (Limmathurotsakul et al. 2013b). It has also been recommended
that goat’s milk be pasteurized to avoid potential zoonotic transmission by ingestion
(Choy et al. 2000), although this has never been reported, but this makes sense in
general public health terms.

Very recently, the results of PREMEL, a stepped-wedge cluster-RCT on the
effectiveness of a multifaceted prevention program for melioidosis in diabetics
from 116 primary care units in northeast Thailand, have been published (Suntornsut
et al. 2021). Although rates of culture-confirmed melioidosis were not decreased in
participants who had received an intervention in the form of a behavioral support
group session, they had a lower incidence of hospital admissions involving infec-
tious diseases and of all-cause mortality. Proposals for modification/addition of
behavioral techniques and need for more frequent intervention have been suggested
(Suntornsut et al. 2021).

Due to the low but theoretical risk of person-to-person transmission, human cases
should be nursed in isolation with contact precautions and care taken when handling
any body fluids. People with strongly associated predisposing conditions, such as
diabetes, should be informed of their increased risk of melioidosis, and advised to
avoid the above high-risk activities. Unfortunately, in rural areas, and during heavy
rain and winds, exposure may be unavoidable for many.

It has been recommended that animals be removed from contaminated sources,
such as soil or water in endemic regions, to prevent melioidosis outbreaks in herds
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(Choy et al. 2000); however infections have still occurred when pigs were reared on
artificial, hard surfaces such as concrete (Thomas et al. 1981). Chlorination of water
has been shown to eliminate B. pseudomallei (Howard and Inglis 2005), but only if
pH and concentrations of organic substrates are carefully controlled, and this could
prove difficult in water troughs, which may become highly contaminated (Choy
et al. 2000). When an animal becomes infected in an endemic area, it has been
suggested that strict maintenance of a hygienic environment may prevent a larger
outbreak, although supporting evidence is lacking. Regular disinfection with
potassium hypochlorite and cresol (to include all surfaces and the lower limbs of
the animal), removal of infected excrement several times per day, and the avoid-
ance of large quantities of water were used in an effort to curtail the outbreak in
Paris zoos and equestrian clubs in the 1970s (Sprague and Neubauer 2004).
Infected carcasses of animals must be condemned and destroyed. Guidelines for
handling and disposal are available in the Manual for Meat Inspection in Devel-
oping Countries (http://www.fao.org/docrep/003/t0756e/T0756E05.htm#ch4.2.9).
There are no mandatory requirements for serological screening for melioidosis in
animals that are transported internationally, although it is possible that such
animals might react in serological or skin tests to the closely related B. mallei.
Serological testing of imported primates for melioidosis was used following an
outbreak among Cynomolgus monkeys in the United Kingdom in the 1990s but
has never been used routinely (Dance et al. 1992).

43.4 Conclusion

Both glanders and melioidosis may be regarded as reemerging infections with the
ability to infect both animals and humans, although only glanders is a true
zoonosis. Glanders has been eradicated from many countries, whereas melioidosis
is widespread across the tropics, particularly South and Southeast Asia and tropical
North Australia. Various factors have contributed to their emergence such as
increasing awareness and diagnostic capability, increasing prevalence of underly-
ing predisposing conditions, increased transport of animals (and associated con-
taminated waste and equipment) and other products internationally, human
migration patterns, and adventure travel to tropical regions. Subclinically infected
human and animal carriers risk further transmission of infection in the case of
glanders, as well as persistence in a new environment under the right physical
conditions. Global warming may extend the current geographic limitations of
melioidosis and place a greater population at risk of exposure. This is particularly
of concern as the prevalence of diabetes and other immunosuppressive states
increases in many developing countries. Finally, we must be alert to the possible
use of these agents in bioterrorism. Increased awareness of these pathogens is
important so that early recognition, treatment, and public health action occurs, and
so that organisms are handled at the appropriate level of containment to prevent
laboratory-associated cases. Further research is required to develop effective
vaccines and optimize prevention strategies.
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Abstract

The increasing incidence of human tuberculosis (TB) caused by new mycobac-
terial strains such as Mycobacterium orygis and the syndemic relationship
between TB and other endemic diseases have renewed interest in zoonotic TB
(zTB) especially in Africa where control strategies and data are very limited.
Furthermore, the animal-adapted mycobacterial species are intrinsically resistant
to some of the first-line anti-TB medications. The main TB control tool using
meat inspection and condemnation of suspected infected meat has not yielded the
needed impact to reduce animal-to-human transmissions. There is therefore the
need for a renewed energy involving the use of transdisciplinary measures to
reduce the risk of the disease in both humans and animals. Such a measure
requires scientific, sociocultural, and economic efforts to implement and sustain
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effective strategies for prevention and control of zoonotic TB transmission. In this
chapter, we have elaborated on the importance of using the “One Health” concept
in the control of zTB.

Keywords

Zoonotic TB · One health approach · Control

44.1 Introduction

Tuberculosis (TB) remains one of the world’s deadliest infectious diseases ever
known. Until the coronavirus disease (COVID-19) pandemic, TB was the leading
cause of death from a single infectious agent, killing close to two million people
annually across many populations in the world. In 2020, 10 million people (range,
8.9–11.0 million) developed TB disease and approximately 1.2 million people
(including 208,000 deaths attributed to the TB-HIV syndemics) died from TB
(Global TB report 2021). Of the 10 million people diagnosed with active TB,
140,000 (range, 69,800–235,000), that is, 1.4%, were estimated to be new cases of
zoonotic TB (zTB) with 8.1% (11,400; range 4470–21,600) deaths. Although TB
cases are globally distributed, the burden is skewed heavily toward areas where
poverty and high population density overlap (Kibuuka et al. 2021). The WHO Africa
region (home to 11% of human population) accounts for one quarter of the world’s
TB cases, with highest rates of cases and deaths relative to population.

Tuberculosis-causing pathogens are members of Mycobacterium tuberculosis
complex (MTBC) (Kanabalan et al. 2021). Although genetically similar, they differ
in host specificity with occasional cross-species infections. M. tuberculosis (Mtb)
andM. africanum (Maf) cause the majority of human TB.M. bovis, primarily a cattle
pathogen with the widest host range, is thought to be the main causative agent of
zTB (Yeboah-Manu et al. 2016). However, with new evidence from South Asia and
Africa, several other mycobacterial species present in animals and environment are
now known to cause zTB; these include M. caprae, M. microti, M. mungi,
M. pinnipedii (Jagielski et al. 2016), and most recently M. orygis (members of the
Bovidae family) (Brites et al. 2018). These new potential drivers of zTB warrant the
urgent assessment of prevalence in order to develop appropriate control tools.

zTB, an infection directly transmissible from animal reservoirs to humans, is
potentiated when there is close contact between humans and infected animals or
when humans consume unpasteurized infected animal products (Kock et al. 2021). It
is considered a major disease that has direct impact on international trade of live
animals and animal products and is on the list of notifiable diseases of the World
Organisation for Animal Health (OIE) (WHO-FAO 2017). Although zTB is effi-
ciently controlled from commercial animals in the industrialized countries, it regret-
tably remains poorly controlled in low-income/middle-income countries (LMICs)
encumbered with major diagnostic challenges and poor public health surveillance
and reporting structures (de Macedo Coutoet et al. 2022). Unfortunately, in these
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countries, nearly 85% of cattle and 82% of the human population share the same
microenvironment, thence allowing for continuous transmission of zTB (Ayele et al.
2004).

Importantly, an even more troubling possibility particularly in the endemic areas
is the prospect of transmission of drug resistance because of reverse zoonosis at the
human-animal interface (Rahman et al. 2020). M. bovis, the causative agent, is
naturally resistant to pyrazinamide, one of the four medications used in the standard
first-line anti-TB treatment regimen (Hannan et al. 2001). The potential for
MDR-TB strains to acquire an animal reservoir that could then pose a future risk
to human TB control is even more troubling (Seung et al. 2015). As most treatment is
initiated without drug susceptibility testing, patients with zTB could receive inade-
quate treatment leading to poorer treatment outcomes and the development of further
resistance to other anti-TB drugs (WHO-FAO 2017). Additionally, zTB in humans is
often presented as extrapulmonary disease especially among immunocompromised
individuals and may be misdiagnosed, and therefore initiation of treatment can be
delayed.

Sadly, sub-Saharan Africa, which is home to more than half of the world’s cattle
population, has been the hardest hit region for various reasons. Firstly, in most
African countries, cattle are used to show economic status in society and secondly
serve as the main source of income for many natives (Otte & Chilonda 2002).
Moreover, countries in Africa are yet to fully implement the test-and-slaughter
(TS) policy due to lack of financial commitment on the part of governments to
compensate farmers.

Given the insufficient laboratory facilities, lack of accurate diagnostic tools, poor
or no surveillance programs leading to underreporting of cases, and lack of financial
commitment on the part of governments to compensate farmers with infected
animals, the control of zTB is limited and largely ineffective in endemic regions.
There is no reliable data to determine if zTB incidence and prevalence is going up or
down in many regions. Furthermore, sociocultural practices such as the use of cattle
to depict the economic status in the society particularly in countries where zTB is
endemic also impede zTB control (Otte & Chilonda 2002).

Current zTB burden and diagnostics are all based onM. bovis (Kock et al. 2021).
However, the existence of other causative agents such as M. caprae and M. orygis
calls for new laboratory services for accurate identification and speciation to effec-
tively determine the true burden of zTB. Rapid tests are urgently needed to assist
veterinarians and farmers to quickly diagnose TB, so infected animals can be
separated from the rest of the herd even if the TST strategy cannot be used due to
financial limitations (Duffy et al. 2020).

As the world make strides to control TB in humans, it is important to understand
the role zTB plays in the human TB burden, especially in LMICs with poor or no
animal TB control programs. The “Roadmap for Zoonotic Tuberculosis,” which
defines milestones for both human and animal health, requires strengthening trans-
disciplinary and multisectoral collaboration to fight zTB. The implications of zTB go
beyond human health. Therefore, an approach that recognizes the interdependence
of the human and animal health, the environment, and engagement of relevant
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stakeholders in diverse sectors and disciplines is urgently needed. The time is right
for a bold and concerted “One Health” approach to strengthen surveillance systems
and expand the availability of “appropriate diagnostic tools” that can identify and
characterize zTB at points of care for both humans and animals.

44.2 Burden of zTB in Africa

zTB is present in almost all African countries and affects both domestic and wild
animals. Until recently in Africa, only 7 countries (Algeria, Burkina Faso, Camer-
oon, Morocco, Namibia, South Africa, and Zambia) out of 55 had a zTB control
program in cattle herds (Carruth et al. 2016). These countries relied mostly on the
tuberculin test and post-mortem inspection for the surveillance of this disease.
A large proportion of the countries in Africa, i.e., 48 countries, even to date do not
have any effective zTB control measures in place (Meiring et al. 2018). Ghana is
among the epizootic countries reporting zTB in Africa but has no concerted effective
zTB control program with only a few selected dairy farms in the country employing
the test-and-slaughter strategy at the expense and convenience of the farm owners
(Bonsu et al. 2000; Asante-Poku et al. 2014). However, there is a strong suspicion of
underreporting as most cattle herds are reared on a free-range system under the
stewardship of nomadic herdsmen. Such animals are hardly screened and might only
be screened post-mortem. Many factors account for the failure of developing
countries to control and eradicate zTB but they are mostly associated with
unavailability of funds to support the globally tested and proven test-and-slaughter
strategy. Nevertheless, the impact of insufficient veterinary expertise and communi-
cation networks, ineffective collaboration with bordering countries, and smuggling
of live animals across state boundaries cannot be understated and need to be taken
seriously for better control of zTB in Africa (Etter et al. 2006). Currently, ineffective
control programs are implemented by most African countries, partly because of
transhumance from areas where the measures are not properly applied to other areas
and lack of synergy between countries involved in the fight against zTB.

In the Sahel where most cattle population are reared, cattle breeding is practiced
extensively and depends mostly on the availability of natural grazing and water. Their
availability is constantly linked to the annual rainfall, often forcing breeders and their
livestock to move from arid regions to more humid ones (Sanou et al. 2021). In
addition, the emphasis on common enzootic diseases has led to continuous neglect of
zTB disease in Africa. Thus, the only information available often comes from
suspicions during routine meat inspection at slaughterhouses and slaughter areas.

44.3 Control Efforts and Associated Challenges

One of the effective ways to achieve control of zTB and eventually eradication is
through the implementation of an effective surveillance system (de Macedo Couto
et al. 2022). With the reclassification of zTB as list B disease by the World
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Organisation for Animal Health (OIE), this is of paramount importance. Low zTB
prevalence observed in developed countries has been attributed to effective sur-
veillance activities including detection of zTB in live animals, meat inspection,
screening of cattle in infected areas, trace back of carcasses suspected of zTB,
movement restriction of infected herds, awareness creation on its economic and
health implications, and laboratory testing and confirmation techniques (Asseged
et al. 2004; Lopes et al. 2016). These, together with the enforcement of regulations
such as condemnation of zTB-infected carcasses or organs, periodic test and
slaughter or segregation, pasteurization of milk, and restriction of breeding from
infected herds, culminated in the reduction of zTB infections (Robinson et al.
2003). And yet, in Africa with regular reports of zTB, the prevalence or actual
burden remains unknown with little to no datasets and disease surveillance pro-
grams for zTB (Luciano and Roess 2020). This is largely because zTB remains one
of the most difficult pathogens to detect. Additionally, maintenance of surveillance
activities is very costly and largely not covered by the national budget. Testing
technologies are prohibitively expensive and unreliable without state-of-the-art
facilities. Moreover, the existing multiple borders and low cattle populations as
well as transhumance of cattle within the region with limited tracking systems
further aggravate the situation.

Despite these challenges, detection of TB in animal and animal products as well
as people at high risk of zTB infection is essential for TB control. While the most
widely used method for animals is the test-and-slaughter method (de la
Rua-Domemech et al. 2006; Klepp et al. 2019), this is hardly conducted in LMICs
due to financial constraint. The routine methods for humans are microscopy (cheap,
but with only low sensitivity) in LMIC, PCR mostly in developed countries, and
cultivation of bacteria which is time consuming and requires more sophisticated
infrastructure absent in most African countries. There are genotyping tools that
explore the genetic diversity within the different members of the MTBC, as well
as identify closely related strains (Niemann et al. 2000). Several studies have found
the sensitivity and specificity of these assays to be 100% (Portillo-Gómez and Sosa-
Iglesias 2011). Other gene targets have been evaluated to identify and differentiate
between closely related species such as M. tuberculosis, M. bovis, and M. caprae.
The gene targets include katG, pncA, hupB, and gyrB (Sreevatsan et al. 1996; Mishra
et al. 2005; Scorpio & Zhang 1996). However, the major limitations include lack of
technical expertise in the characterization of zTB, the expensive instrumentation
required, and the lack of these resources in LMICs (Luciano and Roess 2020; Ramos
et al. 2015).

Several rapid and automated diagnostic tools have been developed for rapid
identification of members of MTBC with emphasis on zTB. Examples of such
tools include GeneLEAD VIII (Diagenode, Belgium), Deeplex Myc-TB assay, and
GenoType MTBC (Hain Lifescience, Germany) (Bonnet et al. 2021; Jouet et al.
2021). A combination of GeneLEAD and Deeplex Myc-TB assay (diagnostic tool
designed according to a 24-plexed amplicon mix) can detect bTB and resistance to
13 anti-TB drugs including pyrazinamide. These combined methods showed prom-
ising features of efficiency with sensitivity and specificity of 79.3% and 100%,
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respectively (Bonnet et al. 2021; El Achkar et al. 2020). However, these kits are
expensive and limited in detecting novel biovars of the MTBC and/or mutations
associated with drug resistance.

44.4 Sociocultural and Economic Drivers and Their Potential
Impact on zTB

In Africa, the control of zTB still remains a complex process. Livestock systems in
Africa are constantly undergoing rapid transition. Changes in market dynamics,
environmental factors, and cultural practices are all changing the way people keep
livestock, either for food or as sources of income. However, the consequences of
these changes on zoonotic disease risk still remain unknown. These changes, be they
ecological, political, economic, social, and cultural forces operating at local,
national, and regional levels, provide conditions that allow for a selected number
of pathogens to expand and adapt to a new niche.

One of the most important drivers of these changes are social and cultural factors
(Patz et al. 2000; Daszak et al. 2001; Macpherson 2005). In sub-Saharan Africa,
culture, society, and religion influence the kinds of foods people eat, how foods are
prepared, and the demand for foods at certain times (Shanklin 1985). In recent times,
globalization of food has fostered the taste for foods from other cultures that contain
raw meat or fish (e.g., sushi). For example, in some societies, bushmeat which was
previously consumed in low quantity is now consumed in large amounts as an
inexpensive source of protein or as a sought-after delicacy. An estimated 90 percent
of all bushmeat consumed moves through a distinct and well-organized market
chain, with numerous nodes along the supply chain where the meat changes hands
multiple times between the animal’s death and its presence on the dinner table
(de Merode and Cowlishaw 2006). The exchangers in this process include, among
others, hunters, porters, bicycle traders, wholesalers, market-stall owners, and food
preparers. Each person handling the meat or carcasses is exposed to the normal flora
as well as any potential pathogens present the animal might carry. In addition, in
some societies, parts of the meat including liver, heart, and brain are consumed raw
based on ethnic identity, nostalgia, and social memory (Holtzman 2006).

In parts of Africa, animal products are deemed to have medicinal value and, when
consumed, play an important role in ethnomedical systems to increase strength as
well as enhance virility (Afolayan and Yakubu 2009) or to treat illness in humans
and domestic animals (Martin et al. 2001; Mathias and McCorkle 2004; Kakati et al.
2006; Mahawar and Jaroli 2008; Soewu 2008). All these changes increase the
chances of zoonotic infection from several different types of diseases (including
TB, salmonellosis, Giardia, Cryptosporidium, toxoplasmosis, or rabies).

The “One Health” approach will have a positive impact on the economic costs
related to the management of zoonotic diseases. These economic burdens fall more
heavily on emerging countries than on the developed world. Epizootics of disease
that can be controlled by vaccination have serious consequences for livestock
industries, both upstream (inputs, genetic resources) and downstream (slaughter,
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processing, marketing), jobs, income, or market access, and have serious conse-
quences for food security and food safety (Nara et al. 2008). Zoonotic diseases also
have negative consequences for livestock production: decreased milk production,
reduced fertility, slower growth, animal mortality, as well as market loss for animals
and animal products (Lamy et al. 2012; Zinsstag et al. 2008).

Nevertheless, indirect costs of zoonoses are often overlooked. The impact of
zoonoses in terms of disability-adjusted life-years (DALYs) can be quantified by
using a “One Health” approach (Grace et al. 2012): a cost-benefit analysis of
vaccinating livestock in Mongolia for brucellosis found that the estimated costs for
vaccination (US$ 8.3 million) were exceeded by the overall benefit (US$ 26.6
million), with an average benefit-cost ratio of 3.2. Cost-benefit analyses have
determined that interventions in animal populations to reduce levels of zoonotic
diseases were cost effective: control of the animal diseases was less expensive than
the costs of disease in humans (Zinsstag et al. 2008). Given the complex nature of the
epidemiology of zoonotic TB and the influences of sociological, economic, and
ecological factors, “One Health” provides an excellent economical approach for
conducting research, as well as development of effective control and prevention
programs for zTB.

zTB causes significant economic losses due to increased production costs of
infected animals, carcass confiscation, and international trade restrictions (Canto
Alarcon et al. 2013). The disease has an important economic impact through reduced
meat and milk production, as well as condemnation of carcasses or affected parts that
are unfit for human consumption. The drivers of zoonotic diseases, especially zTB,
are quite complex – individually, culturally, and socially. Although some of these
drivers may be understood in isolation or in their simpler, temporal interactions with
each other (e.g., food insecurity for workers in a logging or mining camp in Africa,
leading to increased hunting and consumption of bushmeat), the complex ways in
which they change over time and how they interact are not well understood, hence
the need for a multidisciplinary “One Health” approach to help unravel the com-
plexities associated with the reemergence of zoonotic TB and deal appropriately
with them.

44.5 Vaccines for zTB

For an effective control strategy, vaccination provided a promising option in the
prevention of human and animal tuberculosis (TB) in the beginning of the twentieth
century. Considerable progress has therefore been made in the past years to develop
improved vaccines for both humans and animals. Mycobacterium bovis bacille
Calmette-Guérin (BCG), an experimental vaccine designed to protect cattle from
zTB, was administered for the first time to a newborn baby in Paris in 1921. Over the
past century, BCG has saved millions of lives and has been given to humans more
than any other vaccine. It remains the sole TB vaccine licensed for use in humans.
BCG provides long-lasting strong protection against miliary and meningeal TB in
children, but it is less effective for the prevention of pulmonary TB, especially in
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adults. The legacy of BCG includes fundamental discoveries about TB-specific and
non-specific immunity and the demonstration that TB is a vaccine-preventable
disease, providing a foundation for new vaccines to hasten TB elimination (Lange
et al. 2022). Therefore, a safer and more effective vaccine than BCG is urgently
required.

More than a dozen TB vaccine candidates are under active evaluation in clinical
trials aimed to prevent infection, disease, and recurrence (Buddle et al. 2013).
Candidate vaccines undergoing testing in humans include live mycobacterial vac-
cines to replace BCG, subunit vaccines (virus vector or protein) to boost BCG, and
therapeutic vaccines used as an adjunct to chemotherapy. Encouraging results have
been obtained from field trials in cattle using BCG vaccine to protect against natural
exposure to M. bovis. To date, no subunit TB vaccines have induced improved
protection compared with that of BCG, but prime-boost combinations of BCG with
DNA, protein, or virus-vectored vaccines have induced better protection than BCG
vaccine alone (Buddle et al. 2006, 2013).

Also, development of an oral bait BCG formulation has demonstrated the prac-
ticability of delivering TB vaccines to wildlife. Oral BCG preparations have induced
protection against experimental challenge of M. bovis in possums, badgers, wild
boar, and white-tailed deer and against natural exposure to M. bovis in possums.
Progress in TB vaccine development has provided much impetus for their future use
(Buddle et al. 2013).

Achieving dramatic results and vaccination of cattle was discontinued as it
compromised the interpretation of the tuberculin skin test. Renewed interest in the
use of TB vaccination of domestic livestock rose from the realization of the financial
impact of bovine TB on animal health and trade, and the need to identify a cost-
effective control measure where test-and-slaughter control programs are not afford-
able. Strategic use of TB vaccines for cattle or wildlife maintenance species could be
applicable where it is not economically feasible to cull the animal serving as the
wildlife reservoir or if they are a protected species. Tests differentiating infected
from vaccinated animals (DIVA tests) have now been developed, which can differ-
entiate animals vaccinated with BCG from those infected with M. bovis. For these
tests, antigens from the M. tuberculosis complex which are not expressed by BCG
are used instead of bovine PPD in skin test or in the whole-blood interferon-gamma
release assay (Whelan et al. 2010).

Use of BCG vaccine in cattle is appealing as the vaccine is safe, inexpensive, and
commercially produced for human application and DIVA tests are available,
although protection may be incomplete. Many of the parameters that may affect
the efficacy of BCG for cattle have now been identified. Relatively low doses of 104

to 106 CFU Pasteur BCG administered subcutaneously to cattle were shown to be
effective in inducing protection against experimental challenge with M. bovis. Pas-
teur and Danish strains of BCG have induced similar levels of protection in cattle,
although IFN-gamma levels released in antigen-stimulated blood cultures were
higher in the Pasteur BCG-vaccinated groups.

Protection of Eurasian badgers (Meles meles) from TB after intramuscular vac-
cination with different doses of BCG was observed in a study in Great Britain
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(Lesellier et al. 2011). Vaccinating badgers with BCG has been shown to be
efficacious against experimentally induced TB of badgers when administered sub-
cutaneously and orally. As the subcutaneous route is impractical for vaccinating wild
badgers and an oral vaccine bait formulation is currently unavailable, the study
evaluated the intramuscular (IM) route of BCG administration. It was demonstrated
that the IM route is safe in badgers. IM administration has the practical advantage of
being relatively easy to perform on trapped wild badgers without recourse to
chemical immobilization. Vaccination using BCG Danish strain 1331 at two differ-
ent doses (high and low) generated a dose-dependent cell-mediated immune
response characterized by the production of interferon-γ (IFNγ) and protection
against endobronchial challenge with virulent M. bovis. Protection, expressed in
terms of a significant reduction in the severity of disease, the number of tissues
containing acid-fast bacilli, and reduced bacterial excretion, was statistically signif-
icant with higher dose only (Lesellier et al. 2011).

In Ethiopia, bTB is prevalent in intensive dairy farms. Vaccination could be an
alternative control approach given the socioeconomic challenges of a test-and-
slaughter control strategy. An efficacy study using BCG on calves recruited from
single intradermal cervical comparative tuberculin (SICCT) test negative herds was
carried out in Ethiopian farms with monitoring of immune responses by interferon
gamma (IFN-γ) release assay (IGRA), SICCT test, and antibody assay. Vaccinated
calves developed strong responses to the SICCT test at the sixth week post-
vaccination but did not respond to ESAT-6/CFP-10 peptide antigen-based IGRA.
The direct protective efficacy of BCG in protecting against bovine TB in the calves
was observed to be low; it was also demonstrated that BCG vaccination reduced the
severity and dissemination of lesions and delayed M. bovis infection in the vacci-
nated calves. These impacts of BCG vaccination could contribute to the containment
of onward transmission of M. bovis from vaccinated animals to other susceptible
animals (Bayissa et al. 2021).

Canto Alarcon et al. (2013) in a study showed that the BCG vaccine, alone or in
combination with a culture filtrate protein (CFP) boost, has the potential to reduce
TB dissemination in cattle by reducing the number of lesions and the bacterial load
per lesion (Canto Alarcon et al. 2013). However, to make definitive conclusions
about the usefulness of the vaccine in programs against TB in the field, it is necessary
to perform long-term field trials.

Also, the use of polymers such as chitosan and poly-lactic-co-glycolic acid
(PLGA) improves the immune response against different diseases by improving
the interaction of antigens with the cellular immune system and modulating the host
immune response (Contreras-Magallanes et al. 2021). In a study on prime vaccina-
tion with chitosan-coated Phipps BCG and boosting with CFP-PLGA against tuber-
culosis in a goat model, it was demonstrated that the prime BCG vaccination,
boosted with a culture filtrate protein (CFP) alone or in combination with chitosan
and PLGA, has the potential to reduce TB dissemination by reducing the number of
animals with lesions, the number of lesions per animal, and the size of the lesions in
vaccinated animals, compared with those not vaccinated or those vaccinated with
BCG alone. The vaccinated groups showed significantly higher interferon-γ levels in
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the blood compared to the control, non-vaccinated group after vaccination, after
boosting, and after the challenge with the wild-type Mycobacterium bovis strain
(Contreras-Magallanes et al. 2021).

44.6 Conclusion and Outlook

The above discussions underpin the need for a concrete and active plan to tackle TB
in animals as it has been implemented in humans. Vaccines will protect livestock
against TB; as Africa is in quest of becoming self-sufficient, it also thinks about
production of vaccines against animal TB. Furthermore, there is a need to intensify
surveillance to reduce animal-to-animal as well as animal-to-human transmission
and this requires good detection methods. Such method should be simplified and
inexpensive and can be done on the farm. A good example is the need for a rapid
method such as Xpert MTB/RIF, but this should be able to differentiate between the
MTBC. On the other hand, a simple serological method such as a lateral flow assay is
also needed.

To design a strategy to include all stakeholders, we employ for more funding to
conduct multisectoral formative studies to understand the burden of the problem.
Findings from these studies may provide the true picture of global zoonotic TB for
all stakeholders to design acceptable One Health interventions.

44.7 Cross-References

▶Bovine Paratuberculosis and Human Crohn’s Disease: Is There a Zoonotic
Linkage?

▶Giardiasis from a One Health Perspective
▶ Influenza from a One Health Perspective: Infection by a Highly Versatile Virus
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Abstract

Viral hepatitis is primarily caused by five unrelated hepatotropic viruses,
hepatitis A, B, C, D, and E. While hepatitis A through C are commonly recog-
nized as causing significant liver disease by many average individuals due to
successful public health campaigns, hepatitis E is often completely unknown.
Despite being unheard of in the general public, hepatitis E virus (HEV) is the
leading cause of acute viral hepatitis worldwide with an estimated 20 million
cases annually. Hepatotropic viruses are notoriously tricky, utilizing differing
mechanisms to avoid detection and elimination by the host organism. While
hepatitis B and C infections often produce few symptoms in the host while
becoming chronic and spreading silently to new hosts, HEV utilizes a different
strategy to continue circulating in its hosts. HEV’s long incubation period and
ability to self-resolve in many infected individuals coupled with animal reservoirs
that show little disease upon infection allow HEV to transmit to humans through
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the food chain. Endemic human strains have similar strategies, circulating at low
levels within the populace waiting for conditions associated with socioeconomic
turmoil when sanitary conditions decrease allowing for massive outbreaks
through contaminated water. This virological game of hide and seek ensures the
continued survivability and transmission of the pathogen. While most otherwise
healthy individuals will be able to self-resolve HEV infections, people with
underlying comorbidities, immunocompromised people, and pregnant women
in their third trimester are at much greater risk of succumbing to hepatitis
E. There is still much work to be done to unravel the nuances of HEV’s deadly
hide-and-seek game so that humans may rid themselves of this malady.

Keywords

Hepatitis E · Virus · Host · Pregnancy · Animal

45.1 Introduction

Hepatitis E virus (HEV) is the most prevalent cause of acute viral hepatitis, which is
mainly transmitted fecal-orally in humans and animals (Meng 2013). In developing
countries, the fecal oral route is the predominant route of transmission through
contaminated water sources (Khuroo et al. 2016). In developed countries, consump-
tion of contaminated meat, particularly pork products, is known to zoonotically
transmit HEV to humans (Capai et al. 2018). While most infections are asymptom-
atic, they can cause acute hepatitis in patients with preexisting liver disease and in
pregnant women, predominantly in developing countries (Wu et al. 2020; Koning
et al. 2015). Extra-hepatic manifestations have been described with HEV infection
and acute infection can progress to chronicity primarily seen in immunocompro-
mised patients (Horvatits and Pischke 2018).

HEV belongs to the Hepeviridae family, which has two genera: Piscihepevirus
(cutthroat trout virus) and Orthohepevirus (mammalian and avian strains) with four
species (pasla-, avi-, roca-, chiro-). Paslahepevirus contains HEV variants isolated
from human, pig, wild boar, deer, mongoose, rabbit, and camel; Avihepevirus from
chickens, Rocahepevirus from rat, greater bandicoot, Asian musk shrew, ferret, and
mink; Chirohepevirus from bat (Fig. 1). Paslahepevirus balayani is the largest
species consisting of at least 8 genotypes (gt) that infect humans (gt1, gt2, gt3,

Family - Hepeviridae
Genera - Piscihepevirus

- Orthohepevirus
Ortho Species - Paslahepevirus (humans, pig, boar, rabbit)

- Avihepevirus (bird)
- Rocahepevirus (rodents)
- Chirohepevirus (bats)

Fig. 1 Taxonomical
classification of HEV
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gt4, and gt7), pigs (gt3 and gt4), wild boar (gt3, gt4, gt5, and gt6), rabbits (gt3),
mongoose (gt3), deer (gt3), yaks (gt4), and camels (gt7 and gt8) (Smith et al. 2014a,
2016). To date, only one serotype has been described (Smith et al. 2014b).

Of the various genotypes infecting humans, gt1 and gt2 are obligate to humans
(Meng 2013). Genotype 3 is widely distributed around the world and gt4 is mainly
found in Asia. Zoonotic transmission of gt3 and gt4 from pigs, wild boar, deer, and
mongoose to humans have been reported (Meng 2013). In addition, rabbit strains
that are close to gt3 have been discovered in humans. Camel gt7 was described in a
liver transplant recipient who had consumed camel milk and meat (Lee et al. 2016).
Recently, Rocahepevirus ratti HEV strains have been reported in humans, despite
their genetic differences with other human pathogenic strains (Sridhar et al. 2018,
2021; Andonov et al. 2019).

HEV is a single-stranded, positive-sense RNA virus, possessing an ~7.2 kb RNA
genome that contains three open reading frames (ORFs), ORF1, ORF2, and ORF3
(Fig. 2). ORF1 encodes a nonstructural protein about 1693 amino acids (aa) long, with
several functional domains: methyltransferase, Y domain, cysteine protease, hyper-
variable region, X domain, helicase, RNA-dependent RNA polymerase (Reyes 1993).
It is still unclear whether the ORF1 polyprotein functions as a singular polyprotein or is
processed into individual proteins. Recent studies have described the presence of an
additional ORF4 in gt1 HEVoverlapping with ORF1. Endoplasmic reticulum stress-
induced synthesis of ORF4 has been described to play a role on the proper functioning
of the HEV RNA polymerase (Nair et al. 2016). Furthermore, ORF2 and ORF3 also
partially overlap and are transcribed from the bicistronic subgenomic RNA (Graff et al.
2006). ORF2 protein encodes for 660 aa and is divided into three domains: S (shell), M
(middle), and P (protruding) (Yamashita et al. 2009). In addition, ORF2 is known to
encode a secreted free form of the capsid protein (ORF2s) that differs from the virion
forming capsid protein, ORF2i (for infectious) (Yin et al. 2018). ORF3 encodes for a
113 aa phosphoprotein creating ion channel activity, involved in virus egress from
infected cells, and is involved in cell signaling modification (Wang et al. 2014a).

Morphologically, HEV is considered quasi enveloped and presents in two forms:
(a) the naked form, excreted in feces where the outer lipid envelope is degraded by
the action of bile. (b) enveloped form, circulating in blood (Chapuy-Regaud et al.
2017; Yin et al. 2016) (Fig. 3).

HEV is transmitted mainly by fecal oral route via contaminated water ingestion
and the consumption of undercooked pork or wild boar (Geng and Wang 2016).
HEV transmission by blood components is becoming more prevalent and has been
an increasing concern in European countries and emerging concern in the United
States (Ticehurst et al. 2019; Mateos et al. 1998; Harvala et al. 2019). In addition,

Fig. 2 Genomic organization of HEV
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vertical transmission from infected mother to fetus has been recognized (Li et al.
2020; Jilani et al. 2007; Gouilly et al. 2018) (Fig. 4). HEV gt1 and gt2 are correlated
with poor hygiene and untreated sewage; however, gt3 and gt4 are increasing in the
developed countries with high consumption of raw or undercooked pork meat (pig is
known as the main reservoir) (Khuroo et al. 2016; King et al. 2018).

45.2 HEV Zoonoses and Cross-Species Infection

HEV is a zoonotic disease capable of transmitting from animals to humans (forward
zoonoses) and back to animals from humans (reverse zoonoses). Paslahepevirus
balayani species are known to infect humans producing severe disease associated
with acute liver failure in pregnant women and chronic hepatitis in immunocompro-
mised individuals. gt1 and gt2 HEV within the Paslahepevirus species is known to
have a limited host range because experimental infection of pigs, rats, and goats was

Fig. 3 Morphological forms of HEV

Fig. 4 Transmission route of HEV
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unsuccessful. However, lambs and Wistar rats were reportedly infected by gt1
human HEV (Usmanov et al. 1994; Maneerat et al. 1996). Although independent
confirmation of these reports is still lacking, gt1 and gt2 are considered obligate to
humans. Pigs are considered as the major reservoir for HEV and are known to
transmit gt3 and gt4 HEV to humans (Kenney and Meng 2019). Pig handlers,
farmers, and swine veterinarians in both developing and industrialized countries
are at the highest risk for HEV infection. For instance, individuals within the United
States from major swine producing states are more likely to be seropositive for HEV
antibodies than those from traditionally non-swine states; for example, individuals
from Minnesota (major swine state), are approximately five to six times more likely
to be seropositive than those from Alabama, which is not a major swine state (Meng
et al. 2002). Furthermore, swine veterinarians were 1.9 times more likely to be HEV
seropositive than non-swine veterinarians with seroprevalence of 20.8% among
Austrian veterinarians (Taus et al. 2019). Interestingly, potential transmission of
HEV from a pet cat and a pet pig to human owners were also reported (Renou et al.
2007; Kuno et al. 2003). Recently, Rocahepevirus species have been shown to infect
humans (Sridhar et al. 2018, 2021; Andonov et al. 2019). Further research is required
to understand the cross-species ability of Rocahepevirus species in various animals.

The dynamics of HEV spread and adaptation within genotypes allowing for
extension of host range are unclear. Since the discovery of the first animal HEV in
pigs in 1997, the first avian strain in 1998, and the first rabbit strain in 2009, an
abundance of animal species have been identified with distinct circulating HEV
strains, many with zoonotic potential. In recent years, it has been demonstrated that
several strains causing disease in humans possess a high degree of similarity to
strains detected in animals and food products of animal origin. Epidemiological
screening studies for HEV via serology demonstrated high (1–53%) antibody prev-
alence in several countries (high-income and low-income) (Kamar et al. 2012).
Furthermore, reports in healthy blood donors suggest that 1 out of 4500 in Germany,
and 1 out of 8000 in Sweden, had HEV RNA in their blood at the time of donation
(Lapa et al. 2015). Hence, HEV is no longer simply a disease of underdeveloped
countries and there are autochthonous sources of HEV present in industrialized
countries that cause infections and disease in humans. In addition, some agricultur-
ally important species such as chickens can have reduced productivity due to HEV
infection. Infection of poultry with aHEV can display symptoms including hepatitis
splenomegaly syndrome, egg drop, regressive ovaries, and acute death reducing the
yields of a farmed species that provides the second highest amount of protein to
humans globally (Younus et al. 2017). Despite aHEVonly infecting poultry, the liver
tropism for the disease mimics human HEV infection in some aspects.

(a) Non-Human Primates (NHPs)
All four genotypes of HEV can induce infection in rhesus macaques with the

development of viremia, fecal shedding, and specific antibody responses. In
brief, acute viral hepatitis, viremia, fecal shedding, slight elevation of ALT,
and seroconversion was reported in rhesus macaques when infected with gt3
swine HEV and gt4 swine HEV (Meng et al. 1998; Arankalle et al. 2006).
Furthermore, rHEV strain developed viremia, fecal shedding along with
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jaundice and malaise with elevation of liver enzymes, and seroconversion
demonstrating infection in cynomolgus monkeys (Liu et al. 2013). However,
avian HEV, rat and ferret strains of HEV could not infect NHPs as evidenced by
no detection of viremia, fecal shedding, or seroconversion (Huang et al. 2004; Li
et al. 2015a; Purcell et al. 2011). Summarization of the cross-species transmis-
sion is described below (Fig. 5).

(b) Swine
Specific pathogen-free pigs are susceptible to human HEV gt3 and gt4 but not

to gt1 or gt2 as detected via viremia, fecal shedding, and seroconversion (Córdoba
et al. 2012; Feagins et al. 2011; Meng 2003). Interestingly, swine can be infected
by rabbit HEV demonstrating low levels of viremia, fecal shedding, indicative of
active but not robust HEV infection (Cossaboom et al. 2012). Summarization of
the cross-species transmission in pigs is described below (Fig. 6).

(c) Rabbit
HEV gt3 isolated from rabbit and HEV gt4 isolated from both human and

swine origins are infectious to rabbits as indicated by viremia, fecal shedding,
elevation of ALT, and histopathologic changes in the liver (Cheng et al. 2012;
Han et al. 2014; Ma et al. 2010; Zhang et al. 2015a). Interestingly, even though
rHEV strain have been assigned to HEV gt3, human gt3 could not infect SPF
rabbits, similar to human gt1 HEV (Cheng et al. 2012; Ma et al. 2010). Summary
of the cross-species transmission in rabbits is described below (Fig. 7).

Fig. 5 Cross-species transmission in NHPs

Fig. 6 Cross-species transmission in pigs

Fig. 7 Cross species transmission in rabbits
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45.3 Epidemiology of HEV

HEV is suggested as one of the most common causes of acute hepatitis distributed
worldwide (A. R. 2010). Estimated infections around 2.3 million and 70,000 deaths
are recognized due to HEV per year (Rein et al. 2012). HEV genotypes, transmission
routes, source of virus infection, disease prevalence, clinical characteristics of the
disease are known to determine the epidemiological patterns around the globe.
However, the HEV epidemiological pattern is mainly based on the predominant
genotype in the geographical region and the presence of their respective hosts.
Description of these two patterns is summarized in Figs. 8 and 9.

HEV gt1 and gt2 occur as outbreaks and sporadic cases spread via the fecal-oral
route through contaminated water in endemic regions (Yugo and Meng 2013).
Although sporadic reports of gt1 and gt2 HEV have been observed, circulation
of the predominant gt1 and gt2 are primarily seen in Asia and Africa. Furthermore,
gt3 and gt4 are frequently reported in Asia (gt4 mainly in China) (WHO 2017;
Dai et al. 2013; Minagi et al. 2016). Seroprevalence studies have reported serocon-
version for HEV (anti-HEV IgG) between 3% and 27% (Ren et al. 2014; Fierro et al.
2016).

Areas with scarcity of water and compromised sanitary conditions, often seen in
low income countries and refugee camps, have been documented with endemic gt1
and gt2 with potential for large-scale outbreaks (A. R. 2010). Africa and Asia are
known to be the major geographical regions affected by these two genotypes as
reported by the World Health Organization (WHO). Seroprevalence studies have
reported seroconversion for HEV (anti-HEV IgG) in Africa between 4.6% and

Fig. 8 HEV genotypes, transmission route, and clinical picture in highly endemic region
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10.7% and in Asia between 34.8% and 94% (Ren et al. 2014; You et al. 2013; Kang
et al. 2017; Korsman et al. 2019; Dagnew et al. 2019).

It has been reported that 15% of the people infected with gt1 and gt2 present signs
and symptoms during the HEV gt1 and gt2 outbreaks (Goel and Aggarwal 2016).
Infection in children, adolescents, and young adults is often asymptomatic in typical
HEV infection. Overall morbidity rates are higher among teenagers and young adults
(between 10 and 40 years old) but lower in children and elderly people (A. R. 2017).
Infection in men usually outnumbers women, possibly because of greater exposure
to contaminated water. However, infection of pregnant woman and patients with
preexisting chronic liver disease leads to fulminant hepatitis with higher morbidity
and severity of the disease (Kumar Acharya et al. 2007; S. KM 1981). Hepatitis E
disease diagnosis is difficult, because clinical and diagnostic enzymatic biochemical
panels can be indistinguishable clinically and biochemically from other diseases
(Singh et al. 2018).

HEV gt1 and gt2 are also recognized for their ability to transmit via parenteral and
vertical routes (Khuroo et al. 1995; Kumar et al. 2001; Arankalle and Chobe 1999).
Pregnant women, primarily in the third trimester of pregnancy, demonstrate severe
acute liver failure (ALF) with a mortality rate of 15–25% when infected with HEV
gt1 (Naidu and Viswanathan 1957; Sharma et al. 2017). Abortion, fetal death,
premature delivery, still birth, miscarriage have been reported when infected with
HEV gt1 while pregnant (Jilani et al. 2007; Salam et al. 2013) (Fig. 9). Furthermore,
anicteric or icteric hepatitis, hypoglycemia, and neonatal death are seen in fetuses
and neonates, which is the result of vertical transmission of HEV (Jilani et al. 2007;
Sharma et al. 2017). India is reported to have the highest pregnancy mortality cases
due to outbreaks of HEV and findings such as HEV viral load, immunological
changes, nutrition, and hormonal differences have been correlated with worse out-
comes and hence defined as the risk factors associated with HEV in pregnant women
(Jilani et al. 2007; Sharma et al. 2017; Salam et al. 2013; Kumar et al. 2014; Bose
et al. 2011; Gong et al. 2021).

Low endemic areas for hepatitis E, such as Europe, East Asia (including China),
and the Americas are known to have more widespread and better sanitary water
processing conditions and well-controlled water supplies ,hence are reported to have

Fig. 9 Symptoms in the HEV infected patient
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mainly sporadic cases of HEV (Fig. 10) (Fierro et al. 2016; Domanović et al. 2017a;
WHO 2017; Panduro et al. 2011).

HEV cases reported in these low endemic regions are autochthonous and are
typically zoonotic (forward zoonoses) in nature. The primary infection source is
related with the consumption of meat, mainly pork (gt3 and gt4) and its associated
products. Hence, ingestion of raw or undercooked meat contaminated with HEV is
linked with HEV in low endemic areas (Dalton et al. 2014). For instance, HEV gt3
prevalence in liver samples from France was 2.8% with a level of contamination of
up to 1.46 � 108 copies/g (Feurer et al. 2018). Similarly, out of 131 pork products
collected from grocery stores and butcher shops between October 2019 and February
2020 in Germany, 10% were positive for HEV RNA. These meats were predomi-
nantly pork livers, liver sausage, and liver pates (Pallerla et al. 2021). Similarly, HEV
gt3 is present in US swine herds with a small proportion of commercial pork
products, such as liver and chitterlings, from US grocery stores contain infectious
HEV (Huang et al. 2002; Feagins et al. 2007). Also, in the United States, 15 out of
119 (12.6%) ground pork samples tested positive for HEV RNA and 13 out of
20 packages (65%) contained at least one positive sample. Twenty-five of 56 (45%)
of pork liver samples were positive for HEV RNA (Harrison et al. 2021). Two
percent of commercial pig livers from local grocery stores in Japan, 4% in Germany,
6.5% in the Netherlands, and 11% in the United States tested positive for zoonotic
gt3 HEV RNA. Similarly, 6% of sausages sampled at processing and at the point of
sale in Spain were also positive for the zoonotic gt3 HEV RNA (Meng 2016). In
France, consumption of pig liver sausage (Figatelli) has been definitively linked to
cases of hepatitis E as well and almost 30% of Figatelli in France tested gt3 HEV
positive (Colson et al. 2010; Pavio et al. 2014). Beyond the farmed swine industry,
cases of HEV have been linked to consumption of wild boar meat, grilled pig

Fig. 10 HEV genotypes, transmission route, and clinical picture in low endemic region
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entrails, and raw deer meats in Japan (Takahashi and Okamoto 2014). Hence,
prevalence rates of HEV seropositivity in most countries could be explained by
pork consumption, as in France and Germany, where the seroprevalence is 17% and
35%, respectively (Lapa et al. 2015), but additional cases may be through other
specialty or cultural dishes that are not traditionally pork.

Additionally, iatrogenic transmission of HEV gt3 between humans through
infected blood and blood products is reported in Europe. Recently, screening HEV
in blood products is gaining importance in developed countries due to transfusion-
associated HEV infections reported in Japan (gt3 and gt4), France (gt3), and China
(gt1 and gt4) (Domanović et al. 2017b; Satake et al. 2017; Zhang et al. 2017). Such
transfusion-transmitted HEV infections occur with red cells, platelets, and fresh-
frozen plasma. Currently available inactivation technologies for blood products are
unable to prevent transfusion-transmitted HEV infections, which can result in
chronic severe hepatitis in immunosuppressed patients (Gallian et al. 2019). For
instance, anti-HEV IgG prevalence was reported to be high in blood banks (52%) in
France (Bouamra et al. 2014). In American regions, seroprevalence of anti-HEV IgG
in United States was found to be 9%, in Brazil 4.2%, and in mixed Caribbean
countries 1% (Horvatits et al. 2018). Similarly, gt1, gt2, and gt3 have been reported
in humans and animals in Uruguay (gt1 and gt3), Colombia (gt3), Argentina (gt3),
Mexico (gt2 and gt3, only humans), Venezuela (gt1 and gt3), Brazil (gt3), and the
United States (gt3) (Oxford et al. 2016; Rendon et al. 2016; Lopes Dos Santos et al.
2010; Mirazo et al. 2011; García et al. 2012; Martínez Wassaf et al. 2014; Passos-
Castilho et al. 2016; Viera-Segura et al. 2019).

Previously, gt3 and gt4 infection was thought to be self-limiting in humans.
However, recent updates have shown chronic infection caused by gt3 in
immunosuppressed patients, especially post organ transplant patients (Gérolami
et al. 2008). For illustration, a recipient of an HEV-infected liver from a donor
with occult HEV infection rapidly developed graft cirrhosis and died from
decompensated liver disease (Schlosser et al. 2012). Furthermore, HEV infections
were also transmitted via renal grafts given to two recipients (Pourbaix et al. 2017).
In addition, preexisting chronic liver patients who acquire HEV gt3 may progress to
fulminant hepatitis, as seen in gt1 infected individuals (Dalton et al. 2007). Although
nosocomial transmission of HEV infection is unusual, there has been a report of this
rare event in the hematology ward in France (Mansuy et al. 2009). In brief, a
33-year-old man receiving treatment for leukemia in a hematological ward devel-
oped acute hepatitis. All donor samples were tested and had negative results plus he
had no travel history in the HEV endemic areas and had not eaten raw meat or
shellfish. Thus, it was demonstrated that his stay in the ward overlapped with that of
the other patient with hepatitis E shedding HEV in both blood and stool for a year.
Therefore, based on the HEV nucleotide sequence identity between the two patients
(97.8–98.6%) and because of the identical insertion in the ORF1 hypervariable
region between the strains, it was referred as patient to patient transmission of
HEV (Mansuy et al. 2009). Hence, transfusion of blood products, solid organ
transplantation, stem cells, and pork-derived products constitute the principal
sources of infection, especially for immunosuppressed individuals.
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Interestingly, only Paslahepevirus species were thought to infect humans. How-
ever, recent reports have suggested that Rocahepevirus strains have gained zoonotic
potential and is described in two clinical cases: persistent hepatitis in a liver transplant
patient in Hongkong and severe acute hepatitis in an immunocompetent patient in
Canada (Sridhar et al. 2018; Andonov et al. 2019). Seven additional rat HEV
infections have been confirmed recently in Hong Kong (Sridhar et al. 2021) (Table 1).

Disease severity resulting from HEV infection is thought to be dose dependent
with higher starting doses leading to more severe disease manifestation. HEV
superinfection is known to accelerate disease progression in patients with chronic
HBV infection and increases mortality in those with cirrhosis (Tseng et al. 2020).
Extrahepatic manifestations including neurological disorders, kidney injury, acute
pancreatitis, and hematological abnormalities have been related with acute or
chronic HEV infection caused by gt1-gt4. Several neurological disorders such as
Guillain-Barre syndrome, brachial neuritis, and meningoencephalitis are known to
be rarely seen during viral hepatitis, however, have been noted during HEV infection
(Kamar et al. 2016; McLean et al. 2017).

45.4 Epidemiological Information of HEV Pregnancy Mortality

Mortality due to fulminant hepatitis in pregnant women has been reported from
developing countries during HEV infection (Fig. 11) (Kar and Sengupta 2019).
Underlying mechanisms demonstrating the virulent characteristics of the virus in

Table 1 Species, host tropism, geographical distribution of zoonotic HEV

Paslahepevirus
balayani
Genotypes Host species

Geographical
distribution References

1 Human Asia, Africa, Central
America

Nelson et al. (2016)
Kamar et al. (2012,
2014)

2 Human West Africa, Mexico Nelson et al. (2016)
Kamar et al. (2012,
2014)

3 Human, pig, wild boar,
red deer, mongoose,
rabbit

Europe, South Africa,
East Asia, and
Americas

Oxford et al. (2016)
Nelson et al. (2016)
Kamar et al. (2012,
2014)

4 Human, pig, sheep,
cattle

Asia, Europe Oxford et al. (2016)
Nelson et al. (2016)
Wang and Ma (2010)

7 Dromedary camel,
human

Asia Sridhar et al. (2017)

Rocahepevirus Rat, ferret, greater
bandicoot, asian musk,
shrew, mink, human

Asia, North America Sridhar et al. (2018,
2021)
Andonov et al. (2019)
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the pregnant woman is still lacking. Although we have multiple reports of
pregnancy-associated deaths in various countries, reasons behind the severity of
the disease only in pregnant women is deficient due to inappropriate cell culture
model and insufficient animal models (Nimgaonkar et al. 2018).

45.5 Animal Models Demonstrating HEV-Induced Pregnancy
Mortality

Various animals naturally susceptible to HEVor experimentally infected with HEV
were studied to dissect the mechanism behind HEV-related pregnancy outcomes in
humans. However, only few of them somewhat recapitulated the scenario of
HEV-induced pregnancy mortality in humans.

(a) Non-Human Primates
Chimpanzees, pig-tailed macaques, vervets, owl monkeys, squirrel monkeys,

and patas monkeys are known to be susceptible to experimental HEV infection
(Yugo et al. 2014; Ticehurst et al. 1992; Tsarev et al. 1993a; Arankalle et al.
1988). However, based on the transmission studies, chimpanzees, rhesus

Fig. 11 HEV reported pregnancy mortality in different countries. Numerator ¼ the number of
deaths due to HEV during pregnancy. Denominator ¼ the number of infected individuals. 1987,
Nepal (18/73); 2006, Nepal (3/19); 1987, India (3/19); 1988, India (2/30); 1991, India (12/48);
2003, India (18/24); 2007, India (23/42); 2007, India (54/132); 2012, India (2/220); 2014, India
(29/148); 2016, India (5/36); 2016, India (3/30); 2016, India (10/25); 2017, India (7/32);
1988–1989, Somalia (48/346); 1991, Indonesia (5/19); 1991, Kenya (4/28); 1991–1993, Djibouti
(1/3); 1993–1994, Pakistan (4/35); 2013, Pakistan (5/25); 2002, Central African Republic (1/7);
2004, Sudan (19/61); 2008, Sudan (4/6); 2010–2011, Sudan (11/39); 2007–2009, Uganda (13/189);
2008–2009, Bangladesh (4/21); 2010, Bangladesh (3/12)
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monkeys, and cynomolgus monkeys were the most susceptible to both human
strains of HEV (gt1 to gt4) and animal strains of HEV (gt3 and gt4) (Kenney and
Meng 2019; Yugo et al. 2014; Purcell and Emerson 2001). Experimental infec-
tion of cynomolgus and rhesus macaques induced clinical signs, coinciding with
acute viral hepatitis with occasional excretion of virus like particles (VLPs) in
the stool, and detection of antiviral antibodies (Tsarev et al. 1993a, b; Arankalle
et al. 1995; Bradley et al. 1987). Previously, infection in pregnant rhesus
macaques failed to recapitulate any severe pregnancy outcomes or fulminant
hepatitis E observed in pregnant women (Tsarev et al. 1995). However, recently
in a study targeted to demonstrate the vertical transmission of HEV gt4, prema-
ture delivery and fetal death occurred in one of the HEV-infected pregnant rhesus
macaques (Yu et al. 2020).

(b) Rabbits
Rabbits are naturally infected with the rabbit strain of HEV (rHEV) (Zhao

et al. 2009; Cossaboom et al. 2011; Caruso et al. 2015). In a pathogenesis
study, similar clinical manifestations of acute hepatitis E are seen with fecal
shedding, viremia, seroconversion, and elevated ALT levels with IV adminis-
tration of rHEV (Cheng et al. 2012; Ma et al. 2010). In addition, rHEV isolate
CHN-BJ-R14 produced infection in six pregnant rabbits with two demonstrat-
ing miscarriage and three deaths among the pregnant rabbits. Both positive and
negative strands of HEV RNA were detected in the placental tissues of the
infected pregnant rabbits, and positive staining for the HEV antigen was
observed in placental tissue by immunohistochemistry (Xia et al. 2015).
Furthermore, vertical transmission of HEV was also reported with the fecal
detection of HEV in the first defecation of the newborn offspring. Seroconver-
sion in the offspring was seen at 3 months of age (Xia et al. 2015). Also,
pregnant rabbits administered HEV 239 vaccine and later challenged by rHEV
(CHN-BJ-R14) demonstrated prevention against HEV-related adverse out-
comes (Li et al. 2019). Furthermore, adverse fetal outcomes with 67–80%
fetal mortality in pregnant rabbits experimentally infected with rHEV
KOR-Rb-1 was reported (Ahn et al. 2017).

(c) Mouse
Pregnant BALB/c mice were experimentally infected in their early, middle,

and late stages of pregnancy with genotype 4 swine HEV (KMO1). Miscarriages
(7/8, 87.5%) reported in pregnant mice infected with HEV in the middle of
pregnancy although no maternal death reported. Vertical transmission was con-
firmed by the HEV replication in the uterus, placenta, and fetal livers of the
newborn mice (Yang et al. 2019) (Fig. 12).

45.6 Cell Culture Propagation Ability of HEV

In vitro studies are the foundation for understanding infectious diseases. Cell
culture is utilized to study entry, replication, and pathogenesis mechanism. Due
to a history of lacking the ability to cell culture HEV, research has been hindered
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and focused on screening various cell types for increased HEV replication.
Recent improvements in cell culture systems have significantly advanced HEV
research. Several years of research led to the development of HEV infectious
clones, identification of permissive cells, and optimization of HEV growth
because of which the molecular studies of HEV have progressed. These are
complemented by efforts in improving not only the hepatocyte systems that are
physiologically more important but also differing cell lines origin pertaining to
the extra-hepatic manifestations related to HEV. Furthermore, an ideal cell
system would recapitulate cell polarity, co-secrete bile acids, and/or other host
factors helping to fully mature HEV particles into their non-enveloped form,
support virus spread and full lifecycle of HEV, and support infection with the
clinical isolates of HEV. Here are some cell lines that are susceptible and
permissive to HEV (Table 2).

45.7 Vaccination, Prevention, and Treatment of Zoonotic HEV

(a) Vaccination

Public health surveillance in pregnant and non-pregnant women is of utmost
importance for limiting the number of sporadic outbreaks, in line with sanitation
improvements in endemic countries (Fierro et al. 2016; Domanović et al. 2017a;
Clemente-Casares et al. 2009). Due to the lack of in vitro cell culture replication,
development of live attenuated or inactivated vaccines for HEV is ceased (Kamili
2011). Recombinant vaccines have been a focus for HEVas active immunization has
been found to be effective in experimental animal models and because of the failure
of passive immunoprophylaxis (Tsarev et al. 1994).

HEV 239 vaccine (Hecolin, Xiamen Innovax Biotech, China) is the only
commercially available vaccine, which has been registered in China since 2011
(Park 2012; Riedmann 2012). However, yet to be approved by the FDA. A special
feature of this recombinant vaccine is that it contains 26 aa and is an extension
from the N terminal of another peptide, E2, from the HEV capsid protein, which is

Fig. 12 Summarization of HEV induced pregnancy outcomes in human verses animal models
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the one major structural protein. The approach was successful, because HEV is
antigenically conserved, presenting only one identified serotype observed to be
protective for all four HEV genotypes (gt1, gt2, gt3 and gt4) (Anonymous 2015;
Wu et al. 2016).

HEV 239 vaccine is proven to be effective in Rhesus macaques, rabbits immu-
nized and challenged with infectious virus strains (gt1 and gt4) (Cheng et al. 2012;
Zhang et al. 2009; Li et al. 2015b). In mouse models, a strong T cell-dependent
antibody response was observed after vaccination, which was partly attributed to two

Table 2 Different cell lines used for the study of various HEV genotypes

Cell line HEV genotype Reference

Hepatoma cell lines

PLC/PRF/5 Unknown
gt4
gt1
gt3

Pillot et al. (1987)
Tanaka et al. (2009)
Takahashi et al. (2010)
Shukla et al. (2011)

HepG2 Okamoto (2011)

HepG2C3A gt3 Shukla et al. (2011)

Huh7.5 gt3 Shukla et al. (2011)

ORF4 expressing huh7 S10–3 gt3, gt1 Sar55 Yadav et al. (2021)

Non-hepatoma cell lines

2BS (Human fetal lung diploid fibroblast) gt1 Huang et al. (1999)

A549 (Human lung epithelial cells) gt1 Huang et al. (1999)

Okamoto (2011)

gt4 Tanaka et al. (2009)

gt1 Takahashi et al. (2010)

gt3 Shukla et al. (2012)

LLC-PK1 (Pig kidney cells)
LLC-PK1A (Pig kidney cells)
SK-RST (Pig kidney cells)

gt3 Kernow-C1 Shukla et al. (2011)

MDCK (Dog kidney cells) gt3 Kernow-C1 Shukla et al. (2011)

CRFK (Cat kidney cells) gt3 Kernow-C1 Shukla et al. (2011)

LLC-RK1 (Rabbit kidney) gt3 Kernow-C1 Shukla et al. (2011)

Caco-2 (Colon carcinoma) gt1 Sar55 Emerson et al. (2004)

JEG-3 (Human placental cells) gt1 and gt3 Knegendorf et al. (2018)

BeWo (Human placental cells) gt1 and gt3 Knegendorf et al. (2018)

MO3.13 (Oligodendrocytic cells) gt3 Drave et al. (2016)

Ex vivo transplants

Maternal decidua and fetal placenta gt1 and gt3 Gouilly et al. (2018)

Primary cells

Primary human hepatocytes (PHHs) gt3 and gt4 Oshiro et al. (2014)

Immune competent PHHs gt3 Kernow-C1 P6 Yin et al. (2017)

Human fetal liver cells gt3 Kernow-C1 P6 Wu et al. (2018)

Primary mouse neurons gt3 Kernow-C1 P6 Zhou et al. (2017)
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T cell epitopes located in the portion of aa 533–552 on the HEV capsid peptide
(Khateri et al. 2018).

In humans HEV 239 vaccine is administered as mentioned below.

Vaccine Route Volume
Number
of dose Composition Side effects Efficacy

Safety in
pregnant
woman

HEV 239
(Hecolin)

IM 0.5 ml 0, 1, and
6 months

30 μg of the
purified
protein
absorbed to
0.8 mg of
aluminum
hydroxide
suspended in
0.5 ml
buffered
saline

Well
tolerated,
no
vaccination-
related
serious
adverse
events (Zhu
et al. 2010)

85.1% for
those
receiving at
least one
dose, 93.3%
after full
three doses
(Zhu et al.
2010; Zhang
et al. 2015b)

Although
contraindicated
because of
safety concern,
preliminary
data
demonstrated
safe and
immunogenic
among
37 pregnant
woman
receiving
vaccine during
pregnancy
(Wu et al. 2012)

Furthermore, the cost of Hecolin 239 vaccine from Xiamen Innovax Biotech is
around USD 17.60–41.70 per dose (Riedmann 2012; Zhao et al. 2016). This is cost
efficient for an effective immunization that can reduce the cost of hospitalization and
treatment; hence the implementation of the HEV vaccine would be beneficial to the
public from a one health perspective.

(b) Prevention

Preventative measures for HEV are almost the same as for other infectious
diseases (Nelson et al. 2016; Teshale and Hu 2011; Barnaud et al. 2012; Schielke
et al. 2011)

Preventive
measures Procedures

Sanitation and
hygiene

Government – treat sewage and water supplies
Personal – wash hands, wash vegetables, avoid cross contamination while
preparing food, use gloves to prepare food

Surveillance HEV screening for health workers, live animal, carcass handlers, and in
the blood bank

Diagnostic test HEV test included in the diagnostic list for the hepatitis cases

Virus Inactivation Cooking food above 71 �C for 20 min (Barnaud et al. 2012) and boiling
water above 90 �C
Wash fruits and vegetables with chlorine solutions

Vaccination Perform mass vaccination with a safe vaccine in endemic areas
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(c) Treatment

The population most at risk for HEV are organ transplant patients, HIV patients,
and hemodialysis patients, which have the tendency to develop chronic hepatitis E
(Kamar et al. 2014). Treatment drugs prescribed or used in the specific cases while
diagnosed with HEV are listed below (Kamar et al. 2015; Pischke et al. 2014).

Clinical representation with HEV Treatment approach

Liver transplant patients with
immunosuppression and hemodialysis, and
anemic patients with HEV viremia

Pegylated-interferon monotherapy, although
reduction in the immunosuppressive regime
leads to self-resolution in many cases

Immunocompromised patients with HEV
viremia < 6 months

Ribavirin and pegylated-interferon

Immunocompetent patients with acute
infection and immunocompromised patients
with HEV viremia > 6 months (chronic
infection)

Ribavirin monotherapy

Pregnant woman with HEV Supportive therapy

Inactivation of RNA polymerase function using antiviral drugs such as zinc salt
and nucleoside analogue 2’-C-methylcytidine (2CMC) inhibited HEV replication in
human cell lines in vitro (Kaushik et al. 2017; Qu et al. 2017). In addition,
sofosbuvir, calcineurin inhibitors, and mTOR inhibitors may help in virus clearance
as suggested by in vitro assays, however, testing the efficacy and safety in humans
would determine the fate of these drugs (Wang et al. 2014b; Netzler et al. 2019).

Similarly, immunocompetent patients return to their normal physiology within
3–4 weeks of ribavirin treatment due to the short duration of viremia (Péron et al.
2016).

45.8 Difference of HEV with Other Hepatitis-Causing Viruses

Viral hepatitis remains a significant public health problem in the United States,
despite advances in antiviral therapy and effective vaccines. CDC reports document
20,000 deaths each year attributed to viral hepatitis, and 5 million people are
chronically infected and at risk for serious liver disease and hepatocellular cancer
(Loader et al. 2019). Clinical feature of viral hepatitis, including risk for progression
to chronic infection with development of cirrhosis, vary considerably and are virus-
specific. Differences between various hepatitis viruses are listed below to allow the
reader to comprehend HEV with other hepatitis-producing viruses.

Variables Hepatitis A Hepatitis B Hepatitis C Hepatitis D Hepatitis E

Morphology RNA virus DNA virus RNA virus RNA virus RNA virus

Transmission
routes

Fecal-oral
route

Percutaneous
or perinatal
exposure with
HBV-infected
blood or body

Infected blood or
blood-containing body
fluid

Shared
needles among
drug abusers,
contaminated

Fecal-oral
route,
contaminated
pork meat,

(continued)
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Variables Hepatitis A Hepatitis B Hepatitis C Hepatitis D Hepatitis E

fluid, sexual
contact

blood, and by
sexual contact

and camel
milk products

Clinical
effects

Incubation
Period (IP) –
28 days

I.P – 28 days
to 6 months

Asymptomatic I.P – 1 to
2 months

I.P – 5 to
6 weeks

Fatigue,
abdominal
discomfort,
vomiting,
pruritus, fever,
jaundice,
dark-colored
urine

Fever, fatigue,
loss of
appetite,
vomiting,
abdominal
pain, dark
colored urine,
clay-colored
stools,
arthralgias,
jaundice

Chronic infection is
associated with hepatic
fibrosis, cirrhosis.
Extrahepatic
manifestation includes
cryoglobulinemia
vasculitis,
membranoproliferative
glomerulonephritis,
porphyria cutanea
tarda, B-cell
non-Hodgkin
lymphoma

Jaundice, joint
pain,
abdominal
pain,
vomiting, loss
of appetite,
dark urine,
fatigue,
chronic cases
develop
cirrhosis

Fever, fatigue,
loss of
appetite,
nausea,
vomiting,
abdominal
pain, jaundice,
dark urine,
clay-colored
stool, joint
pain

Acute liver
Failure (ALF)
– 1%

ALF – 1 to 2% Cirrhosis – 10 to 20% Cirrhosis – 4% Fulminant
hepatic failure
(FHF) – 30%

Treatment Supportive Tenofovir and
entecavir

Direct acting antiviral
medications,
ledipasvir-sofosbuvir,
sofosbuvir-velpatasvir,
elbasvir-grazoprevir

Supportive Supportive in
pregnant
woman. No
treatment for
acute HEV
infections

Vaccine Havrix (two
doses
6 months apart
for children
1–2-year-old)
and Vaqta
(two doses
6 months apart
for people
traveling to
endemic
areas)

First dose at
birth
Heplisav-B
(for 18 years
and older)

No approved vaccine No approved
vaccine

Hecolin (HEV
239)– only
approved in
China

45.9 Loopholes in HEV Studies

Inefficiency of the cell culture system for the study of HEV hinders research into this
important human pathogen. Thus, finding suitable animal model to dissect the
pathogenesis and the virulent adaptation of HEV in the pregnant woman is critically
important. Although rhesus macaque, rabbits and humanized mouse model have
been used to study HEV, absolute recapitulation of clinical signs, lesions as seen in
humans is not found. Various aspects of clinical outcomes are not reproduced in the
animal models, including the chronic infection seen in immunocompromised
patients and extrahepatic manifestations observed in HEV-infected patients, such
as neurological disorders and kidney diseases. Furthermore, scarce knowledge is
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present on the key aspects of the viral life cycle – for example, the cellular (co-)
factors involved in the viral life cycle and prominent receptors mediating viral entry.
In addition, several reports suggesting infection of animal species are based on a
small number of serologically positive samples and interpretation needs further
analysis. Only serological results are difficult to direct the conclusion as confirma-
tory assay, a gold standard for HEV, is lacking. There are no established guidelines
on the management of HEV and other hepatitis-causing viruses in case of dual
infection. Although the HEV vaccine is approved and used in China, worldwide
approval and availability need to be prioritized.

45.10 Conclusions

Although HEV is considered as an emerging pathogen, it has been known to produce
epidemic outbreaks starting from the 1950s. Current findings suggest that although
pigs are the major reservoir spreading the disease to humans, the host range appears
to be increasing. The zoonotic axis has gained importance due to the continued
reemergence of HEV despite advances in hygiene practices. HEV continues to
remain relevant producing new pathology manifestations including chronicity, extra-
hepatic manifestations, and the continued danger to pregnant women. Technological
advances in sequencing, coupled with more thorough sampling will inevitably reveal
more novel HEV strains. Continued research will continue unlocking novel treat-
ment options. There is still much work to be done to unravel the nuances of HEV’s
deadly game of hide and seek so that humans may rid themselves of this malady.
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Abstract

Since the mid-1990s, West Nile virus (WNV) outbreaks of increased severity first
appeared in Africa, then in Europe, and finally in North America. These outbreaks
were due to related lineage 1 viruses of apparent increased pathogenicity. More
recently lineage 2 strains also of apparent increased pathogenicity have caused
outbreaks in Europe. Some of the implicated lineage 1 strains and the lineage
2 strains have a mutation in the NS3 helicase gene, which confers increased viral
pathogenesis in birds. The recent pattern of sporadic cases and outbreaks of WNV
that has emerged in Europe and North America shows no signs of abating. While
broad areas of high risk can be identified, the sporadic, local, and regional
outbreaks that occur within these areas remain elusively unpredictable. Fewer
than 1% of persons infected develop neuroinvasive disease, characterized by
meningitis, encephalitis, or acute flaccid paralysis. Increasing age is a risk factor
for neuroinvasive disease, both in humans and horses. Four WNV vaccines are
currently marketed for horses in the United States. Although clinical trials have
been conducted for six human vaccines, no vaccines are currently approved for
human use. Treatment is supportive.

Keywords

West Nile Virus · West Nile Virus Infection · West Nile Fever · West Nile Virus
Transmission · West Nile Virus Strain

46.1 Introduction

The last three decades have witnessed the global emergence or reemergence of the
West Nile virus. The virus was introduced to and spread throughout the Americas
and outbreaks resulting in significant morbidity are now commonplace in North
America and Europe. This chapter discusses the geographic emergence of this virus,
the virology and biology behind this emergence, the virus’s clinical and diagnostic
aspects, and treatment and control measures.

46.2 Virology

West Nile virus (WNV) is one of more than 70 viruses of the family Flaviviridae of
the genus Flavivirus (Heinz et al. 2000). The flaviviruses comprise some of the most
medically important arthropod-borne viruses, including the yellow fever, Japanese
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encephalitis, dengue, and tick-borne encephalitis viruses (Mackenzie and Williams
2009). Like other flaviviruses, WNV is an enveloped spherical-shaped virion
encompassing a single-stranded RNAmolecule of positive polarity of approximately
11-kb. The genomic RNA of WNV encodes three 50 structural proteins (C-prM-E)
and seven nonstructural proteins (NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5) at the
30 end, which are flanked by 50 and 30 untranslated regions involved in transcription
and translation (Fig. 1). Both structural and nonstructural proteins are translated as a
single polyprotein that is cleaved into the respective viral proteins by host and viral
proteases both co- and post-translationally (Chambers et al. 1990).

Serologically, WNV is a member of the Japanese encephalitis serocomplex,
which includes the Japanese encephalitis, Murray Valley encephalitis, and
St. Louis encephalitis viruses (Calisher 1988). Sequence analyses suggest that
WNVs can be categorized into at least five phylogenetic lineages (May et al.
2011), although up to nine genetic lineages have been suggested (De Filette et al.
2012; Mackenzie and Williams 2009; Pachler et al. 2014; Vazquez et al. 2010). Only
lineage 1 and 2 WNVs have been associated with significant disease outbreaks in
humans.

The lineage 1 viruses can be further subdivided into three sublineages (a–c):
isolates from the Western Hemisphere, Africa, the Middle East, and Europe
constitute lineage 1a; Kunjin virus from Australasia represents lineage 1b; and
lineage 1c consists of viruses from India (Bondre et al. 2007; May et al. 2011).
Distribution of lineage 1 most likely occurred during the past 300 years, possibly
resulting from increased trade between Africa and India and Australia. The lineage
1a viruses are the most widely dispersed and epidemiologically important, having
caused large outbreaks in Europe, Russia, and North America during the past three
decades. Lineage 1a can be further subdivided phylogenetically into several
clusters, each with a relatively distinct geographic focus of circulation (May
et al. 2011). Nevertheless, all but one cluster contains isolates from Africa,
suggesting frequent gene flow from Africa to Europe and Russia, most likely by
migrating birds.

WNV was first discovered in the Western Hemisphere during simultaneous
human epidemics and avian epizootics in the New York City area in 1999
(Mostashari et al. 2001). The means and origin of the WNV brought into North
America are unknown. A Middle Eastern origin was first hypothesized based on
the fact that the initial North American isolates (East Coast genotype) from 1999
were most closely related to a lineage 1a WNV isolated from Israel in 1998

Fig. 1 WNV genome
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(Lanciotti et al. 1999). However, more recent analysis suggests that the Israel
outbreak was not the progenitor of the North American outbreak, but rather that
both outbreaks were initiated by the introduction of strains from the same inde-
pendent location, probably Africa (May et al. 2011). The WNV strain imported
into North America contains a single nucleotide change in the NS3 gene (T249P),
which confers avian virulence in otherwise nonvirulent strains (Brault et al. 2007).
Since approximately 2002, the East Coast genotype has largely been displaced by a
new genotype (WN02) encompassing several conserved amino acid substitutions
(Davis et al. 2005). This displacement may have resulted from a temperature-
dependent increased efficiency and rapidity of dissemination and transmission of
the WN02 virus in North American mosquito vectors (Ebel et al. 2004; Kilpatrick
et al. 2008).

Only lineage 1 and 3 WNV strains had been found in Europe until 2004, when a
lineage 2 strain pathogenic to birds of prey was identified in Hungary (Bakonyi et al.
2006). Before then, lineage 2 WNVs were isolated almost exclusively from African
transmission cycles and were considered to be of low pathogenicity (Murgue et al.
2002). Subsequently, highly pathogenic lineage 2 WNV strains have caused both
human and animal disease in South Africa (Venter 2009; Zaayman and Venter 2012)
and Europe (Bakonyi et al. 2013; Papa 2012). Isolates from lineage 2 viruses
generally have histidine at the 249 locus of the NS3 gene. While isolates that have
caused large outbreaks in Greece since 2010 have contained a proline substitution at
this locus (Barzon et al. 2013b; Papa et al. 2011a, 2013), experimental data indicate
that this residue does not cause increased viral replication or virulence in European
birds (Del Amo et al. 2014; Sotelo et al. 2011a). Like lineage 1 viruses, phylogenetic
analysis suggests multiple introductions of lineage 2 viruses into Europe from Africa
(Ciccozzi et al. 2013; McMullen et al. 2013). Two subclades of lineage 2 viruses
circulate in Europe. The Central European/Hungarian subclade present in central
Europe and the eastern Mediterranean region now causes most seasonal outbreaks in
Europe (Chaintoutis et al. 2019). The Eastern European/Russian subclade has caused
outbreaks in Eastern Europe and Russia.

46.3 Transmission Cycle

WNV exists in a bird-mosquito-bird transmission cycle (Fig. 2). Following mat-
ing, female Culex spp. mosquitoes obtain a blood meal from a vertebrate host to
obtain protein to make eggs. She can become infected from a blood meal from a
vertebrate host with sufficient viremia levels to efficiently infect mosquitoes.
Viremia in vertebrate hosts generally lasts about 5–7 days (Komar et al. 2003).
After depositing her eggs, she seeks another vertebrate host to feed upon. Suffi-
cient time is required after the initial blood meal for the virus to replicate within
the mosquito and spread to its salivary glands (extrinsic incubation period), at
which time it can transmit the virus to this and subsequent vertebrate hosts during
feeding.
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46.3.1 Mosquitoes

WNV has been detected in 65 different mosquito species in the United States
(Centers for Disease Control and Prevention). However, most of these detections
used molecular methods without virus isolation, thus confirming the presence of
WNV but not necessarily the ability to transmit the virus (Rochlin et al. 2019).
Further, mosquito host preference is complex and driven by multiple intrinsic
(e.g., preference for birds) and extrinsic (e.g., host abundance) determinants
(Takken and Verhulst 2013). Only a few ornithophilic Culex mosquito species
drive epizootic and epidemic transmission: Culex pipiens in the northern half of
the United States; the closely-related species Culex quinquefasciatus in the
southern and western United States; and Culex tarsalis in many areas that overlap
with the distribution of Culex pipiens and Culex quinquefasciatus (Andreadis
2012; Andreadis et al. 2004; Godsey Jr. et al. 2012; Kilpatrick et al. 2006b).
Culex pipiens and Culex quinquefasciatus typically use man-made habitats for
laying eggs (oviposition) and larval development, including peridomestic con-
tainers and above- and below-ground waste water systems (Reisen 2012; Reisen
et al. 1990; Rochlin et al. 2019). Culex tarsalis is often associated with irrigated
farmland (Reisen 2012), but can use diverse sources for breeding such as aban-
doned swimming pools (Reisen et al. 2008). The ubiquitous sources for Culex
mosquito breeding make larval control a formidable challenge. In Europe, Culex
pipiens is considered the most important vector (Reiter 2010; Vogels et al. 2017).
The major mosquito vector in Africa and the Middle East is Culex univittatus,
with other Culex species important in some areas (Hubalek and Halouzka 1999;
Ochieng et al. 2013; Solomon 2004).

Fig. 2 WNV transmission
cycle
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Several other mosquito species can play important roles in certain circumstances.
For example, Culex restuans, an ornithophilic mosquito present in high numbers
early in the transmission season and commonly found infected with WNV, can play
an important role in early amplification of enzootic transmission in the northeastern
United States (Andreadis and Armstrong 2007). Culex salinarius, a mosquito found
in high numbers during August and September in coastal areas of the northeastern
United States, is frequently found to have high WNV infection rates. Because this
mosquito feeds indiscriminantly on both birds and mammals and readily bites
humans, it can be an important bridge vector to humans (Andreadis 2012).

In temperate climates, WNV overwinters in hibernating (diapause) adult female
Culex mosquitoes, probably in some birds and possibly in rodents (Nasci et al. 2001;
Platt et al. 2008; Reisen et al. 2006a). Although the means by which pre-hibernating
Culex females become infected is not entirely clear, it has been conclusively
demonstrated that vertically infected female Culex pipiens that enter diapause in
the fall are able to initiate infection in the spring (Anderson and Main 2006). In semi-
tropical environments, such as found in the southeastern United States, transmission
occurs throughout the year, albeit at a very low level during cooler periods (Tesh
et al. 2004).

46.3.2 Vertebrate Hosts

The extensive distribution of WNV throughout Africa, the Middle East, southern
Europe, western Russia, southwestern Asia, and Australia (Kunjin subtype) derives
in part from its ability to infect numerous bird species. Infection has been
documented in at least 326 bird species in the United States alone (Centers for
Disease Control and Prevention). Numerous passerine birds develop extremely high
viremias and thus are competent amplifier hosts (Komar et al. 2003; Weingartl et al.
2004). Nevertheless, a relatively small subset of the bird community can signifi-
cantly influence WNV transmission dynamics (McKenzie and Goulet 2010); high
avian species diversity, particularly if it is rich in non-passerine species, can dampen
WNV transmission (Ezenwa et al. 2006). For example, the American robin (Turdus
migratorius) can be an important amplifier host despite its low abundance relative to
other WNV susceptible birds (Kilpatrick et al. 2006a; Savage et al. 2007). Kilpatrick
has hypothesized that WNVoutbreaks are promoted by mosquito feeding shifts from
American robins to humans coincident with late-season robin dispersal (Kilpatrick
et al. 2006b); however, others have failed to demonstrate a shift of feeding prefer-
ence from robins to mammals (Savage et al. 2007).

WNV transmission might be influenced by the spatial interactions of birds in
several ways. One study examining American robins indicated that communal roosts
can form important WNVamplification foci (Diuk-Wasser et al. 2010) while another
indicated that Culex quinquefasciatus more frequently fed on species that roost
communally, including the American robin, finch, and sparrow (Hannon et al.
2019). A potential mechanism is the CO2 generated from many birds congregating
at night, which attracts host-seeking mosquitoes (Janousek et al. 2014). In contrast,
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one study demonstrated that roosts are not necessarily important for WNV amplifi-
cation (Benson et al. 2012). Cloacal and oral shedding of WNV is common in
infected birds (Komar et al. 2003) and direct bird-to-bird transmission has been
documented in birds housed together (Banet-Noach et al. 2003; Komar et al. 2003;
Weingartl et al. 2004). The influence of non-mosquito, direct bird-to-bird transmis-
sion on the amplification cycle is unknown, although one mathematical model
indicated that it can play an important role in some circumstances (Naowarat and
Tang 2004).

Other factors can potentially influence avian-related WNV transmission and
increase the risk for epidemics. American robins that were food-deprived for 48 h
before WNV infection were found to develop higher viral titers and had a longer
infectious period compared with robins fed normally (Owen et al. 2021). Another
study demonstrated that exposure to artificial light at night increased the duration of
potentially infectious titers in house sparrows without greater WNV-induced mor-
tality (Kernbach et al. 2019).

The role of non-avian vertebrate hosts for maintaining or amplifying the virus is
unknown. Humans and horses generally develop insufficient WNV titers in the
blood to infect mosquitoes, but squirrels, chipmunks, and rabbits, and potentially
opossum, can develop sufficiently high viremia to infect mosquitoes, raising the
possibility that small mammals might contribute to WNV transmission cycles (Platt
et al. 2007, 2008; Reisen and Brault 2007; Root and Bosco-Lauth 2019). Snakes
could play a possible role in the WNV transmission cycle (Dahlin et al. 2016).
Alligators might also serve as competent reservoirs in the southeastern United States
and have been shown experimentally to be capable of WNV amplification and
transmission to mosquitoes, thus indicating the potential for maintaining WNV
outside of the bird-mosquito transmission cycle (Byas et al. 2022; Klenk et al. 2004).

46.3.3 Determinants of Human Disease Incidence and Outbreaks

As with most mosquito-borne arboviral diseases, WNV incidence in humans
exhibits considerable annual and geographic variation. Nevertheless, outbreaks in
temperate climates tend to occur during mid- to late summer after sufficient viral
amplification in the bird-mosquito-bird transmission cycle has produced enough
infected mosquitoes to present a human infection risk (Fig. 3). Certain areas also
tend to have consistently higher human disease incidence, indicating an underlying
permissive ecology that promotes WNV amplification. Factors such as urban and
agricultural land covers (Bowden et al. 2011), rural irrigated landscapes (DeGroote
and Sugumaran 2012), orchard habitats (Crowder et al. 2013), farming activities as
determined by total crop sales (Miramontes Jr. et al. 2006) and several socioeco-
nomic factors such as housing age and community drainage patterns (Ruiz et al.
2007), per capita income (DeGroote and Sugumaran 2012), and even neglected
swimming pool density (Harrigan et al. 2010; Reisen et al. 2008) relate to higher
WNV incidence in some locations. Overall, persons living in rural areas in the
United States and Canada seem to be at higher risk of acquiring WNV infection
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than those living in urban settings. A United States nationwide study comparing
viremic to uninfected blood donors illustrated that residents of rural areas were 3.4
times more likely to be infected than residents of surburban or urban locations (Orton
et al. 2006). In Saskatchewan, Canada, residents of rural areas were approximately
six times more likely than urban dwellers to have WNV antibodies (Schellenberg
et al. 2006).

Weather has an enormous impact on WNV amplification in the bird-mosquito-
bird transmission cycle. Increasing ambient temperature shortens the viral extrinsic
incubation period and increases viral replication in mosquitoes, both of which
greatly increase the probability of viral transmission to susceptible hosts (Cornel
et al. 1993; Dohm et al. 2002; Kilpatrick et al. 2008; Reisen et al. 2006b; Richards
et al. 2007). However, changes in ambient temperature influence the abundance of
vector mosquitoes, host survival and distribution, and human behavior in
unpredictable ways differentially influenced by the underlying local ecology. Rain-
fall and humidity variably influence mosquito abundance and survival, distribution
of hosts, and human behavior. Given the infinite possible combinations of temper-
ature and rainfall events and their variable effects on arboviral transmission param-
eters, combined with other parameters that influence transmission, such as
underlying immunity in birds, no models have been able to predict when and
where WNVoutbreaks will occur nationally (Petersen and Fischer 2012). Neverthe-
less, human disease incidence over broad areas in temperate climates has correlated
with increased temperatures (Hartley et al. 2012; Soverow et al. 2009; Watts et al.
2021; Wimberly et al. 2008) as well as increased (Landesman et al. 2007; Soverow
et al. 2009) or decreased rainfall (Landesman et al. 2007; Mavrakis et al. 2021; Wang

Fig. 3 Cumulative incidence of WNV neuroinvasive disease, by week of symptom onset, United
States, 1999–2019. Source: US Centers for Disease Control and Prevention
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et al. 2010). A substantial need exists to develop short-term planning models over
small geographic areas that can assist mosquito control districts and public health
authorities in surveillance, vector control, and public health messaging (Keyel et al.
2021).

46.4 Transmission to Humans

Nearly all humans acquire WNV infection from mosquito bites. Persons with
extensive outdoor exposure are likely at higher risk for infection. One study in the
United States found that children were more likely than adults to spend time
outdoors and less likely to practice personal protective behaviors (LaBeaud et al.
2007). People of lower socioeconomic status and particularly those experiencing
homelessness might be at higher risk of WNV infection (Gujral et al. 2007; Meyer
et al. 2007).

Transfusion-associated WNV transmission was first detected during the 2002
WNV epidemic in the United States when 23 transfusion recipients were infected
through receipt of platelets, red blood cells, or fresh frozen plasma from 16 viremic
blood donors (Pealer et al. 2003). Mathematical models indicated the risk of
transfusion-associated WNV transmission during the 2002 epidemic ranged from
2.1 to 4.7 per 10,000 donors in high incidence areas (Biggerstaff and Petersen 2003).
These findings prompted screening of the United States and Canadian blood supplies
using WNV nucleic acid amplification (NAT) tests since 2003. Blood centers
conduct NAT testing on minipools of 6 to 16 specimens, depending on test kit
manufacturer. While universal pooled blood donation screening has nearly elimi-
nated WNV transfusion transmission, some “breakthrough” transmissions have
occurred from donations with virus levels below the limit of detection by minipool
screening (Centers for Disease Control and Prevention 2007; Groves et al. 2017;
Petersen and Epstein 2005). To minimize the risk of “breakthrough” transmissions,
blood centers switch to individual donation testing in areas experiencing outbreaks;
however, one transmission occurred from a donor with viremia below levels detected
by individual unit testing (Centers for Disease and Prevention 2013).

In 2002, transmission via donated organs was first documented when four
recipients of organs from a common donor developed WNV infection (Iwamoto
et al. 2003). Since then, seven additional transmission clusters in the United States
(Nett et al. 2012; Soto et al. 2022) and two in Italy (Inojosa et al. 2012; Morelli et al.
2010) have been documented and published. Interestingly, archived serum from the
donors of four of these nine clusters had negative NAT results, indicating that viable
WNV can be sequestered in organs for a short time after viremia has cleared. The
urgency of procuring and transplanting organs has precluded most organ procure-
ment organizations from routinely conducting WNV screening of organ donors (Nett
et al. 2012; Theodoropoulos et al. 2021).

Intrauterine transmission of WNV was first documented in 2002 when a woman
with WNV encephalitis during the 27th week of pregnancy delivered a term infant
with chorioretinitis, cerebral lesions, and laboratory evidence of congenitally
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acquired WNV infection (Alpert et al. 2003; Centers for Disease Control and
Prevention 2002a). Fortunately, intrauterine transmission appears uncommon. A
follow-up study of 71 women infected with WNV during pregnancy demonstrated
that none of their 72 live infants had malformations linked to WNV infection or had
conclusive laboratory evidence of congenital WNV infection (O’Leary et al. 2006).
However, three infants born to women with illness occurring within 3 weeks pre-
partum had evidence of WNV infection that could have been congenitally acquired
or acquired at the time of birth: one hadWNVmeningitis at 10 days of age, one had a
neonatal rash and was positive for anti-WNV IgM at 1 month of age, and one had
WNV encephalitis with underlying lissencephaly detected at 17 days of age
(O’Leary et al. 2006). A study of 549 infants born to mothers who were pregnant
during a community WNVoutbreak found evidence of WNV infection in 4% of the
mothers and in none of the infants (Paisley et al. 2006). Similar birth outcomes were
noted among infants born to mothers with and without evidence of WNV infection
during pregnancy (Paisley et al. 2006). A small prospective study that compared
28 pregnant women who had serologically confirmed WNV illness with
26 WNV-uninfected pregnant women found that none of the infants born to the
WNV-infected mothers were born with clinical evidence of infection and none had
neurologic deficits at birth (Pridjian et al. 2016). Further, infants born to the
WNV-infected mothers were no more likely to have congenital malformations or
developmental delays.

WNV transmission has also been reported through percutaneous exposure and
inhalation in laboratories, conjunctival exposure while handling dead birds, in a
dialysis center by unidentified means, and at a turkey farm, possibly by aerosol
(Centers for Disease Control and Prevention 2002b, 2003, 2004; Fonseca et al. 2005;
Nir et al. 1965). Transmission via breast milk has also been reported, but appears
uncommon (Hinckley et al. 2007).

46.5 Global Epidemiology

46.5.1 Africa

WNV lineages 1, 2, 7 (now classified as a separate virus, Koutango virus), and
8 have been identified in Africa (Fall et al. 2017). WNV lineage 1 is mainly found in
Central and Northern Africa; whereas, lineage 2 is found in Southern Africa
(Mencattelli et al. 2022). Phylogenetic analysis suggests that all European lineage
1 and 2 strains originated from Africa (Bakonyi et al. 2006, 2013; Charrel et al. 2003;
May et al. 2011). Consistent with this hypothesis, serological studies in humans and
animals conducted in several African countries indicate widespread viral circulation
(Mencattelli et al. 2022; Murgue et al. 2002). Seroprevalence ranges markedly by
location, even within the same country. For example, a serological study of Egyptian
university students showed that WNV antibody prevalence ranged from 28% in
Cairo to 74% in Upper Egypt (Darwish and Ibrahim 1971). Similarly, a serological
survey of randomly selected household members demonstrated WNV antibody
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prevalences ranging from 2% in the Northern Sinai to 35% in Upper Egypt (Soliman
et al. 2010). Consistent with an endemic pattern, antibody seroprevalence increased
by age. A similar pattern of increasing seroprevalence with age was noted in a
serological survey of humans in Kenya (Sutherland et al. 2011). While serological
data suggest frequent WNV exposure in Africa, these data must be interpreted
cautiously because of differing testing methodologies and the considerable serolog-
ical cross-reactivity among the flaviviruses.

In contrast to the apparent frequent exposure to WNV throughout much of Africa,
human and animal illness has been reported infrequently. Nevertheless, sporadic
cases of mild illness undoubtedly occur much more commonly than reports indicate.
The virus was first recognized in a febrile woman in Uganda in 1937 (Smithburn
et al. 1940). WN viral nucleic acid has confirmed WNV circulation in humans in
eight countries between 1983 and 2020 and serological surveys have suggested viral
exposure to humans in 23 countries (Mencattelli et al. 2022). The most notable
outbreak occurred in South Africa in 1974 following heavy rains and above normal
temperatures in early summer. Despite an estimated 18,000 cases, neuroinvasive
disease or mortality was not recorded (Jupp 2001). More recently, a new pattern of
outbreaks of unusual severity in northern Africa has occurred. An outbreak of
approximately 50 human cases with neurological disease occurred in Algeria in
1994 (Le Guenno et al. 1996), which was followed in 1997 by an outbreak involving
173 patients (Triki et al. 2001). An outbreak associated with severe neurological
disease in a military camp in the Democratic Republic of Congo was noted in 1998
(Nur et al. 1999). In Sudan in 2002, at least 31 cases of encephalitis occurred during
an outbreak in children (Depoortere et al. 2004). In addition, outbreaks of severe
neurological disease in equines in Morocco in 1996 and 2003 were associated with
94 and 7 equines, respectively (Schuffenecker et al. 2005). These outbreaks were
associated with viral strains of apparent increased virulence and were closely related
to the lineage 1WNV strains that caused large human outbreaks in Romania, Russia,
Israel, and the United States (Lanciotti et al. 1999; Schuffenecker et al. 2005). In
recent years, sporadic cases of neurologic disease from lineage 2 WNV strains have
been identified in South Africa (Venter 2009; Venter and Swanepoel 2010; Zaayman
and Venter 2012).

46.5.2 Europe

WNV strains are likely transported between sub-Saharan Africa and Europe by
migratory birds. This hypothesis is supported by the relatively high prevalence of
WNV antibodies in migratory birds noted in Russia, Israel, and several European
countries (Lelli et al. 2012; Valiakos et al. 2012), as well as by phylogenetic analyses
of WNV strains suggesting multiple WNV introductions to Europe in recent years
(Parreira et al. 2007). Thus, the likely long co-evolution of virus and hosts in Europe
may account for the relative paucity of widespread mortality in European birds
compared to what has occurred among many North American bird species (Komar
et al. 2003; LaDeau et al. 2007). Nevertheless, lineage I WNV strains genetically
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related to the strain imported into New York City in 1999 (East Coast strain) resulted
in clinical illness in white storks (Cicona ciconia) migrating from central Europe
through Israel in 1998 (Malkinson et al. 2002) and an epizootic of encephalitis in
Hungarian geese (Anser anser domesticus) in 2003 (Bakonyi et al. 2006). In 2004
and 2005, several deaths in goshawks (Accipiter gentilis) and a sparrow hawk
(Accipiter nisus) from the same region of Hungary were attributed to a central
African lineage 2 virus, which was the first report of a lineage 2 virus outside of
Africa (Erdelyi et al. 2007).

From the 1960s through the 1980s, WNV isolates were obtained infrequently in
southern and central Europe from mosquitoes, humans, birds, and horses, although
serological surveys conducted in humans, birds, and other animals suggested more
widespread viral exposure (Hubalek and Halouzka 1999; Linke et al. 2007). Human
or equine illness was sporadic, with isolated human cases of WN fever identified in
France, Spain, Romania, Belarus, and Czechland (Hubalek and Halouzka 1999). An
outbreak in the Camargue region of southern France from 1962 to 1965 resulted in
15 virologically confirmed human cases with 1 death and approximately 80 equine
cases with 25–30% mortality (Murgue et al. 2001a).

The first large human outbreak in Europe occurred in Romania with 352 cases
of neuroinvasive disease in 1996 (Tsai et al. 1998). An equine outbreak with
14 cases occurred in Italy in 1998 and another with 76 cases in the Camargue
region in 2000 (Autorino et al. 2002; Murgue et al. 2001b). Four humans with
WNV-related illness were noted in the Camargue region in 2003, which
represented the first human WNV-related illnesses documented there since 1965
(Del Giudice et al. 2004).

WNV outbreaks and sporadic cases subsequently have increased in frequency
and geographic distribution in Europe. Human cases and dead birds have been
associated with both lineage 1 and 2 WNV strains (Barzon et al. 2012a, b, c;
Magurano et al. 2012; Savini et al. 2012) and strains from both virus lineages have
been identified in Culex pipiens mosquitoes (Savini et al. 2012), indicating
co-circulation of both viruses. Lineage 2, first detected in Hungary in 2004,
subsequently spread across central Europe and the eastern Mediterranean region,
causing major outbreaks in Greece in 2010 and the largest outbreak recorded in
Europe in 2018. The 2010 Greek outbreak resulted in 262 laboratory-confirmed
cases and 35 deaths while the 2018 outbreak involved 1993 cases and 207 deaths
mainly in Greece, Hungary, Italy, and Romania (Fig.4) (Young et al. 2021). The
totals from 2018 exceeded those of the previous 7 years combined. It is hypoth-
esized that the 2018 outbreak was precipitated by environmental factors including
an exceptionally hot summer. In recent years, WNV lineage 2 has extended its
northern bounds (Bakonyi and Haussig 2020). The virus was first detected in birds
and horses in Germany for the first time in 2018 (Ziegler et al. 2019), which
preceded the first human cases in that country in 2019 (Ziegler et al. 2020). In
2020, WNV was reported in birds, mosquitoes, and humans for the first time in the
Netherlands (Vlaskamp et al. 2020). In addition, WNV lineage 1 has spread
westward, causing an outbreak of 71 humans in Andalusia, Spain in 2020
(Casimiro-Soriguer et al. 2021).
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46.5.3 Americas

WNV spread rapidly throughout the Americas following its discovery in the
New York City area in 1999 (Nash et al. 2001). It spread across the United States
and reached the Pacific Coast by 2003 (Lindsey et al. 2010). The virus was first
detected in Canada in 2001. By 2001 WNV had spread south to islands in the
Caribbean Sea (Komar and Clark 2006); by 2003 to El Salvador, Guatemala, and
Belize; by 2004 to Colombia and Venezuela (Bosch et al. 2007; Mattar et al. 2005);
and by 2005 to Argentina (Adrian Diaz et al. 2008). Despite the virus’ apparent
extensive distribution in Latin America and the Caribbean, only isolated instances of
human illness have been reported (Gubler 2007; Hunsperger et al. 2009; Komar and
Clark 2006; Pupo et al. 2006). The explanation for this discrepancy is unknown;
however, it is noteworthy that this same pattern is observed in tropical Africa.
Perhaps the continuous avian host availability for ornithophilic mosquitoes in
tropical areas might decrease the likelihood that infected mosquitoes feed on
humans.

The virus is now endemic throughout much of the United States and southern
Canada (Lindsey et al. 2010; Petersen et al. 2013a). Through 2019, 51,801 persons
have been reported with WNV disease in the United States, including 25,290
patients with neuroinvasive disease and 1549 deaths; 6423 patients with WNV
disease were reported in Canada. In the United States, sporadic human cases occur
each year throughout the country along with focal or regional outbreaks of varying

Fig. 4 WNV disease cases in the European Union, 2018. Source: European Centers for Disease
Control
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sizes. Large regional outbreaks, each involving nearly 3000 patients with
neuroinvasive disease, occurred in 2002, 2003, and 2012. Despite the sporadic
nature of outbreaks, certain areas appear to be at higher overall risk than others
(Fig. 5). Nearly 90% of cases have onsets from July through September (Fig. 3)
(McDonald et al. 2021).

46.5.4 Israel, Asia, Russia

The first reported WNV human epidemic in Israel occurred in 1951–1952 (Bernkopf
et al. 1953), and was followed by a series of human outbreaks throughout the 1950s
and in 1980. Illnesses were generally mild, although neuroinvasive disease was
prominent during an outbreak among the elderly in 1957 (Murgue et al. 2002). Little
subsequent WNV activity occurred in Israel until 1997 and 1998 when WNV was
identified from dying migrating storks from Europe as well as other bird species,
including domestic geese (Malkinson and Banet 2002; Malkinson et al. 2002). Two
human fatalities occurred in 1999, followed by an outbreak with 417 cases and
35 deaths the following year (Chowers et al. 2001; Weinberger et al. 2001). Since
then, outbreaks have occurred every few years, including a lineage 1 outbreak
involving at least 139 cases in 2018 (Lustig et al. 2019).

Since 1963, WNV has been isolated from ticks, birds, and mosquitoes in the
southern area of European Russia and western Siberia, and in adjacent republics of
the former Soviet Union. Serological surveys of healthy humans indicated up to 8%

Fig. 5 Average annual incidence of WNV neuroinvasive disease, by county, United States, 1999–
2019. Source: US Centers for Disease Control and Prevention
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anti-WNV IgG antibody seroprevalence (Platonov 2001). Yet outbreaks were
uncommon until 1999 when a large outbreak of severe neurological disease involved
318 cases and 40 deaths in Volgograd (Platonov et al. 2001). This outbreak occurred
during an unusually hot and dry summer. The lineage 1 virus that caused the 1999
outbreak was genetically related to that which caused the 1996 Romanian outbreak
(Lanciotti et al. 2002). Sporadic cases and outbreaks have subsequently occurred
from both lineage 1 and 2 viruses, mainly in areas near the Volga River (Fig. 4).
Nevertheless, the distribution of the virus may be extensive in Russia, as suggested
by a 2004 report of WNV in patients in Novosibirsk in southwestern Siberia and by a
serosurvey showing a 15% seroprevalence of WNV neutralizing antibodies in birds
in far-Eastern Siberia (Murata et al. 2011).

Although WNV illness is infrequent elsewhere in the Middle East and South
Asia, Turkey began experiencing large numbers of human cases throughout the
country in 2010 and 2011, concurrent with many cases occurring in Greece, Russia,
and Israel (Kalaycioglu et al. 2012). Serological surveys in humans and horses
conducted in Iran since 1967 indicate circulation of the virus, although human
illness has been uncommonly reported (Chinikar et al. 2012, 2013; Kalantari et al.
2019; Naficy and Saidi 1970). Serological evidence of WNVantibodies in humans in
India was first identified in 1952 and the virus was identified since then in mosqui-
toes and in ill humans in several areas (George et al. 1984; Paul et al. 1970). A study
of samples collected throughout India from 1992 to 2001 identified 88 ill persons
with WNV-specific antibodies, suggesting that WNV-related illness incidence may
be higher than that currently recognized (Thakare et al. 2002). Several recent out-
breaks occurring concurrently with other mosquito-borne illness have been noted in
India (Khan et al. 2011; Shukla et al. 2012). AWNVoutbreak occurred in Xinjiang,
China in 2004 (Li et al. 2013).

46.5.5 Australia

Kunjin virus, a lineage I WNV variant (1b) (May et al. 2011), is endemic throughout
most of tropical Australia and eastern Queensland. Phylogenetic analysis suggests a
single successful introduction of a virus originating from Africa sometime within the
last 300 years (May et al. 2011). Documented illness is rare, and cases occur in
infrequent small outbreaks or sporadically. Illness is typically mild,
non-encephalogenic, and non-life threatening (Knope et al. 2013).

46.6 Clinical Aspects

46.6.1 Humans

Approximately 25% of humans infected with WNV become ill (Zou et al. 2010).
The incubation period for clinical illness generally ranges from 2 to 14 days, but
immunocompromised patients may experience prolonged incubation periods up to
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21 days (Pealer et al. 2003; Rhee et al. 2011). Most of those who become ill develop
West Nile fever, characterized by the sudden onset of symptoms such as headache,
malaise, fever, myalgia, chills, vomiting, rash, and eye pain (Pacenti et al. 2020; Zou
et al. 2010). Fever may be low-grade or absent (Landry et al. 2019). A rash, which
often appears around the time of defervescence, tends to be morbilliform,
maculopapular, and non-pruritic and predominates over the torso and extremities,
sparing the palms and soles (Anderson et al. 2004; Del Giudice et al. 2005; Ferguson
et al. 2005; Gorsche and Tilley 2005). Persistent fatigue, headaches, and difficulties
concentrating may continue for weeks or months and can be quite debilitating (Patel
et al. 2015).

Risk factors for developing West Nile fever are not well defined. A follow-up
study of asymptomatic, viremic blood donors indicated that increasing viral load and
female gender, but not age, subsequently increased the risk of developing West Nile
fever (Zou et al. 2010). A smaller follow-up study of viremic blood donors suggested
that younger persons were more likely to develop West Nile fever (Brown et al.
2007).

Approximately one in 150 to 250 persons infected with WNV develop
neuroinvasive disease (Mostashari et al. 2001; Petersen et al. 2012), which is
manifested by meningitis, encephalitis, or acute flaccid paralysis. Advancing age
profoundly increases the risk of neuroinvasive disease, particularly encephalitis
(Carson et al. 2012; Lindsey et al. 2010). The risk may approach 1 in 50 among
persons aged at least 65 years, a rate 16 times higher than that for persons aged 16–
24 years (Carson et al. 2012). In addition, a history of cancer, diabetes, hypertension,
alcohol abuse, renal disease, immunosuppressive medications, and CCR5 deficiency
as well as male gender may increase the risk of neuroinvasive disease (Bode et al.
2006; Carson et al. 2012; Cho and Diamond 2012; Lindsey et al. 2010, 2012b;
Murray et al. 2006). Persons infected through transplantation of infected organs are
at extreme risk of developing neuroinvasive disease (Nett et al. 2012); however,
conflicting data exist regarding risk among previous organ recipients infected via a
mosquito bite (Freifeld et al. 2010; Kumar et al. 2004).

West Nile meningitis is clinically like that of other viral meningitides with abrupt
onset of fever and headache along with meningeal signs and photophobia. Headache
may be severe, requiring hospitalization for pain control; associated gastrointestinal
disturbance may result in dehydration (Sejvar et al. 2008). West Nile encephalitis
ranges in severity from a mild, self-limited confusional state to severe encephalop-
athy, coma, and death. Extrapyramidal disorders are frequently observed (Burton
et al. 2004; Pepperell et al. 2003; Sayao et al. 2004; Sejvar et al. 2003a). Increased
intracranial pressure, cerebral edema, and seizures are infrequent (Doron et al. 2003).
Patients with West Nile encephalitis frequently develop a coarse tremor, particularly
in the upper extremities. The tremor tends to be postural, and may have a kinetic
component (Burton et al. 2004; Emig and Apple 2004; Sayao et al. 2004; Sejvar
et al. 2003a). Myoclonus, predominantly of the upper extremities and facial muscles,
may occur, and may be present during sleep. Features of Parkinsonism may be seen
(Robinson et al. 2003; Sejvar et al. 2003a) and cerebellar ataxia has been described
(Burton et al. 2004; Kanagarajan et al. 2003; Sayao et al. 2004).
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WNV-associated paralysis most commonly results from destruction of the
anterior horn cells of the spinal cord (Glass et al. 2002; Jeha et al. 2003; Leis
et al. 2002; Li et al. 2003; Sejvar et al. 2003b, 2005). Asymmetric weakness
usually develops rapidly within the first 48 h after symptom onset, although
patients with extensive spinal cord involvement develop a more symmetric
dense quadriplegia. Central facial weakness, frequently bilateral, may occur
(Jeha et al. 2003). Respiratory failure requiring emergent endotracheal intubation
may result from diaphragmatic and intercostal muscle paralysis (Fan et al. 2004;
Sejvar et al. 2005). Sensory loss or numbness is generally absent though some
patients experience intense pain in the affected limbs just before or during the
onset of weakness (Sejvar et al. 2005). Other causes of weakness associated with
WNV infection include Guillian-Barré syndrome and other demyelinating neu-
ropathies, transverse myelitis, motor axonopathy, axonal polyneuropathy,
involvement of ventral spinal roots, myasthenia gravis, and brachial plexopathies
(Leis and Stokic 2012).

Other manifestations described with WNV infection include myocarditis, pan-
creatitis, fulminant hepatitis, rhabdomyolysis, stiff-person syndrome, and auto-
nomic instability (Petersen and Hayes 2008). Chorioretinitis is the most common
ocular manifestation, occurring in approximately 80% of persons with
neuroinvasive disease (Rousseau et al. 2020). Other reported ocular manifestations
include anterior uveitis, occlusive retinal vasculitis, and optic neuritis (Rousseau
et al. 2020).

Full recovery is the norm for patients with uncomplicated West Nile fever or
meningitis; however, initial symptoms, particularly extreme fatigue, may be pro-
longed (Patel et al. 2015; Watson et al. 2004). West Nile fever may precipitate
death among a few persons of advanced age or with underlying medical conditions
(Sejvar et al. 2011). Outcomes of West Nile encephalitis are variable and may not
correlate with severity of initial illness. Patients hospitalized with WNV enceph-
alitis frequently require assistance with daily activities following acute care dis-
charge (Emig and Apple 2004; Pepperell et al. 2003) and often report substantial
functional and cognitive difficulties for up to a year following acute infection
(Patel et al. 2015).

While some studies have documented neurocognitive deficits on standardized
testing as long as 1 year after acute illness (Haaland et al. 2006; Sadek et al. 2010),
others have failed to confirm this finding (Sejvar et al. 2008). Nevertheless, self-
reported fatigue, somatic, and cognitive complaints lasting months or years are
common among persons recovering from WNV illness (Anastasiadou et al. 2013;
Carson et al. 2006; Klee et al. 2004; Patel et al. 2015). Neuropsychiatric symptoms,
including depression, anxiety, agitation, and apathy, have been reported (Berg et al.
2010; Loeb et al. 2008; Murray et al. 2007; Patel et al. 2015; Sejvar et al. 2003a).
One investigator found WNV RNA in urine in patients up to 7 years following acute
illness and implied an association with chronic renal failure (Murray et al. 2010);
however, three other studies failed to substantiate persistent WNV RNA in urine
(Barzon et al. 2013a; Baty et al. 2012; Gibney et al. 2011). Among patients with
acute flaccid paralysis due to poliomyelitis-like syndrome, one-third recover
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regarding their strength to near baseline, one-third have some improvement, and
one-third have little or no improvement (Sejvar et al. 2006).

Case fatality rates among patients with neuroinvasive disease generally are
around 10% (Lindsey et al. 2010), with persons developing encephalitis or acute
flaccid paralysis having a higher case fatality rate (14% and 13%, respectively) than
persons with meningitis (2%) (McDonald et al. 2021). Advanced age is the most
important risk factor for death, ranging from 0.8% among those aged less than
40 years to 17% aged at least 70 years (Lindsey et al. 2010). Encephalitis with
severe muscle weakness, change in the level of consciousness, diabetes, cardiovas-
cular disease, hepatitis C virus infection, and immunosuppression are possible risk
factors for death (Lindsey et al. 2010; Murray et al. 2006; Nash et al. 2001; Popescu
et al. 2020). Long-term, all-cause mortality is two to three times higher among
survivors of acute WNV illness (Green et al. 2005; Lindsey et al. 2012a).

46.6.2 Birds

Serologic studies demonstrate that numerous bird species are exposed to WNV
during outbreaks, with antibody prevalence as high as 70% noted in some species
(Gibbs et al. 2006; Komar et al. 2001a, b; Ringia et al. 2004; Savage et al. 1999;
Valiakos et al. 2012). In the United States, avian mortality has been noted in more
than 300 species (http://www.cdc.gov/westnile/faq/deadBirds.html), with corvids
particularly impacted (Foppa et al. 2011; LaDeau et al. 2007; Nemeth et al. 2007).
Consistent with these findings, mortality following experimental infection of eight
species of North American birds ranged from 33% to 100% (Komar et al. 2003).
However, surveillance in recent years in the United States has recorded fewer
WNV-related dead bird reports. Whether this reflects surveillance fatigue, decreases
in susceptible populations, or decreased avian mortality following infection is not
known. One analysis suggested increasing survival in American crows (Corvus
brachyrhynchos) following WNV infection (Reed et al. 2009). Fortunately, available
data indicates WNV has had low to moderate impact on most avian populations long
term (Kilpatrick and Wheeler 2019).

One particular area of concern has been the impact of WNV on raptors (Gancz
et al. 2006; Harris and Sleeman 2007; Saito et al. 2007). Experimental infection via
the oral route of several raptor species, including great horned owls (Bubo
virginianus) and American kestrels (Falco sparverius), has been recorded (Nemeth
et al. 2006), suggesting that oral ingestion in addition to mosquito exposure may be
important routes of infection in at least some raptor species.

While considerably less avian mortality has been noted in Europe compared to
the United States, avian mortality has been occasionally reported in several species,
particularly the Northern goshawk (Accipiter gentilis) (Bakonyi et al. 2013; Feyer
et al. 2021; Glavits et al. 2005; Hubalek et al. 2019; Malkinson et al. 2002; Ziegler
et al. 2019). The reason for this difference is unknown but may be related to the long-
standing exposure of European birds to WNV strains imported from Africa. Never-
theless, experimental infection of several European species, including red-legged
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partridges (Sotelo et al. 2011a), falcons (Ziegler et al. 2013), and Carrion crows
(Corvus corone) (Dridi et al. 2013), with WNV strains circulating in Europe in
recent years result in considerable mortality.

46.6.3 Equines

Serologic studies demonstrate that a high proportion of horses living in endemic
areas may be exposed to WNV (Epp et al. 2007; Gardner et al. 2007; Metz et al.
2021; Olufemi et al. 2021; Schmidt and Elmansoury 1963). However, studies of
experimentally infected horses confirm that most infections are clinically unapparent
and produce a transient low-level viremia of approximately 1 week in duration
(Bunning et al. 2002; Schmidt and Elmansoury 1963). These low-level viremias
are inadequate to infect mosquitoes, confirming that horses are incidental hosts
(Bunning et al. 2002). Reported symptoms and signs include fever, anorexia,
incoordination, weakness or ataxia, muscle rigidity, fasciculations, tremors, and
cranial nerve dysfunction, depression, and recumbency (Bertram et al. 2020; Cantile
et al. 2000; Porter et al. 2003; Ward et al. 2004). The mean duration of illness is
approximately 22 days (Salazar et al. 2004) and reported survival rates are in the
range of 20–30% (Porter et al. 2003; Salazar et al. 2004; Ward et al. 2004). Animals
that become recumbent and unable to rise are nearly 80 times more likely to die than
those able to rise (Salazar et al. 2004). Residual symptoms are common among
surviving horses.

46.6.4 Other Animals

Numerous other animals may become infected with WNV, mostly resulting in
minimal or no symptoms. Species without reported clinical disease but with
WNV antibodies detected during serologic surveys include bats, deer, raccoons,
opossums, and small rodents. Experimental infection of several species as diverse
as fox squirrels (Sciurus niger) (Root et al. 2006), American alligators (Alligator
mississippiensis) (Klenk et al. 2004), dogs (Blackburn et al. 1989), cats (Austgen
et al. 2004), Eastern chipmunks (Tamias striatus) (Platt et al. 2007), monkeys
(Macaca mulatta) (Pogodina et al. 1983), and common garter snakes
(Thamnophis sirtalis) (Steinman et al. 2006) exhibit transient viremia and some
morbidity and mortality. Viremia in some species such as American alligators and
Eastern chipmunks was high enough to infect mosquitoes, suggesting a possible
role in WNV transmission in some settings. Isolated reports of morbidity and
mortality due to WNV in numerous wild or captive animal species exist. These
include squirrels, harbor seals, macaques, elk, sheep, crocodiles, and alpacas.
Experimental evidence suggests that WNV infection can persist in some species.
Virus could be isolated from the organs of rhesus monkeys at least 5 months after
inoculation, and interestingly, virus isolates obtained at least 2 months after
inoculation were non-pathogenic when inoculated into white mice (Pogodina
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et al. 1983). WNV could be cultured from urine in hamsters up to 242 days
following inoculation (Tesh et al. 2005).

46.7 Pathogenesis

Mosquito salivary components introduced at the site of infection modulate the initial
immune response by target cells including keratinocytes (Lim et al. 2011) and
dendritic cells through several mechanisms including focalized suppression of
immune effector cell trafficking to the site of inoculation (Schneider and Higgs
2008; Styer et al. 2011). Infected dendritic cells or keratinocytes migrate to the
draining lymph node from which a serum viremia is generated that relays infection to
visceral organs and potentially to the central nervous system (CNS). Additional
mosquitoes that feed on avian amplification hosts exhibiting high-level viremias
during this viremic phase become infected. Given the low-level serum viremias
observed in humans and horses, they are unlikely to infect probing mosquitoes and
as such are considered “dead end” hosts despite the potential for development of
severe neurological disease.

West Nile virus is capable of replicating and eliciting pathology in the brain
(i.e., neurovirulent); however, a critical perquisite to generate neurological disease
manifestations in humans is the virus’ capacity to gain access to the CNS (i.e.,
neuroinvasiveness). Postulated WNV neuroinvasive mechanisms based on small
rodent models include: (i) direct viral crossing of the blood–brain barrier due to
cytokine-mediated increased vascular permeability (Kong et al. 2008; Wang et al.
2004), (ii) a Trojan horse mechanism in which infected tissue macrophages are
trafficked across the blood–brain barrier (Bai et al. 2010; Verma et al. 2009),
(iii) direct infection and passage through the endothelium of the blood–brain
barrier (Dropulic and Masters 1990), and (iv) retrograde axonal transport of the
virus to the CNS via the infection of olfactory or peripheral neurons (Hunsperger
and Roehrig 2006; Wang et al. 2009). Regardless of how WNV enters the CNS,
additional studies in murine models have indicated that viral replication can persist
in various tissues, including the CNS, thus shedding additional light on the
potential etiology for long-term neurological sequelae observed in neuroinvasive
disease patients (Appler et al. 2010).

Many of the clinical features of CNS infection in both humans and animals are
accounted for by the predilection of WNV to certain areas of the CNS, such as the
basal ganglia, thalami, brain stem, cerebellum, and anterior horn cells (Cantile
et al. 2000, 2001; Guarner et al. 2004; Kelley et al. 2003; Leis et al. 2003; Li et al.
2003). For example, asymmetrical paralysis is associated with destruction of
anterior horn cells and Parkinsonian symptoms with involvement of the basal
ganglia (Sejvar and Marfin 2006). Histopathologic changes include microglial
nodules composed of lymphocytes and histiocytes, perivascular inflammation
consisting predominantly of CD8 T-lymphocytes, and leptomeningeal mononu-
clear inflammatory infiltrates when meningitis is present (Cantile et al. 2000;
Sejvar and Marfin 2006).
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46.8 Diagnosis

Numerous experimental studies in animals as well as observations in humans
indicate that viremia usually develops 1–2 days following infection, which then
lasts approximately 1 week. Viremia is cleared about the time WNV-specific IgM
antibodies can be detected, with IgG antibodies developing shortly thereafter (Busch
et al. 2008). One unusual feature is that IgM antibodies persist in many humans for
1 year or longer (Busch et al. 2008; Murray et al. 2013; Roehrig et al. 2003). WNV
can persist in organs and tissues of humans and animals after acute viremia has
cleared. Immunocompromised patients can exhibit prolonged viremia with delayed
or absent development of IgM and IgG antibodies (Pealer et al. 2003). IgG and
neutralizing antibodies probably can be detected for life in immunocompetent
individuals following natural infection.

46.8.1 Human Diagnosis

Detection of IgM antibodies in CSF or serum forms the cornerstone of laboratory
diagnosis in most clinical settings. Because IgM antibody does not pass the blood–
brain barrier, presence of IgM antibodies in CSF is indicative of CNS infection. IgM
antibodies are present in at least 90% of patients with encephalitis or meningitis
within 8 days of symptom onset. IgM or IgG antibodies may not be present at
clinical presentation, particularly among patients withWest Nile fever (Anastasiadou
et al. 2011; Papa et al. 2011c). One study showed that only 58% of patients with West
Nile fever had a positive MAC-ELISA result (Tilley et al. 2006). Nevertheless, IgM
antibody testing of acute- and convalescent-phase sera should provide a definitive
diagnosis.

Considerable cross-reactivity of serologic tests among the flaviviruses can com-
plicate serological diagnosis. Recent vaccination with yellow fever or Japanese
encephalitis vaccines or recent infection with a related flavivirus such as St. Louis
encephalitis or dengue viruses can produce a false-positive IgM antibody result. The
plaque reduction neutralization test can help distinguish the cross-reactions among
the flaviviruses when the infecting flavivirus is the first flavivirus exposure. How-
ever, neutralization test results for WNV infected patients with previous flavivirus
exposure are usually inconclusive; often the highest neutralizing antibody titer is to
the first infecting flavivirus rather than to WNV (“original antigenic sin” phenom-
enon) (Johnson et al. 2005b). In addition, the persistence of detectable IgM anti-
bodies (Papa et al. 2011b) – in one study in 17% of patients after 1 year (Busch et al.
2008) – means that a positive WNV IgM antibody result may be unrelated to the
current illness.

Identification of WNV RNA by RT-PCR in human cerebrospinal fluid, serum, or
other tissues has diagnostic utility in certain clinical settings as an adjunct to IgM
antibody testing. A combined approach using nucleic acid and IgM antibody testing
increased the sensitivity of testing from 58% using serology alone to 94% among
patients with West Nile fever (Tilley et al. 2006). IgM antibody development may be
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delayed in immunocompromised patients and in these instances RT-PCR testing may
be diagnostic (Goates et al. 2017; Pacenti et al. 2020; Pealer et al. 2003). Immuno-
histochemistry can detect WNV in formalin-fixed tissue.

46.8.2 Diagnosis in Non-Human Vertebrates

The IgM antibody capture ELISA has been developed for use in horses and can be
readily adapted to other animal species where anti-IgM antibody reagents are
commercially available. Alternatively, seroconversion for IgG, neutralizing anti-
bodies, and hemagglutinin inhibition (HAI) assays in acute- and convalescent-
phase serum samples collected 2–3 weeks apart can be used as screening assays.
The latter two approaches do not require species-specific reagents and thus have
broad applicability. The ELISA format may be used when employed as inhibition or
competition ELISAs, which avoid the use of species-specific reagents. Blocking
ELISAs have been applied to a variety of vertebrate species with very high speci-
ficity and sensitivity (Blitvich et al. 2003; Sotelo et al. 2011b). Similarly, the
microsphere immunoassay, when used comparatively with WNV antigen-coated
beads and SLEVantigen-coated beads, performs with high specificity and sensitivity
(Johnson et al. 2005a). As with human diagnostics, the PRNT is used to confirm
serology in non-human vertebrates. The same caveats regarding the “original anti-
genic sin” phenomenon apply both to human and non-human vertebrate diagnostics.
Deceased animals can be tested for viral nucleic acid or antigen (Nemeth et al. 2007).

46.9 Prevention

In the absence of an approved WNV vaccine for humans, preventing human cases of
WNV disease is accomplished by preventing infected mosquitoes from biting
people. Equine cases of WNV disease can be prevented through vaccination and
preventing mosquitoes from biting susceptible horses. Preventing bites from infected
mosquitoes is accomplished by reducing mosquito numbers using an integrated
mosquito management approach and by use of personal protection measures such
as application of mosquito repellents. The integrated mosquito management
approach is guided by timely surveillance to monitor the level of risk to humans.

46.9.1 Surveillance

Integrated mosquito management is guided by regular monitoring of vector
mosquito populations and WNV activity levels in humans and other vertebrates
to determine if, when, and where interventions are needed to keep mosquito
numbers below levels that produce risk of human disease. Mosquito surveillance
is accomplished by either larval or adult monitoring. Larval surveillance identifies
and samples aquatic habitats where vector mosquitoes can breed. Adult mosquito
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surveillance identifies the abundance of adult vector mosquitoes and monitors
viral infection rates in mosquitoes. Adult mosquito surveillance for WNV is
mostly accomplished using CO2-baited light traps or gravid traps. CO2-baited
light traps monitor host-seeking mosquitoes, whereas gravid traps capture females
seeking a location to deposit eggs. Culex species are differentially attracted to
each of these types of traps. Gravid traps are most likely to capture infected
mosquitoes because they have already taken a blood meal. A consistent approach
is required from year to year to establish levels of mosquito activity that equate to
increased human risk.

Different approaches to assessing human risk from vector mosquitoes have
differing sensitivities and specificities, which should be balanced by available
resources, including funding, labor, and equipment (Cailllouet and Robertson
2016). The vector index is considered the most useful of the available WNV
surveillance indicators and is roughly defined as the number of infected vector
mosquitoes multiplied by the infection rate in those mosquitoes, and might be the
best measure of impending human risk in urban settings (Chung et al. 2013). The
vector index requires personnel, facilities, and equipment that allow for species
identification, pathogen testing, and statistical analyses (Cailllouet and Robertson
2016).

WNVactivity in non-human vertebrates can be measured by WNV-related avian
mortality, seroconversion to WNV in sentinel chickens or other sentinel animals,
seroprevalence in wild birds, and cases of WNV illness in animals, primarily horses.
Unfortunately, all of these approaches have significant limitations: there is little
avian mortality in Europe and Africa, avian mortality appears to be decreasing in
North America, sentinel chickens are expensive to maintain, seroprevalence in wild
birds is difficult to monitor consistently and might not correlate highly with future
risk of transmission, and mortality in horses has been dramatically reduced because
of equine vaccination (Gardner et al. 2007). It is also difficult to correlate activity in
non-human vertebrates with human risk.

Monitoring human neuroinvasive disease cases provides the best measure of
the overall scope of a WNVoutbreak given neuroinvasive disease cases are most
consistently recognized and reported because of disease severity (Weber et al.
2011; Zou et al. 2010). It is estimated approximately 30–70 nonneuroinvasive
disease cases occur for every case of WNV neuroinvasive disease (Petersen et al.
2013b). The total number of human infections can be estimated by multiplying
the number of neuroinvasive disease cases by the ratio of infections to
neuroinvasive disease cases. Only a small fraction of West Nile fever cases is
captured by surveillance, with estimates varying between 1 neuroinvasive disease
case in 140 WNV infections to 1 in 256–353 infections (Busch et al. 2006;
Mostashari et al. 2001). However, West Nile fever cases can be the first indication
of the occurrence of human infections in an area. Infections in blood donors can
be monitored in areas where blood donor screening is conducted. The main
limitation of human surveillance is that several weeks can occur between the
date of infection and when illness is reported to health authorities (Chung et al.
2013).
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46.9.2 Mosquito Control

Community-based mosquito control programs using integrated mosquito manage-
ment principles include several methods to reduce mosquito populations below
levels that increase human risk (Reisen and Brault 2007). These include eliminating
mosquito breeding sites (source reduction) and applying larvicides to aquatic hab-
itats where mosquitoes might breed. When adult mosquito density becomes high,
adulticides can be applied through ultra-low volume (ULV) spraying applied by
ground-based or aerial mounted sprayers. A modeling analysis using mosquito
surveillance data collected in Sacramento and Yolo counties in California during
2006–2017 demonstrated reductions in Cx. pipiens and Cx. tarsalis at 1-week post-
insecticide treatments (Holcomb et al. 2021). Although the effectiveness of this
approach cannot be readily assessed because of the highly focal and sporadic nature
of WNV illness, a few well-controlled studies do exist. In response to surveillance
findings indicating increasing human risk, early-season control of adult mosquitoes
using ULVapplications of insecticides in a populated agricultural area in California
decreased subsequent WNV transmission (Lothrop et al. 2008). In addition, ULV
pesticide application decreased WNV infected mosquito abundance and reduced
human WNV case incidence during a WNV outbreak in another populated area of
California (Carney et al. 2008; Macedo et al. 2010).

Human health risks associated with ULVorganophosphate or synthetic pyrethroid
pesticide use appear to be negligible, largely because the timing of application and
low volume of pesticide used result in minimal human exposure (Centers for Disease
Control and Prevention 2005; Chung et al. 2013; Duprey et al. 2008). Further, an
assessment of the correlation between ULV application of pyrethrin insecticide and
emergency department visits in Sacramento, California, demonstrated that ULV
pyrethrin applications were not correlated with types of diagnoses known to be
associated with pyrethrin exposures (Geraghty et al. 2013).

46.9.3 Personal Protection

Personal protection measures include application of mosquito repellents and wearing
permethrin-treated clothing. However, the effectiveness of these measures is difficult
to assess. A Canadian study comparing people who practiced at least two personal
protective strategies (wearing repellent, wearing protective clothing, or avoiding
outdoor exposure to mosquitoes) with those who did not demonstrated that personal
protective strategies halved the risk of WNV infection (Loeb et al. 2005). A study
comparing two adjacent communities in the United States found that incidence of
WNV disease was better correlated ecologically with the practice of personal protec-
tion strategies than with the level of local mosquito control efforts (Gujral et al. 2007).

Commercially available insect repellents containing DEET, IR3535, oil of lemon
eucalyptus, and picaradin are effective in reducing or preventing mosquito biting
(Fradin and Day 2002). Unfortunately, regular repellent use is not widespread even
during well-publicized WNVoutbreaks (Gibney et al. 2012; McCarthy et al. 2001).
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However, a study in Maryland demonstrated that adults aged �60 years who
expressed worry about WNV disease were over three times more likely to report
insect repellent use in the previous 90 days, indicating a potential benefit for using
targeted prevention messages for adults at increased risk of severe WNV disease
(Mitchell et al. 2018).

46.9.4 Vaccines

The introduction of a vaccine against WNV for use in horses has substantially
reduced the incidence of equine WNV disease in the United States (Bosco-Lauth
and Bowen 2019; Gardner et al. 2007; Petersen and Roehrig 2007). Two licensed
live, attenuated equine vaccines and two licensed inactivated vaccines are available
in the United States or the European Union (De Filette et al. 2012; Long et al.
2007a, b; Seino et al. 2007; Siger et al. 2006); a DNAvaccine has also been licensed
in the United States, but is not commercially available (Davis et al. 2001) (Table 1).
Vaccination of horses with a WNV Lineage 1 vaccine appears to confer protection
against WNV Lineage 2 infection (Bowen et al. 2014). Although the routine use of
vaccines have reduced the incidence of WNV disease in horses, the available

Table 1 West Nile virus vaccines for horses approved in the United States and the European Union

Vaccine Viral antigen Status Comment

West Nile Innovator1 in
U.S. and Equip1 WNV
in E.U. (Zoetis)

Formalin inactivated whole
virus

Approved in US/EU Two
doses,
booster
annually

Vetera1 WNV vaccine
(Boehringer Ingelheim)

Inactivated virus Approved in US. Two
doses,
booster
annually

Recombitek1 West Nile
Virus and Proteq1 West
Nile in E.U. (Merial)

prM and E proteins
expressed in canarypox virus

Approved in US/EU Two
doses,
booster
annually

Equi-Nile1 (Merck) Inactivated chimeric virus,
WNV prM/E proteins in
yellow fever 17D backbone

Approved in US Two
doses,
booster
annually

PreveNile1 (Intervet) Live chimeric virus, WNV
prM/E proteins in yellow
fever 17D backbone

Approved in US;
recalled in 2010
because of adverse
events

West Nile-Innovator
DNA1 (Fort Dodge
Animal Health)

Plasmid DNA coding for
prM and E proteins

Approved in US;
currently not
commercially
available
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vaccines do have limitations, including the need for 2-dose initial series and annual
or bi-annual boosters (Bosco-Lauth and Bowen 2019; Saiz 2020).

Several human WNV vaccine constructs employing various strategies have been
developed; six have reached human clinical trials, but none have advanced past
phase 2 (De Filette et al. 2012; Ulbert 2019). Chimeric vaccines inserting WNV PrM
and E protein genes into attenuated yellow fever and dengue 4 virus backbones have
undergone successful phase 2 and 1 clinical trials, respectively (Biedenbender et al.
2011; Dayan et al. 2012; Durbin et al. 2013). A successful phase 1 WNV DNA
vaccine trial has been completed (Martin et al. 2007). An inactivated whole virus
WNV vaccine candidate underwent a phase-1/2 clinical trial and demonstrated an
immune response without related serious adverse events (Barrett et al. 2017). Phase-
3 efficacy trials have not been attempted because of the unknown market potential of
a WNV vaccine and logistical difficulties in conducting phase-3 clinical trials for this
sporadic and widely dispersed disease (Barrett et al. 2017; Beasley 2011; Martina
et al. 2010).

Initial simulations concluded that a universal WNV vaccine would not result in
societal cost savings unless WNV incidence increased substantially or the estimated
cost of the vaccination was less than $12 USD per person vaccinated (Zohrabian
et al. 2006). A subsequent analysis demonstrated a WNV vaccine strategy targeting
older adults would be more cost-effective than a universal program (Shankar et al.
2017). A more recent analysis highlighted that an age-based and incidence-based
WNV strategy was more cost-effective than an age-based strategy alone (Curren
et al. 2021).

46.10 Treatment

Treatment is supportive. Multiple drug discovery studies have evaluated anti-
flaviviral drug candidates, but these studies have not advanced past the preclinical
stage with most only tested in vitro (Sinigaglia et al. 2020). Several investigated
therapeutic approaches in humans include immune γ-globulin, WNV-specific neu-
tralizing monoclonal antibodies, corticosteroids, ribavirin, interferon α-2b, and anti-
sense oligomers (Beasley 2011; Chowers et al. 2001; Diamond 2009; Gnann Jr et al.
2019). No study has documented efficacy, largely because of difficulty in recruiting
enough patients. Case reports suggesting efficacy should be interpreted with extreme
caution because of WNV’s highly variable clinical course. No clinical studies have
been conducted in horses.

46.11 Future Directions

The pattern of sporadic cases and outbreaks of WNV that has emerged in Europe and
North America shows no signs of abating. While broad areas of high risk can be
identified, the sporadic, local and regional outbreaks that occur within these areas
remain elusively unpredictable. In populated areas within high-risk zones,
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establishing effective surveillance and response capacity, and assessing the effec-
tiveness of these activities are priorities. Further evaluation of target populations and
cost-efficacy of a human WNV vaccine will help determine the need for continued
human vaccine development. Practical regulatory pathways and paradigms for
testing and approval of WNV vaccines and therapeutics adapted to the sporadic
outbreak nature of WNV are required.

46.12 Conclusion

Within the last three decades, the West Nile virus has become a formidable public
health problem in North America and Europe. Many mysteries remain. For example,
although the virus has been detected in East Asia and Latin America and the
Caribbean, significant clinically apparent human infection remains uncommon in
those locations. Prediction and control of outbreaks remain problematic; thus, out-
breaks will continue largely unabated for the foreseeable future.
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Abstract

Crimean-Congo hemorrhagic fever virus (CCHFV) is a tick-borne zoonosis
distributed in Africa, Asia, Eastern Europe, and the Balkans. Humans become
infected by tick-bite or from contact with infected blood or other tissues of
livestock or human patients. Human infection is usually characterized by febrile
illness, which can progress to a hemorrhagic state with a fatal outcome. The virus
has the propensity to cause nosocomial infections, however implementation of
molecular assays has facilitated rapid and safe diagnosis, especially in regions
where high containment access is limited. Early diagnosis contributes toward
protection of healthcare workers. The absence of any specific anti-viral treatment
or approved efficacious vaccines contributes toward the public health concern
regarding emergence, re-emergence, and spread of CCHFV. While the immune
correlates of protection remain unclear, available data indicate that both humoral
and cellular responses are required. Vaccine development has, however, in recent
years been facilitated by the availability of novel animal models.

The distribution of CCHFV correlates with that of the primary vector of the
virus, ticks belonging to the genus Hyalomma. The importance of the tick-
vertebrate-tick cycle in maintaining CCHFV transmission is well established
and sero-surveillance studies have contributed toward understanding the role of
wild and domestic animals and birds as reservoirs and amplifying agents. The
distribution of these ticks has, in recent years, expanded to regions where
conditions are favorable for the species to establish endemnicity. Hence, there
is growing concern that this virus has the potential to emerge and spread to new
geographic regions.

Keywords

CCHFV · Arbovirus · Emerging and re-emerging pathogen · Orthonairovirus ·
Tick-borne virus · Emerging pathogen · Public health concern · Global concern ·
Biosafety level 4 pathogen

47.1 Introduction

Crimean-Congo hemorrhagic fever (CCHF) is a tick-borne viral zoonosis distributed
in Africa, Asia, Eastern Europe, and the Balkans. The broad geographic range
correlates with that of the principal vector of the virus, ticks belonging to the
genus Hyalomma (Hoogstraal 1979). The virus is a member of the Orthonairovirus
genus of the family Nairoviridae (Adams et al. 2017; Hoogstraal 1979). A disease
with symptoms suggestive of CCHFV infection was described as early as the twelfth
century in regions of Eastern Europe and Asia. In 1944, a disease was described
among peasants that became ill following exposure to tick-bites while harvesting
crops on the Crimean Peninsula and was given the name Crimean hemorrhagic fever
(CHF). The disease was subsequently shown to be caused by a filterable agent
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present in suspensions prepared from certain tick species and in human blood
samples collected from patients during the early stages of disease. It was only in
1967 that the etiologic agent was isolated in a laboratory using newborn mice. The
availability of a laboratory host made it possible to characterize the virus, and it was
shown in 1969 that isolates of CHF were antigenically identical to an African virus,
named Congo virus, isolated from a febrile child in Stanleyville in the Belgian
Congo (now referred to as Kisangani in the Democratic Republic of the Congo).
Studies on physicochemical characteristics, morphology, and morphogenesis
showed that the viruses were indistinguishable (Casals 1969; Chumakov et al.
1970; Hoogstraal 1979; Korolev et al. 1976; Simpson et al. 1967). The names
were subsequently combined and the virus referred to as Crimean-Congo hemor-
rhagic fever virus (CCHFV).

Humans become infected by tick-bite or from contact with infected blood or other
tissues of livestock or human patients. Human infection is usually characterized by
febrile illness with headache, myalgia, and petechial rash, which can progress to a
hemorrhagic state with a fatal outcome. In livestock, including ostriches, and in
potential reservoir hosts, usually small mammals such as hares and ground
frequenting birds, infection is either asymptomatic or causes mild fever which is
frequently associated with a short period of viraemia playing a role in transmission
as well as amplification of the virus in nature.

The distribution of CCHFV correlates with that of the primary vector of the virus,
ticks belonging to the genus Hyalomma. The distribution of these ticks has, in recent
years, expanded to regions where conditions are favorable for the species to establish
endemnicity. Hence, there is growing concern that this virus has the potential to
emerge and spread to new geographic regions. The absence of any specific anti-viral
treatment or approved efficacious vaccines contributes toward the public health
concern regarding emergence, re-emergence, and spread of CCHFV.

47.2 Crimean-Congo Hemorrhagic Fever Virus, an Emerging
and Re-Emerging Pathogen

47.2.1 The Virus

CCHFV is classified as a member of the genus Orthonairovirus, within the family
Nairoviridae (Adams et al. 2017; Calisher 1991; Casals 1969; Garrison et al. 2020;
Karabatsos 1985). Nairoviruses are classified into three genera: Orthonairovirus,
Shaspivirus, and Striwavirus (Garrison et al. 2020). The Orthonairovirus genus
currently includes 54 viruses, and 14 species. Within the genus, CCHFV is known
to be a significant human pathogen associated with fatalities. The only other
members of the genus associated with disease in humans are Dugbe virus, Nairobi
sheep disease virus, and, possibly, Erve virus, which have all been reported as
causing mild, non-lethal disease in humans (Garrison et al. 2020). Although the
classification of the Orthonairoviruses was originally based on antigenic
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relationships, the groupings have subsequently been substantiated using molecular
analyses to determine genetic relationships between the viruses (Calisher and
Karabatsos 1989; Casals and Tignor 1980; Garrison et al. 2020).

Members of the genus Orthonairovirus are spherical structures, 90–120 nm in
diameter (Donets et al. 1977). As for all the orthonairoviruses, the genome of
CCHFV is comprised of three single-stranded RNA segments in a negative-sense
orientation. The segments, designated small (S), medium (M), and large (L), encode
for the viral nucleoprotein (NP), glycoprotein precursor (GPC), and RNA dependent
RNA polymerase (RdRp) proteins, respectively (Schmaljohn and Patterson 1990).
Each of the three RNA segments is encapsulated in the viral encoded nucleoprotein
to form ribonucleoprotein particles (RNP) within the virion (Clerx et al. 1981). Each
segment comprises a non-translated region (NTR) at the 30 and 50 termini flanking a
single transcriptional unit. The NTRs have genus specific sequences at the termini,
with cis-acting signals for RNA synthesis and segment packaging, and internal
regions that are neither genus specific nor conserved between segments within a
species, which are likely associated with genome replication (Barr et al. 2003). The
30 and 50 NTRs have significant nucleotide complementarity, and base pairing of
these regions leads to formation of panhandles resulting in circular conformation of
each segment. The base-pairing structure likely provides a functional promotor
region for the viral polymerase, RdRp (Flick et al. 2002).

The L segment of CCHFV is approximately 12,000 bases in length and has a
single ORF encoding for a large, approximately 450 kDa, protein (Honig et al. 2004;
Kinsella et al. 2004). The L protein of CCHFV, and other orthonairoviruses, is
significantly larger than the RdRps of other orthonairoviruses and comparison of
sequence data led to the identification of an ovarian tumor (OTU) like protease motif
in the amino terminal region of the L protein (L-OTU) of CCHFV followed by a zinc
finger motif and helicase domain (Honig et al. 2004). The OTU domains are a
superfamily of proteases. Viral OTU domains specifically have ubiquitin
(UB) deconjugating activity. Conjugation of UB and ubiquitin like (UBL) molecules
to specifically targeted proteins plays a role in the regulation of innate immune
responses (Frias-Staheli et al. 2007). Deconjugation of these molecules has an
inhibitory effect on antiviral pathways dependent on UB and UBL activation. The
size of the polyprotein and the identification of amino terminal domains led to the
proposal that the L protein is potentially a polyprotein that is cleaved auto-
proteolytically. Although in the absence of L-OTU activity the RdRp has been
shown to function, and viral replication is unaffected; to date there is no evidence
of proteolytic processing of the L protein and the function of the L-OTU has yet to be
fully clarified (Bergeron et al. 2010). The protease could likely have a role in evasion
of the host immune response by suppression of the innate immunity activated by UB
and UBL molecules (Bergeron et al. 2010; Frias-Staheli et al. 2007).

The synthesis of orthonairovirus glycoproteins, encoded on M segment RNA,
appears to involve a precursor polypeptide, a coding strategy which is quite distinct
from that used by other genera of orthonairoviruses. The M segment of CCHFV is
approximately 5400 bases and has one ORF, which encodes a precursor polypeptide
with a highly variable amino-terminal domain and a fairly conserved carboxyl-
terminal region. The two mature glycoproteins, Gn (37 kDa) and Gc (75 kDa), are
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derived by signalase cleavage of two precursors, designated preGn (140 kDa) and
preGc (85 kDa) (Sanchez et al. 2002). Post-translational cleavage of the precursors
by SKI-1 and SKI-1 like proteases generates mature Gn and Gc and a mucin-like and
GP38 domain (Sanchez et al. 2006). Formation of infectious virus has been shown to
be dependent on the presence of cellular serine endoprotease (Bergeron et al. 2007).
Further processing of the mucin like GP38 domain by furin/proprotein convertases
generates three secreted glycoproteins GP160, GP85, and GP38 of unknown func-
tion. More recently, a non-structural (NSm) protein has been identified although its
function is currently unknown (Altamura et al. 2007).

By analogy with other genera of the Nairoviridae, it can be assumed that
glycoproteins are responsible for recognition of receptor sites on susceptible cells
and consequently cell tropism and pathogenicity of the virus in humans, for the
induction of protective immune response, and probably play a role in tick host
selection. Monoclonal antibodies directed against Gc have been shown to prevent
CCHFV infection using in vitro neutralization assays, although not all protected
mice against lethal infection in passive immunization experiments (Bertolotti-Ciarlet
et al. 2005). In contrast, non-neutralizing monoclonal antibodies directed against Gn
protected mice against lethal challenge suggesting a role for antibody dependent
cell-mediated cytotoxicity in viral clearance (Bertolotti-Ciarlet et al. 2005). The
exact immune correlates of protection have yet to be determined.

The CCHFV S segment is approximately 1600 bases in length with a single open
reading frame which encodes a 482 amino acid NP (approximately 54 kDa), the
major structural protein of the virus (Marriott and Nuttall 1992). Viral RNA is
encapsidated by NP to form the ribonucleoprotein (RNP) complex. The exact
mechanism of this interaction is unknown; complex formation, however, is essential
for RNA synthesis and segment packaging.

CCHFV is classified as a class four pathogen because it has the propensity for
human-to-human transmission, can be responsible for laboratory infections, and
causes severe human disease with possible fatal outcome. This dictates that culture
of the virus is permitted only in biosafety level four, maximum-security,
laboratories.

47.2.2 CCHFV in Nature

The importance of the tick-vertebrate-tick cycle in maintaining CCHFV transmis-
sion is well established. Although the virus has been isolated from at least 31 species
of ticks of 7 genera, including 29 ixodids and 2 argasids, in most instances the
isolations likely resulted from recent ingestion of a blood meal from a viraemic host
and are therefore no definite proof that these ticks can act as competent vectors in all
these cases (Hoogstraal 1979; Watts et al. 1989). However, the distribution of human
cases, serological evidence, and virus isolations from ticks correlate exactly with that
of the ticks belonging to the genus Hyalomma, providing strong evidence that these
ticks are the principal vectors associated with CCHFV (Hoogstraal 1979; Watts et al.
1989). Transtadial transmission has been shown for members of three genera of
ixodid ticks, Hyalomma, Dermacentor, and Rhipicephalus (Hoogstraal 1979; Watts
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et al. 1989). Similarly, transovarial transmission has been shown to occur within
some species from these genera (Gonzalez et al. 1992; Gordon et al. 1993; Logan
et al. 1989; Wilson et al. 1991).

Hyalomma ticks are referred to as two-host-ticks with regards to their life cycle in
nature. Each stage in the tick life cycle attaches to a vertebrate host and takes a blood
meal before molting to the next instar. The immature ticks, larvae, and nymphs,
attach to small vertebrate hosts and feed before molting to the next instar. Infection
acquired by the larvae feeding on a viremic host can be transmitted after the molt to
the next instar. Similarly, virus acquired by the immature stages can be transmitted to
adult ticks. Transovarial transmission of CCHFV to larvae, and the ability of larvae
to transmit infection to vertebrates, was found to occur but at low levels considered
below a threshold that would be adequate to perpetuate the virus in the absence of
amplification in mammalian hosts (Hoogstraal 1979; Watts et al. 1989). An illustra-
tion of the natural cycle of CCHFV in ticks is shown in Fig. 1.

47.2.3 Zoonotic Hosts and Their Role in Transmission

Small mammals are considered important amplifying hosts of CCHFV. Viremia has
been demonstrated in several small vertebrates such as little susliks, hedgehogs, and
scrub hares (Shepherd et al. 1989a; Watts et al. 1989) and in some instances it has
been shown that these hosts are capable of infecting ticks (Hoogstraal 1979; Shep-
herd et al. 1989a, 1991; Watts et al. 1989). Domestic livestock show mild or no
clinical signs of illness but develop a short period of viremia, lasting up to a week,
during which the virus can be transmitted to humans and to naïve ticks. Humans
acquire infection through broken skin from infected blood or tissues while

Fig. 1 The natural cycle of Crimean-Congo hemorrhagic fever orthonairovirus in a two host tick
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performing procedures on animals such as castration or during slaughtering. Hence,
there is an occupational risk associated with employment in the livestock industry
among farmers, farm workers, abattoir workers and veterinarians. Within abattoirs,
infection tends to occur among workers involved in handling animals during the
initial bleeding stages of the slaughter process or the workers handling animal hides
that are likely tick infested. Virus infectivity is likely reduced as the pH of the tissues
decreases after time reducing the risk to workers at later stages in the slaughter
process and to meat consumers (Swanepoel et al. 1998).

ImmatureHyalomma ticks feed on small mammals and ground-frequenting birds,
and this plays a significant role in maintenance of the virus in nature (Hoogstraal
1979; Watts et al. 1989). The role of large vertebrates in the cycle of CCHFV in
nature is limited by the low frequency of transovarial transmission from adult ticks.
Acquisition of infection by immature ticks on small vertebrates likely constitutes the
most important amplifying mechanism, which ensures perpetuation of the virus
(Watts et al. 1989).

Birds tend to be refractory to CCHF infection, with the exception of ostriches,
which, in the absence of clinical disease, develop a high-level viremia demonstrable for
4 days and a strong antibody response following experimental infection (Hoogstraal
1979; Shepherd et al. 1987; Swanepoel et al. 1998). However, an additional mecha-
nism of transmission referred to as “non-viraemic” transmission has been demonstrated
in birds in which infected ticks are able to transfer infection to uninfected ticks during
feeding on a non-viremic host. Non-viremic transmission of infection between ticks is
believed to be facilitated by factors present in tick saliva (Jones et al. 1987) and has
been demonstrated for CCHFV using infected adult and non-infected immature
H. truncatum, and H. impeltatum ticks fed together on non-viremic mammals.

Serological surveillance of domestic livestock, birds, and wild animals have
detected anti-CCHFV antibody in a wide range of species (Spengler et al. 2016).
With the exception of humans, CCHFV is not known to be pathogenic in other
species and infections are asymptomatic. The role of many of these species as
reservoirs and/or amplifying hosts is not always clear, as some may be incidental
hosts. Infected domestic livestock are, however, an important source of transmission
and antibody detection in these animals has provided one of the most important
markers for determining the presence and prevalence of CCHFV within regions.

47.2.4 Epidemiology and Genetic Diversity

CCHFV has the most extensive worldwide distribution of any of the arboviruses. Prior
to 2002, cases of naturally acquired human infection had been documented in the
former Soviet Union, China, Bulgaria, Yugoslavia, Albania, Kosovo (formerly Yugo-
slavia), Afghanistan, Pakistan, Iran, Iraq, United Arab Emirates, Saudi Arabia, Oman,
Tanzania, Central African Republic, Democratic Republic of the Congo (formerly
Zaire), Uganda, Kenya, Mauritania, Burkina Faso, South Africa, and Namibia
(Al Tikriti et al. 1981; Burney et al. 1980; Drosten et al. 2002a, b; Dunster et al.
2002; El Azazy and Scrimgeour 1997; Gear et al. 1982; Hassanein et al. 1997;
Hoogstraal 1979; Khan et al. 1997; Papa et al. 2002b; Saluzzo et al. 1984, 1985;
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Schwarz et al. 1995; Suleiman et al. 1980; Tantawi et al. 1980; Watts et al. 1989; Yen
et al. 1985). More recently, reports of human infections have been documented in
India, Sudan, Senegal, Greece, Nigeria, and Georgia (Aradaib et al. 2010; Bukbuk
et al. 2016; Mishra et al. 2011; Nabeth et al. 2004; Papa et al. 2010; Zakhashvilli
et al. 2010).

Evidence for the presence of CCHFV either from isolation of the virus or
detection of viral nucleic acid from ticks or non-human mammals has been
documented in Egypt, Madagascar, Senegal, Nigeria, Central African Republic,
Ethiopia, and, more recently, Morocco (Bendary et al. 2022; Palomar et al. 2013;
Watts et al. 1989). Serological evidence alone either in humans or livestock has been
reported from Cameroon, Mozambique, Egypt, Zimbabwe, Benin, Kuwait, Portugal,
and France (Muianga et al. 2017; Watts et al. 1989).

In most countries, cases occur sporadically; however, cases in Turkey occur far
more frequently for reasons that are not known. The virus was first identified in
Turkey in 2002 and the country now has the highest number of laboratory confirmed
cases globally with over 10,000 cases reported and a fatality rate of approximately
5% (Leblebicioglu et al. 2016; Maltezou et al. 2010).

Whereas recent identification of the virus in African countries is more likely due
to increased awareness rather than emergence and spread, in Europe the virus
appears to have spread to new endemic regions. Serological evidence of CCHFV
was recently detected in Romania (Ceianu et al. 2012) and in 2010 virus was
detected in adult Hyalomma lusitanicum ticks collected from red deer (Cervus
elaphus) in Spain (Estrada-Peña et al. 2012). Phylogenetic analysis showed the
virus was genetically similar to strains circulating in Africa. CCHFV detected in
ticks collected from migratory birds in Morocco showed 100% identity with isolates
from Sudan and Mauritania and 98.9% identity with the isolate from Spain (Palomar
et al. 2013). The first autochthonous case of CCHF in south western Europe was
reported from Spain in 2016 with additional cases reported in 2018 and 2020
(European Centre for Disease Prevention and Control 2022; Negredo et al. 2017;
Portillo et al. 2021). Phylogenetic analysis placed the human isolate in genotype III
(Africa III) confirming the genetic similarity with previous isolates from ticks
collected in Spain and Morocco (de Arellano et al. 2017).

The emergence of CCHFV from 2002 in several countries in the Balkans and
re-emergence in southwestern regions of the Russian Federation in 1999 after a
27 year absence had previously raised concerns that this virus could expand its
current geographic distribution and establish new endemic foci (Maltezou et al.
2010). Serological evidence of the virus circulating in livestock in Bosnia and
Herzogovina and human cases identified in Spain have confirmed the distribution
of this virus extends from southwestern Europe to the western most region of the
Balkans (Satrovic et al. 2022).

The reasons for reemergence are likely multi-factorial and include global
warming with changes in weather patterns that influence tick populations, increased
animal movement as a result of livestock trade, as well as human activities such as
changes in farming practices and land development (Maltezou et al. 2010; Maltezou
and Papa 2010; Randolph and Rigers 2007).
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Molecular methods have facilitated the identification and differentiation of geno-
types of CCHFV. Partial and complete genome sequence data have been used to
determine the genetic relationship between strains of CCHFV within specific geo-
graphic locations and between geographically distinct regions (Burt and Swanepoel
2005; Chinikar et al. 2004; Deyde et al. 2006; Drosten et al. 2002a, b; Hewson et al.
2004a, 2004b; Papa et al. 2002a, b, c, 2004, 2005; Seregin et al. 2004; Tonbak et al.
2006; Yashina et al. 2003). The studies concur that a high degree of nucleotide diversity
exists although amino acid diversity is less, particularly within the NP, which could
account for the serological cross-reactivity between geographically distinct isolates of
the virus. Analysis of global diversity has shown that CCHFV isolates group within at
least six genotypes, designated genotypes I, II, and III endemic within the African
continent, genotype IV (Asia), V (eastern Europe or Europe 1), VI (Europe 2 or AP-92
like). More recently, genotype VI viruses, which include the AP-92 like isolates from
Greece, have been reclassified into a novel orthonairovirus species Congoid ortho-
nairovirus, distinct from CCHF orthonairovirus species. The AP-92 like viruses, now
referred to as Aigai virus (AIGV), originally considered apathogenic for humans, have
been associated with acute febrile disease (Papa et al. 2022).

Previous analysis of tree topologies for each segment has shown incongruencies
in groupings, particularly for the M segment, providing evidence for the natural
occurrence of segment reassortment (Burt et al. 2009; Deyde et al. 2006; Hewson
et al. 2004b). There appears to be a higher frequency of reassortment events for the
M segment. Alternatively, M segment switching may result in a more viable virus
compared with other segment reassortment. RNA viruses have the ability to reassort
when dual infection occurs. It has been proposed that these events are more likely to
occur within vectors rather than vertebrate hosts as ticks remain infected for longer
periods and are exposed to multiple hosts potentially infected by different strains of
CCHFV (Deyde et al. 2006; Hewson et al. 2004b; Morikawa et al. 2007).
Reassortment events provide a mechanism for genetic diversity and, although
relatively rare, genetic recombinantion events have also been shown to occur for
CCHFV contributing to genetic variability (Deyde et al. 2006).

The same genotypes can be found in geographically distinct locations and
different genotypes can be located in similar regions. CCHFV appears to circulate
within and between continents with phylogeny studies supporting the proposed
mechanisms for dispersal of the virus. Genetic diversity within regions has likely
resulted from movement and trade in livestock and bird migration with resultant
introduction of multiple lineages from carriage of infected ticks. In addition,
reassortment and recombination provide additional mechanisms for the generation
of genetic diversity.

47.3 Disease in Humans

The incubation period of CCHFV in humans following infection from a tick bite is
usually 1 to 3 days (maximum 9) and 3 to 6 days (maximum 13) from exposure to
infected blood or tissues of animals or humans including secondary infections in a
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nosocomial setting. The onset of illness is often sudden, with non-specific symptoms
including headache, dizziness, sore throat, sore eyes, and photophobia. Myalgia and
malaise are also common with backache and leg pains. High fever and rigors often
become apparent at this stage and the fever may be intermittent. Gastrointestinal
symptoms may include nausea, vomiting, diarrhea, and abdominal pain. During the
early stages of illness, lassitude, depression, and somnolence may be noted as well as
neuropsychiatric changes such as confusion and aggression. Other signs include
hyperemia of the face, neck, and chest; injected conjunctivae; and chemosis. Hepa-
tomegaly with right hypochondrial pain, tachycardia, and hypovolemia are often
present. On days 3 to 6 of illness, a petechial rash often appears especially on the
trunk and limbs. This may progress to large ecchymoses and bruising (Hoogstraal
1979; Kilinc et al. 2016; Swanepoel et al. 1987). Other skin presentations include a
macular or maculopapular rash, and facial rash (Akyol et al. 2010; Duygu et al.
2018; Ergönül et al. 2004). When present, hemorrhagic manifestions appear at day
4 to 5 including hematemesis, melena, hematuria, epistaxis, vaginal and gingival
bleeding. Subconjunctival and retinal hemorrhages have also been described (Engin
et al. 2009). In other cases, the bleeding tendency may be limited to leakage or
oozing from injection or venipuncture sites. Jaundice may be present during the
second week of illness (Hoogstraal 1979; Swanepoel et al. 1987). Isolated cases of
epididymo-orchitis, parotitis, peritoneal and pleural effusions, acalculous cholecys-
titis, intraabdominal abscesses, compartment syndrome, and ascending paralysis
have been described during the acute stage of disease (Aijazi et al. 2020; Aksoy
et al. 2010; Guner et al. 2011; Kaya et al. 2012; Kerget et al. 2021; Prasad et al. 2020;
Sahin et al. 2016; Şensoy et al. 2011; Ture et al. 2016). Although uncommon,
hemophagocytic lymphohistiocytosis has also been described in both adult and
pediatric patients (Gayretli Aydin et al. 2021; Yakut et al. 2021).

Fatalities are usually due to multiorgan failure or hemorrhagic complications such
as intracranial hemorrhage, occurring mostly on days 5 to 14 of illness. The mortality
rate is reported to be 5–50% with higher mortality rates following nosocomial
infections than for infection via tick bites (Gozalan et al. 2007; Hoogstraal 1979).
Distinct geographical variations in mortality rates are noted, with rates in Turkey
described at 1–5% compared to approximately 30% in South Africa (Ergönül et al.
2006a; National Institute for Communicable Diseases 2020; Swanepoel et al. 1987).
Differences observed in mortality rates may be influenced by the significantly higher
numbers of cases occurring in eastern Europe compared to South Africa, as well as
likely circulation of strains of low virulence identified in Greece and Turkey (Elevli
et al. 2010; Midilli et al. 2009; Ozkaya et al. 2010). Recovery usually begins by day
9 or 10 of illness, although conjunctivitis, weakness, confusion, and amnesia may
persist beyond a month. Other residual symptoms and signs may include polyneu-
ritis, headache, dizziness, nausea, anorexia, alopecia, vision and hearing loss, and
poor memory (Hoogstraal 1979; Swanepoel et al. 1987). Post-traumatic stress
disorder and impaired health-related quality of life have been described in the
long-term follow up of CCHF patients, with intensive care admission, bleeding,
and administration of blood products identified as risk factors (Gul et al. 2012).
Similar findings have been described in survivors of other acute, life-threatening
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conditions and it seems likely that this is related to the severity of the illness rather
than the infectious organism.

The clinical picture of CCHFV infection in children is similar to that in adults,
although tonsillopharyngitis and gastrointestinal complaints are more common in
this age group. While initial reports which included relatively small number of cases
identified in children suggested a tendency toward milder disease, reported mortality
rates have varied widely (Aslani et al. 2017; Dilber et al. 2009; Tezer et al. 2010;
Tuygun et al. 2012). Intrauterine or perinatal infection of infants has been described
following maternal infection with CCHFV during pregnancy and resulting in abor-
tion or hemorrhagic manifestation at birth, with high rates of maternal and fetal/
neonatal deaths reported (Ergönül et al. 2010; Pshenichnaya et al. 2017). Transmis-
sion by breastfeeding has not been detected in exposed infants (Erbay et al. 2008).

Abnormal clinical pathology values in patients with CCHF include elevated
aspartate aminotransaminase (AST), alanine aminotransaminase (ALT), alkaline
phosphatise (ALP), γ-glutamyltransferase (GGT), lactic dehydrogenase (LDH),
creatine kinase (CK), bilirubin, and creatinine levels, respectively. These elevations
are marked in patients with fatal infections. Leukocyte levels may be elevated or
decreased, with leukocytosis more common in fatal cases. Thrombocytopenia is
found in all patients with CCHF; low thrombocyte counts at an early stage of illness
are associated with an increased mortality. In addition, markedly abnormal pro-
thrombin ratio (PR), activated partial thromboplastin time (APPT), thrombin time
(TT), fibrinogen, and fibrin degradation products (FDP) are found early in patients
with a fatal outcome, with milder abnormalities in nonfatal cases. The hemoglobin
levels often decline even in the absence of overt bleeding (Ergönül et al. 2006a;
Swanepoel et al. 1989).

47.4 Pathogenesis

Many similarities exist between the pathogenesis of CCHF and other viral hemor-
rhagic fevers. Following inoculation, the virus replicates in local cells before spread-
ing to regional lymph nodes. Local cells which may act as early targets for viral
infection include macrophages, dendritic cells, and Langerhans cells, which have
been shown to be susceptible and permissive to CCHFV infection (Connolly-
Andersen et al. 2009; Peyrefitte et al. 2010; Rodriguez et al. 2018; Welch et al.
2019). The virus then disseminates hematogenously to various tissues and organs
both in lymph and blood monocytes. Early in infection, impairment of the innate
immune response by CCHFV may delay activation of the adaptive immune
response, which prevents viral clearance and therefore facilitates viral replication,
particularly in the liver and spleen, and dissemination (Bente et al. 2010; Peyrefitte
et al. 2010; Saksida et al. 2010). High levels of viral replication in organs such as the
liver and adrenal glands contribute to the clinical picture by decreasing synthesis of
coagulation and plasma proteins and dysregulation of blood pressure homeostasis
(Geisbert and Jahrling 2004). This is supported by histopathological findings of
coagulative necrosis in the liver, kidneys, and adrenal glands (Burt et al. 1997). The
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liver injury which occurs during CCHFV infection occurs due to the direct effects of
viral replication, but also due to the activation of extrinsic death receptor signaling
pathways (Lindquist et al. 2018). The effect of CCHFVon endothelial cells resulting
in capillary leakage appears to be exerted chiefly by immunologically mediated
mechanisms including immune complex deposition and complement activation,
although direct viral replication in endothelial cells has been demonstrated
(Connolly-Andersen et al. 2011; Joubert et al. 1985). Release of inflammatory
mediators such as tumor necrosis factor alpha (TNF-α) also increases endothelial
permeability. Increased levels of TNF-α are significantly associated with severe
CCHF disease (Ergönül et al. 2006b; Papa et al. 2006). TNF-α is known to be
associated with macrophage activation leading to hemophagocytosis and also stim-
ulates vasodilating substances and antifibrinolytic activity. Interleukin-6 (IL-6),
which is released by Kupffer cells due to liver injury, is increased in all patients
with CCHF including both mild and severe disease presentations (Ergönül et al.
2006b; Papa et al. 2006). Both TNF-α and IL-6 are Th1 cytokines which stimulate
activation of monocytes and contribute to hemophagocytosis. Hemophagocytosis
has been described in both adults and children with CCHFV infection and may
contribute to the cytopenias observed (Dilber et al. 2009; Fisgin et al. 2008; Karti
et al. 2004). High levels of interleukin-10 (IL-10) and interferon gamma (IFN-γ) are
also associated with a fatal outcome (Ergönül et al. 2006b). It seems likely that high
levels of IL-10 released early in infection result in a degree of immunosuppression,
which allows high levels of viral replication. This in turn stimulates release of IFN-γ
and TNF-α (Saksida et al. 2010). These findings are also supported by studies in
mouse models (Bente et al. 2010). RIG-1 has been identified as a pattern recognition
receptor for CCHFV, which results in activation of type 1 interferon and other
proinflammatory cytokines that play a role in the antiviral response (Spengler et al.
2015). The pathogenesis of CCHF also includes disseminated intravascular
coagulopathy (DIC) early in infection (Swanepoel et al. 1989).

47.5 Laboratory Diagnosis

The recent emergence and re-emergence of CCHFV in Eastern Europe, southwestern
Europe, and the Balkans and the threat of spread to new geographic locations where
competent vectors are emerging, emphasizes the importance of increasing diagnostic
capacity and developing standardized, rapid, and sensitive assays. Although human
cases of infection with CCHFV can be identified based on clinical and laboratory
criteria, laboratory confirmation is essential for distinguishing CCHF from condi-
tions with similar clinical features (Ergönül 2006; Swanepoel et al. 1987, 1989).
Classification of the virus as a biosafety level four pathogen determines that the virus
can only be cultured within the confines of a biosafety level four laboratory and that
laboratories with less sophisticated biosafety levels must inactivate clinical samples
prior to testing.

Virus can be isolated in a variety of susceptible mammalian cell cultures,
although Vero cells are most frequently used. The virus seldomly induces cytopathic
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effects and infection must be confirmed using IF tests. Alternatively, the virus can be
isolated by intracerebral inoculation of day-old mice (Clerx et al. 1981; Hoogstraaal
1979; Watts et al. 1989). Isolation of the virus in cell cultures can take 1–6 days
whereas mice need 5–10 days to succumb to infection (Shepherd et al. 1986).
Although isolation in cells is more rapid, mouse inoculation is a more sensitive
technique.

During the acute stage of illness, viral nucleic acid can be readily amplified and
detected using reverse transcription polymerase chain (RT-PCR) assays. Viral RNA
is extracted from clinical samples and as negative sense RNA is not infectious, the
amplification can be performed without the requirement of a biosafety level four
laboratory. Diagnostic RT-PCR is based on amplification of a conserved region of
the genome.

The first diagnostic RT-PCR for CCHFV was based on two nested primer pairs
designed by an alignment of the S segment from seven geographically distinct
isolates (Burt et al. 1998; Rodriguez et al. 1997; Schwarz et al. 1995). Subsequently,
there has been significant development and implementation of diagnostic real time
RT-PCR assays. Amplicons can be detected using an intercalating dye and the use of
a melt curve analysis to detect specific amplified products or sequence specific
probes in which probes are hybridized to complementary regions of the genome
(Burt et al. 1998; Drosten et al. 2002a, b; Duh et al. 2006, 2007; Garrison et al. 2007;
Kondiah et al. 2010; Papa et al. 2007; Rodriguez et al. 1997; Schwarz et al. 1995;
Wölfel et al. 2007; Wölfel et al. 2009; Yapar et al. 2005). Real time molecular assays
can be designed to determine viral load. Quantification of viral load using real time
RT-PCR has been used as a prognostic indicator with reports that a viral load greater
than 1x108 RNA copies/ml plasma can be considered to predict a fatal outcome
(Cevik et al. 2007; Duh et al. 2006; Garrison et al. 2007; Kondiah et al. 2010; Wölfel
et al. 2007). The considerable genetic diversity of the various genotypes must be
taken into consideration when developing molecular assays. Hence, most molecular
assays have targeted conserved regions of the gene encoding the nucleoprotein. To
facilitate diagnosis and eliminate the need for sophisticated laboratory equipment,
nucleic acid tests (NAAT) have been described that do not require thermal cyclers,
such as reverse transcription loop–mediated isothermal amplification (RT-LAMP)
and recombinase polymerase amplification assay (Bonney et al. 2017; Kumar et al.
2022; Osman et al. 2013). These assays targeted conserved regions of the S gene and
were shown to have good correlation with conventional assays with regard to
sensitivity. Rapid isothermal assays have potential application in field settings.

Enzyme linked immunosorbent assays (ELISA) have been described for detec-
tion of viral antigen. Although having the advantage that sophisticated laboratory
equipment is not required, they lack the sensitivity of molecular amplification or
viral isolation and are not frequently used for routine diagnosis (Saijo et al. 2005a;
Shepherd et al. 1988).

Serological assays have an important diagnostic role during the convalescent
stage of infection. Infection is confirmed based on demonstration of seroconversion,
a fourfold or greater increase in IgG antibody activity in paired serum samples, or
IgM activity in a single specimen. In contrast, indirect immunofluorescence
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(IF) assays and ELISA are frequently employed as diagnostic tools. These assays can
distinguish between IgG and IgM responses and are rapid and sensitive techniques
for detecting an early immune response (Burt et al. 1994; Shepherd et al. 1989b).
Although traditionally most reagents were prepared in house requiring culture of the
virus in maximum containment laboratories with subsequent inactivation of the
reagents, there are now commercially available ELISA and IF assays. In addition,
recombinant antigens have been developed for use as diagnostic and surveillance
tools (Samudzi et al. 2012).

In fatal cases, antigen and viral nucleic acid can be detected in post mortem
tissues. Histopathologic features are not pathognomonic and definitive diagnosis
requires virological assays or antigen detection in formalin fixed tissue samples
using immunohistochemistry (Burt et al. 1997).

To date no commercial rapid lateral flow assays (LFA) are available for point of
care testing. Development of LFA for detection of CCHFVantigen, and for detection
of IgG and IgM antibody, would have important public health implications partic-
ularly in low resource countries.

47.6 Kinetics of Viremia and Antibody Responses

CCHFV is most frequently isolated from sera collected from patients on days 1 to
6 after onset of illness when virus titers are highest, although virus has also been
isolated from samples collected from days 1 to 12 (Shepherd et al. 1986). Viral
nucleic acid has been detected in samples collected up to 18 days after onset of
illness; the diagnostic sensitivity, however, decreases with the presence of an
antibody response. The development of molecular assays has significantly improved
diagnostic capability during the acute stage of illness when patients lack immune
markers and virus isolation is dependent on severity of illness and levels of viremia.
In non-fatal infections, the ability to isolate virus decreases from days 7 to 12.
Although IgG and IgM antibodies have been detected as early as day 3 of illness,
they are more frequently detected from day 5 onwards (Burt et al. 1994; Saijo et al.
2005b; Shepherd et al. 1989b; Tang et al. 2003). Patients with a fatal outcome
frequently do not develop a detectable antibody response. IgG antibodies remain
detectable at least 10 to 12 years after illness and possibly for longer, whereas IgM
antibodies decline to undetectable levels in most patients 4–6 months post-infection
(Burt et al. 1994; Shepherd et al. 1989b).

To date it is unclear what facilitates clearance of the virus. Appearance of a
humoral antibody response does not always correlate with clearance of CCHFV.
Conserved immunogenic epitopic regions in the GC, GN, GP38, and mucin like
domain have been described; however, although immunogenic, these epitopes are
unlikely to be involved in inducing neutralizing responses (Fritzen et al. 2018;
Goedhals et al. 2015). Although survivors develop neutralizing antibody responses,
the levels of neutralizing antibody remain low (Shepherd et al. 1989b). The role and
mechanism of non-neutralizing antibodies is still to be determined. In an investiga-
tion to try and elucidate the effect of antibodies on viral load, it was deduced that the
detection of IgM had no influence on survival or viral load. While IgG levels
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appeared to be inversely related to viral load, the virus titers decreased in non-fatal
infections independent of detectable antibodies (Duh et al. 2007; Wölfel et al. 2007).
The results indicate a role for innate or cellular immune responses in viral clearance.

In summary, during the acute phase of illness confirmation of infection is
achieved by isolation of the virus, detection of viral nucleic acid using molecular
techniques, or detection of viral antigen in ELISA. During convalescent stages
antibody responses are detected using ELISA or indirect IF assays. Accurate inter-
pretation of the results is facilitated by an accurate history of date of onset of illness
and consideration of the kinetics of viremia and antibody responses.

47.7 Differential Diagnosis

A number of conditions must be considered in the differential diagnosis of CCHFV
infection. The geographic location and travel history of patients presenting with a
compatible clinical picture can assist in excluding unlikely infectious conditions.
Conditions which should be considered include other tick-borne infections such as
rickettsiosis (especially by Rickettsia conori and Rickettsia africae), Q fever
(Coxiella burnetti), ehrlichiosis, babesiosis, borreliosis, and severe fever with throm-
bocytopenia syndrome virus. Other viral hemorrhagic fevers must be considered
dependent on the geographic location, e.g., Ebola virus, Marburg virus, Lassa virus,
and Lujo virus in Africa, Rift Valley fever virus in Africa and the Middle East,
yellow fever virus in Africa, South and Central America, and dengue virus in tropical
and subtropical regions. In addition, other infectious conditions should be ruled out
such as bacterial sepsis (including meningococcaemia), malaria, leptospirosis, sal-
monellosis, brucellosis, viral hepatitis, and disseminated herpes simplex virus infec-
tion (Burt 2011; Ergönül 2006). Non-infectious conditions may include
hematological diseases and malignancies, drugs, auto-immune diseases, and
HELLP syndrome (hemolytic anaemia, elevated liver enzymes, low platelet count)
in pregnancy (Ergönül et al. 2010; van Eeden et al. 1985).

47.8 Treatment

Strict barrier nursing should be implemented when managing CCHF patients to
prevent nosocomial transmission. Supportive therapy should include maintenance of
fluid and electrolyte balance and administration of platelets, fresh frozen plasma, and
red cell preparations as needed (Ergönül 2008).

Limited information is available regarding the use of specific CCHFV immuno-
globulin or monoclonal antibody preparations. Randomized controlled trials dem-
onstrating efficacy in a clinical setting for both treatment and post-exposure
prophylaxis are lacking (Keshtkar-Jahromi et al. 2011).

Similarly, the use of oral or intravenous ribavirin for the treatment of CCHF
remains controversial. Although the majority of systematic reviews and meta-analyses
of the available randomized trial and observational studies showed insufficient evi-
dence for a clear benefit to using ribavirin in the treatment of CCHFV infection, this
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antiviral agent is included in the World Health Organization Model List for Essential
Medicines for treatment of viral hemorrhagic fevers (Ascioglu et al. 2011; Johnson
et al. 2018; Soares-Weiser et al. 2010; World Health Organization 2021). In studies
where a reduced risk of death was noted with ribavirin use, the timing of administra-
tion was an important consideration, with early initiation within the first 2–4 days of
disease onset being required (Arab-Bafrani et al. 2019; Ergönül et al. 2018). Adverse
drug effects are uncommon, but may include mild hemolytic anemia and
thrombocytosis (Ergönül et al. 2004; Fisher-Hoch et al. 1995; Ozkurt et al. 2006).

Favipiravir (T-705) is a nucleoside analogue, which is approved in Japan for
the treatment of influenza virus infections and has been shown to have activity
against a number of RNA viruses, including Lassa virus (Shiraki and Daikoku
2020). Favipiravir has shown benefit in both mouse and non-human primate
models for CCHF; however, clinical data are lacking (Dülger et al. 2020; Hawman
et al. 2018, 2020; Oestereich et al. 2014). A novel nucleoside analogue, H44, was
able to protect mice against lethal challenge and may warrant further studies
(Wang et al. 2022).

Therapeutic plasma exchange (TPE) is another therapeutic modality that has been
investigated in critically ill patients with CCHF. While a lower mortality rate was
noted following TPE, patients receiving standard supportive therapy had a shorter
duration of hospitalization and shorter time to recovery of platelet counts (Beştepe
Dursun et al. 2021). A role for TPE in the management of CCHF thus remains
unclear at present.

47.9 Developments in Vaccine Developments

Currently, there is one vaccine for human use that is only available in Bulgaria. The
vaccine is an inactivated suckling mouse brain derived preparation (Papa et al.
2011). The vaccine elicits both T-cell responses and high levels of antibodies, but
multiple doses are needed to induce antibodies with neutralizing activity (Mousavi-
Jazi et al. 2012). Widespread use of the vaccine has been limited by the lack of
clinical trials and efficacy data and due to concerns regarding myelin basic protein
induced auto-immune and allergic responses (Dowall et al. 2017).

While the immune correlates of protection remain unclear, available data
indicate that both humoral and cellular responses are required. Vaccine develop-
ment has been facilitated by the availability of animal models including interferon
α/β receptor knockout mice (IFNAR�/�), STAT-1 knockout mice, transiently
immune-suppressed (IS) mice, and cynomolgous macaques. Vaccines targeting the
viral nucleoprotein and/or glycoproteins currently under investigation, using various
approaches including inactivated vaccines, subunit vaccines, virus-like replicon parti-
cles, viral vectored vaccines, DNA vaccines, mRNA, and plant-based vaccines
(Aligholipour Farzani et al. 2019a, 2019b; Appelberg et al. 2022; Berber et al.
2021; Buttigieg et al. 2014; Canakoglu et al. 2015; Dowall et al. 2016; Garrison
et al. 2017; Ghiasi et al. 2011; Hawman et al. 2021; Hinkula et al. 2017; Kortekaas
et al. 2015; Pavel et al. 2020; Rodriguez et al. 2019; Scholte et al. 2019;
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Spengler et al. 2019, 2021; Spik et al. 2006; Suschak et al. 2021; Tipih et al. 2021;
Zivcec et al. 2018). A number of these vaccines have been shown to be both
immunogenic and protective in animal models, thus warranting further investigation.

47.10 Prevention and Control

Widespread control of ticks using acaricides is an impractical approach to infection
control. Prevention of infection and awareness of the disease is a more practical
method of reducing the risk of infection and the number of cases. Exposure to tick
bites should be minimized through the use of tick repellents such as pyrethroids and
protective clothing by individuals who are at risk of CCHF through occupational or
recreational activities. The correct removal of ticks should also be implemented.
Anti-tick vaccines for use in animal amplifying hosts are a novel approach to the
prevention of CCHF, which are still in the early stages of development
(Manjunathachar et al. 2019; Shrivastava et al. 2020).

Although the use of ribavirin as post-exposure prophylaxis is controversial, it has
been recommended for administration to high-risk contacts. High-risk cases include
those with direct contact with infectious fluids, contamination of mucosae with infec-
tious fluids, and needle stick injuries (de la Calle-Prieto et al. 2018; Ergönül et al. 2018).
Ribavirin is usually well tolerated in this context, but side effects described include
anemia, myalgia, allergic skin reactions, gastrointestinal symptoms (nausea, vomiting
diarrhea), hemolysis, and mildly elevated liver functions (Guven et al. 2017).

47.11 Conclusions

CCHFV remains a pathogen of significant public health concern with the propensity
to cause nosocomial infections and outbreaks among occupationally exposed
workers, and people at risk of exposure to tick-bite due to recreational activities or
residing in rural areas. Molecular assays based on amplification of conserved
genome regions have facilitated a more rapid diagnosis, allowing laboratory confir-
mation to occur in the absence of high containment laboratories. However, in the
absence of sophisticated equipment and skilled technicians, the development of
rapid lateral flow assays and point of care assays are essential, especially for lower
resource countries and to facilitate early detection to protect health care workers. The
spread and emergence of this virus has been confirmed in recent years and this threat
will continue with climate change and expansion of vector populations into new
endemic regions. Vaccine development has traditionally been hampered by lack of a
suitable animal model for challenge studies; however, several animal models have
been described for CCHFV in recent and this has advanced development of vaccines.
Further understanding of the immune correlates of protection will contribute toward
development of an efficacious vaccine for a virus with potential to cause significant
human disease. In the absence of vaccines or treatment, raising awareness of
CCHFV as a tick-borne zoonosis is crucial.
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Abstract

Hendra virus (HeV) and Nipah virus (NiV) emerged in the 1990s. They have been
the cause of outbreaks of respiratory and neurological disease infecting horses
and pigs. Transmission from infected domestic animal species has resulted in
human infections with high case fatalities. Direct transmission from the reservoir
host to humans has occurred with NiV in yearly disease outbreaks in Bangladesh
and India. HeV causes sporadic disease outbreaks in horses in northeast to
mideastern Australia with occasional spillover from infected horses to humans.
Due to their zoonotic nature, they have been ideal candidates for collaborative
projects and coordinated disease outbreak investigations in the One Health space,
bringing public health and animal health professionals together. This has led to
practical disease outbreak investigations, disease prevention solutions including a
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horse vaccine for HeV, and NiV spillover prevention interventions in the field. As
more surveillance is undertaken, their known distributions have expanded, as has
the geographical range of the reservoir host species. Most bat species for which
there is evidence of HeVand NiV infection belong to the group known as the Old
World fruit- and nectar-feeding bats (Family Pteropodidae, Suborder Yinptero-
chiroptera, and Order Chiroptera). This chapter of HeV and NiV discusses the
epidemiology, pathology, transmission, and disease symptoms in these closely
related viruses which belong to the GenusHenipavirus, Family Paramyxoviridae.

Keywords

Reservoir host · Nipah virus · Hendra virus

48.1 Epidemiology of Hendra Virus in Animals

On August 1, 1994, a heavily pregnant 10-year-old thoroughbred brood mare died
suddenly in a paddock in northern coastal Australia. Ironically the first of August is
deemed the birthday of all thoroughbred horses in the southern hemisphere. (All
thoroughbreds have the same birthday so that their ages can be standardized for
comparison. In the southern hemisphere, the date is the first of August.) This date in
1994 would go down in history as the day Hendra virus (HeV) emerged. In 2021, a
second variant was identified in a horse sample collected in 2015 (Annand et al.
2022). The original variant is now called HeV-g1 (genotype 1), and the new variant
is HeV-g2 (genotype 2) (Wang et al. 2021).

Hendra virus was first discovered in horses, and horses remain the most infected
domestic species. The reservoir host of this virus are bats of the genus Pteropus,
family Pteropodidae (called Pteropus bats). Finding the reservoir host for this virus
resulted in the first reported isolation of a zoonotic paramyxovirus from Pteropus
bats (Halpin et al. 2000). To date, only horses have become directly infected from
Pteropus bats. Horses act as HeV-amplifying hosts.

As of November 2022, there have been 99 horses infected, usually in events
which only involved one horse, with winter having the most outbreaks, followed by
spring (Fig. 1). Only two outbreaks have involved more than three horses, and the
spread of the virus between the stabled horses in these outbreaks was a result of close
contact and assisted mechanical transmission of the virus. Aerosol transmission is
unlikely as sneezing and coughing were not features of the syndrome, and the spatial
distribution of cases in the stables was not consistent with this form of spread
(Baldock et al. 1996; Field et al. 2010).

Experimentally, we know that some horses can survive infection. In the outbreaks
where there have been numerous horses infected, this has also been the case. In the
1994 outbreak in Hendra, 7 out of 20 horses apparently survived a lethal infection
and seroconverted before being euthanized (Murray et al. 1995). In the 2008
Redlands outbreak, one horse survived for 42 days after clinical signs abated before
being euthanized (Field et al. 2010).
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Experimentally, cats can be infected and succumb to the virus (Westbury et al.
1995; Williamson et al. 1998), but no cat has been found to be naturally infected in
the field, to date. In one of the 2011 outbreaks, a dog on a property under
investigation was found to have antibodies to the virus. It most likely had close
contact with HeV-laden material from an infected horse but was clinically well and
remained so until it was euthanized in accordance with national policy at the time
(Promed 2011). In 2013, HeV RNA was detected in the EDTA-treated blood and
serum, but not from the oral swab samples, from a dog which resided on the same
property as an HeV-infected horse (Kirkland et al. 2015). Experimental infections
in dogs have been conducted at the Australian Centre for Disease Preparedness
(ACDP), to better understand the role that dogs might play in the epidemiology of
the disease. In these studies, dogs could be reliably infected with HeV. Consistent
with the field observation, few if any clinical signs were noted during the acute
stage of infection. Viral shedding from the oral cavity occurred for a relatively
short period of time, and oral secretions collected from dogs during this period
were capable of transmitting infection to naïve ferrets (Middleton et al. 2017).
Neutralizing antibody titers generated in these dogs were similar to that observed
in the recorded canine field case of HeV infection (Promed 2011). In dogs, the key
site of virus replication within the oral cavity was the tonsil, with authors conclud-
ing that it is feasible for Hendra virus to be transmitted to people from acutely
infected dogs.

Infection in horses most likely occurs after close contact with Pteropus bat urine
and birthing material which contain sufficiently high enough titers of virus to infect a
horse (Halpin et al. 2000; Edson et al. 2015). Luckily for horses, these bat samples
rarely contain high titers of virus. The risk of transmission to horses was found to be
increased during Pteropus bat-reproductive periods (especially late pregnancy) and
at times when the colonies were undergoing nutritional stress, such as during
lactation and during food shortages (Plowright et al. 2008; Breed et al. 2011).
More recent studies build on these observations and suggest that in addition to

Fig. 1 Total number of HeV infected horses by season (1994–2022)
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seasonal effects, bat density and local climatic conditions interact to drive Hendra
virus infection dynamics in Pteropus bat populations (Páez et al. 2017).

Evidence of Hendra virus infection has been found in all four mainland Pteropus
species of bats in Australia, namely, the black flying fox (Pteropus alecto), the gray-
headed flying fox (P. poliocephalus), the spectacled flying fox (P. conspicillatus), and
the little red flying fox (P. scapulatus). However, spillover events to date have been
restricted to regions where P. alecto and/or P. conspicillatus are found (Edson et al.
2015), noting that the geographical distribution of P. alecto is extending further south.

It appears that the reservoir host coexists with this virus in complete harmony.
The virus spreads quite easily among Pteropus bats, with the HeV seroprevalence in
bat colonies fluctuating over time and geographical spread. In one bat colony,
seroprevalence steadily increased from 45 to 69% over a 2-year period supporting
a model of endemic infection in the population (Breed et al. 2011). Absence of
disease attributable to HeV infection is supported by experimental observations
(Halpin et al. 2011). This is consistent with the observation that many viruses do
not cause disease in their reservoir host. The long-term coexistence of viruses and
their reservoir hosts has given coevolution a good chance to reach a relative
equilibrium (Domingo 2010). The theory of viral coevolution with chiropteran
hosts has been previously suggested, and all field observations and experimental
evidence to date support this (Halpin et al. 2007).

48.2 Epidemiology of Nipah Virus in Animals

Since HeV was detected in Pteropus bats, they were among the first species
investigated as possible reservoirs for Nipah virus (NiV) after its emergence in
1999. Neutralizing antibodies to NiV have been detected in a wide range of Pteropus
bats, including Pteropus hypomenalus, and Pteropus vampyrus (Yob et al. 2001). In
2000, NiV was isolated from a urine sample collected underneath the roost of
Pteropus lylei bats in Cambodia (Reynes et al. 2005). Nipah virus was eventually
isolated from Pteropus vampyrus in Malaysia (Sohayati et al. 2011). Serologic
evidence of Nipah infection was also obtained from Rousettus leschen and
Cynoptera sphinx in Vietnam (Hasebe et al. 2012). Several species of Chinese bats
also contained antibodies to Nipah or Nipah-like viruses (Li et al. 2008). A very
thorough study of the presence of henipaviruses in Australasia indicated that NiV
was present in East Timor and that non-NiV and non-HeV henipaviruses were
present in Sumba, Sulawesi, and possibly Papua New Guinea (Breed et al. 2013).
The authors suggested that NiV can be detected in areas where Pteropus vampyrus is
present. In India and Bangladesh, the primary reservoir of NiV is Pteropus medius
(Epstein et al. 2020; Yadav et al. 2019).

In Madagascar, seropositive Pteropus rufus and Eidolon dupreahum bats have
been found, and 39% of Eidolon helvum from Ghana had NiV reactive antibodies
(Hayman et al. 2008; Iehle et al. 2007). Henipavirus-like sequences were obtained
from Eidolon helvum in Ghana (Drexler et al. 2009). The detection of antibodies to
and sequences of henipaviruses in African bats suggest that the range of potential
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NiV infections may be wider than previously thought, though no human cases of
NiV have been reported from any region other than South Asia and Southeast Asia.

Experimentally infected Pteropus bats develop subclinical NiV infection with
only sporadic viral excretion in urine. Some bats seroconvert, and some show
evidence of infection by detection of viral antigen in tissues (Middleton et al.
2007; Halpin et al. 2011).

Regarding domestic species affected by NiV, pigs featured in the first outbreak in
Malaysia (Chua et al. 2000). Pigs presumably became infected from Pteropus bats, and
the disease spread throughout piggeries with pigs serving as an amplifying host. Most of
the human infections occurred in peoplewith direct contact to sick pigs. Serologic studies
demonstrated evidence of infection among other domestic species of animals in Malay-
sia, including horses, dogs, and cats (Chua et al. 2000; Hooper and Williamson 2000).

In most of the outbreaks in India and Bangladesh, no intermediate domestic
species has been implicated in epidemiology of the virus infection. However, in
the outbreak in the Philippines, horses were infected. Epidemiologic data suggest
that the most common route of virus transmission to humans was direct exposure to
infected horses, contact with contaminated body fluids during slaughtering of sick
horses, and/or consumption of undercooked meat from infected horses. Serological
evidence of infection was also detected in four dogs; however, they were asymp-
tomatic (Ching et al. 2015).

48.3 Epidemiology of Hendra Virus in Humans

To date, there has been no human-to-human spread of HeV; all infected people have
had close contact with an infected horse. The first person to become infected and die
from HeV was assisting his wife, a veterinarian, to perform an autopsy on a horse
that had died suddenly in a paddock (Rogers et al. 1996). This patient recovered
from a short illness but went on to die 13 months later after a relapse with
encephalitis (O’Sullivan et al. 1997). In the second outbreak of Hendra virus, a
horse trainer and a strapper, who had very close contact to HeV-infected horses in
their racing stables, became infected (Selvey et al. 1995). The next person to become
infected was a veterinarian who had performed an autopsy on a horse who had died
from colic-like symptoms. At the time, colic-like symptoms had never been associ-
ated with HeV infection in horses. The veterinarian came down with a flu-like illness
but recovered and for many years had neutralizing antibodies to the virus (Taylor
et al. 2012). The next two people to become infected were a veterinarian who
performed a nasal lavage on a horse with respiratory symptoms and the veterinary
nurse who assisted with the procedure (Playford et al. 2010). The veterinarian died.
The last person to become infected with Hendra virus was a veterinarian who cared
for a horse which was also diagnosed with HeV infection (Field et al. 2010).

The human case fatality rate stands at 57%, with four deaths and three survivors.
Interestingly to date, only male patients have died; however, with such a small
sample size this should not be overinterpreted. The risk remains for people who
have very close contact with bodily fluids from HeV-infected horses through
performing invasive procedures, and/or by not wearing fully protective PPE.
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48.4 Epidemiology of Nipah Virus in Humans

The first detected outbreak of NiV infection occurred in Malaysia with 276 human
cases reported and 106 deaths (Chua et al. 2000). Nipah virus was transmitted to pigs
and spread rapidly among swine herds causing primarily respiratory symptoms in
pigs. Pig-to-human transmission resulted in acute febrile encephalitis mostly among
adult males who worked in the pig industry. The outbreak spread to Singapore via
the transport of infected live pigs from Malaysia (Chua et al. 2000; Paton et al.
1999). Culling of more than one million pigs in Malaysia was undertaken to control
the outbreak (Chua et al. 2000).

Since the outbreak in Malaysia, outbreaks have been reported almost annually
in Bangladesh and India from 2001 (Fig. 2) (Chadha et al. 2006; Luby and Gurley
2012; Luby et al. 2009a; Sudeep et al. 2021). The epidemiologic characteristics of
the outbreaks in Bangladesh differed from the Malaysia outbreaks in several
respects. Most notably, the case fatality rate in Bangladesh (2001–2010) ranged
from 38% to as high as 100%, with an average mortality rate of 73%, while the
mortality rate for Malaysia was approximately 38% (Luby and Gurley 2012).
Infected individuals in Bangladesh were more likely to have respiratory symp-
toms, and there was evidence of human-to-human spread. Drinking fresh date
palm sap contaminated by fruit bat saliva, urine, or excreta has been identified as
the likely route of transmission from the wildlife reservoir to humans (Luby et al.
2006).
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Fig. 2 Total number of deaths in NiV-infected people by year in Bangladesh and India. (Data taken
from http://www.iedcr.org and http://www.searo.who.int/entity/emerging_diseases/links/nipah_
virus_outbreaks_sear/en/index.html and Yadav et al. 2022)
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Luby et al. (2009b) showed in their study that Nipah case-patients who had
difficulty breathing were more likely than those without respiratory difficulty to
transmit Nipah. Although a small minority of infected patients transmit Nipah virus,
more than half of identified cases result from person-to-person transmission. In these
cases, virus was spread during close contact while caring for sick individuals or
preparing bodies for burial (Blum et al. 2009; Chadha et al. 2006; Luby et al. 2009b).

All confirmed Nipah outbreaks in Bangladesh have occurred in the same central
and northwestern regions (Luby et al. 2009b). The first two Indian outbreaks have
been in regions within 50 km of the border with Bangladesh and immediately
contiguous with the affected areas in Bangladesh (Chadha et al. 2006). However,
in 2018 there was a large outbreak on the western coast of India, in the Kozhikode
district, Kerala state, approximately 2000 kms away from Bangladesh, where
21 people died and 2 people survived (Arunkumar et al. 2019). The source of
infection for the index case is unknown but suspected to be a bat. Risk factors for
infection of the other cases included proximity (i.e., touching, feeding, or nursing an
NiV-infected person), enabling exposure to droplet infection (Arunkumar et al.
2019). The public health response included isolation of cases, contact tracing, and
enforcement of hospital infection control practices. In the same district, a single case
who survived was identified in 2019, and another case in 2021 who died (Yadav et al.
2022).

In 2014, Philippines had an outbreak of disease in horses and humans in two
villages, Tinalon and Midtungok, in the municipality of Senator Ninoy Aquino,
province of Sultan Kudarat, island of Mindanao. Limited sequence information from
samples indicates that the virus was Nipah virus. Epidemiological data suggest that
the most common route of virus transmission to humans was direct exposure to
infected horses, contact with contaminated body fluids during slaughtering of sick
horses, and/or consumption of undercooked meat from infected horses (Ching et al.
2015). However, for at least 5/17 cases, clinical and epidemiologic evidence suggest
direct human-to-human virus transmission. No protective equipment was used by
those who cared for case-patients in the home, and health care workers used gloves
and a face mask but not eye protection (Ching et al. 2015).

48.5 Evidence of Animal to Human Transmission
of Hendra Virus

While Pteropus bats are the reservoir host of the virus, humans have only become
infected after close contact to infected horses. In Australia, there are many bat carers
who have close contact to sick and injured Pteropus bats. They get bitten and
scratched and come into contact with urine and fecal material, as well as placenta
and birthing fluids. However, no bat carer has ever been diagnosed with HeV
infection. An extensive serological survey of bat carers in Queensland was
performed in the mid-1990s, and there was no serological evidence of exposure to
the virus (Selvey et al. 1996). However, bat carers are at risk of becoming infected
with Australian bat lyssavirus and should be vaccinated with the rabies vaccine.
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In one HeV experiment, a small amount of viral RNA was detected in the nasal
secretions of HeV-infected horses 2 days after exposure to the virus and at least
2 days before the onset of clinical signs, suggesting that transmission of the virus
from the infected horse may be possible before it is obviously unwell (Marsh et al.
2011). However, at this early stage of infection, the amount of viral genome detected
was very low and it is unlikely that this would be enough to infect another host. The
findings also supported the observation in experimentally infected Pteropus bats that
a local mucosal infection, from days 2 to approximately 6 post exposure, precedes a
systemic infection (Halpin et al. 2011). Only after the systemic infection has been
established does it become possible to isolate infectious virus from urine and blood.

Sequence analysis of different isolates from both horses and Pteropus bats reveals
extreme conservation at the genome and protein levels (Marsh et al. 2010; Smith
et al. 2011). In one study comparing five horse isolates from five locations (all
HeV-g1) which spanned almost 2000 km, across three time points, to the original
1994 isolate, less than 1% variation at both the nucleotide and amino acid levels was
shown across the 18.2-kb genome (Marsh et al. 2010). This genetic stability supports
the theory of coevolution where HeV is well adapted to its host resulting in minimal
pressure to change over time (Halpin et al. 2007; Smith et al. 2011).

48.6 Evidence of Animal-to-Human Transmission of Nipah Virus

In contrast to Malaysia where pigs clearly served as the amplifying host that
facilitated spread of the virus from Pteropus bats to humans, no intermediate animal
host was identified in the Bangladesh and Indian outbreaks. In the Philippines
outbreak, the intermediate hosts were horses.

Several routes of transmission of NiV from Pteropus bats to humans have been
identified by studying the nearly annual outbreaks in Bangladesh and the single
outbreak in India. Consumption of contaminated date palm sap or contaminated fruit
has been linked to several cases and outbreaks in Bangladesh (Rahman et al. 2012).
Case-patients reported no history of physical contact with Pteropus bats, though
community members often reported seeing bats. Infrared camera photographs have
shown that Pteropus bats frequently visited date palm trees in those communities
where sap was collected for human consumption. This provided an opportunity for
intervention to prevent NiV spillover to humans. It has been shown that skirts (made
from bamboo, dhoincha, jute stick, and/or polythene) covering the sap-producing
areas of a tree effectively prevented bat-sap contact (Khan et al. 2012).

Genetic analysis of NiV isolates and sequences obtained from clinical samples
indicated that the outbreaks in Bangladesh were the result of multiple, independent
introductions of virus into the human population (Harcourt et al. 2005; Luby et al.
2009b).

The Indian flying fox (Pteropus medius) is the major reservoir of Nipah virus in
Bangladesh and India (Yadav et al. 2019; Epstein et al. 2020). Longitudinal surveys
indicate that exposure to Nipah virus is high (≈40%) in some P. medius populations
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in Bangladesh based on serologic tests, but the prevalence of detectable Nipah virus
RNA is low (<5%) at any given time (Yadav et al. 2019).

Sequences obtained from Malaysia and Cambodia are designated as genotype M,
while sequences obtained from Bangladesh and India are designated genotype
B. Genotypes can be assigned based on the sequence of a 729-nucleotide window
in the N-terminal region of the N gene ORF. Levels of nucleotide variation among
full-length ORFs between genotypes M and B ranged from 6 to 9%, and between the
complete genomes nucleotide variation is approximately 8% (Lo et al. 2012).
Differences in transmission patterns and mortality rates suggest that
NiV-Bangladesh may be more pathogenic than NiV-Malaysia. Data has shown that
NiV-B is more pathogenic in African green monkeys (Mire et al. 2016), and in ferrets
NiV-B sheds more (Clayton et al. 2012).

48.7 Pathogenesis and Containment

NiVand HeVenter cells by binding to the receptor Ephrin-B2, which is expressed on
neurons, smooth muscle, and endothelial cells surrounding small arteries (Bonaparte
et al. 2005; Negrete et al. 2005). Ephrin-B3 serves as an alternative receptor for NiV,
but not HeV (Negrete et al. 2006). After receptor binding by the attachment
protein, G, the fusion protein (F) which is cleaved to create two linked polypeptides,
F1 and F2, fuses to the host cell membrane, initiating endocytosis (Wang et al. 2001).
Following fusion between the viral envelope and the host cell membrane, the viral
ribonucleocapsid is released into the cytoplasm (Lamb and Parks 2007). The poly-
merase complex composed of the polymerase (L) and phosphoprotein (P) initiates
transcription of viral mRNAs. As translation of viral mRNA occurs, viral proteins
accumulate in the cell, and the polymerase switches from transcription to genome
replication.

Newly made genomes are encapsidated by the nucleoprotein (N), and polymerase
complexes become associated with packaged nucleocapsids. The glycoproteins are
synthesized in the endoplasmic reticulum (ER), mature through the Golgi network,
and are transported to the cell membrane. The processing of the fusion
(F) glycoprotein occurs in the endosome (Diederich et al. 2005). The cytoplasmic
tails of the F and G glycoproteins play a role in the interaction with the matrix
(M) protein, which initiates virus maturation and budding (Ciancanelli and Basler
2006; Lamb and Parks 2007; Ong et al. 2009; Patch et al. 2007, 2008).

This tropism for endothelial cells results in a pathology characterized by vascu-
litis, thrombosis, ischemia, necrosis, and CNS parenchymal infection (Wong et al.
2002, 2009; Weingartl et al. 2009).

A postmortem study of human NiV infection determined that a systemic multi-
organ vasculitis associated with infection of endothelial cells was the main patho-
logic feature, with infection being most pronounced in the central nervous system
(CNS) (Wong et al. 2002). In the CNS vascular endothelium, immunohistochemical
analysis showed intense staining of endothelial, parenchymal, and multinucleate
giant cells which are characteristic of paramyxovirus infection. Evidence of
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endothelial infection and vasculitis was also observed in other organs, including
lung, heart, spleen, and kidney. NiV has been isolated from cerebrospinal fluid,
tracheal secretions, throat swabs, nasal swabs, and urine specimens of patients (Chua
et al. 2001; Goh et al. 2000; Wong et al. 2002), and detection of viral RNA by
RT-PCR in urine and throat swabs samples is routinely used to confirm NiV infection
(Arunkumar et al. 2019).

Both viruses are designated biosafety level (BSL) 4 agents which makes it
difficult for researchers to work with these viruses. Furthermore, diagnostic tests
requiring the use of live virus are restricted to laboratories that have BSL4 contain-
ment. Molecular detection of viral genome is currently the central arm of henipavirus
infection diagnosis and can be done in laboratories with lower levels of containment
(BSL2 and BSL3). Expanding the surveillance and laboratory capacity for rapid
diagnosis of outbreaks is crucial to early detection and containment in areas at risk
for NiV and HeV. Point-of-care tests are under development.

48.8 Disease Symptoms in Humans and Animals

Early cases of Hendra virus infection in horses had clinical signs of an acute
respiratory disease (Murray et al. 1995). However, as more cases appeared, the
spectrum of clinical signs widened to include colic-like symptoms, sudden death,
and neurological manifestations. The incubation period is between 4 and 16 days
(Baldock et al. 1996), after which time clinical signs such as fever, tachycardia,
inappetence, depression, dyspnea, and restlessness may be observed (Marsh et al.
2011). Associated with the labored breathing, a nasal discharge which may be frothy
or blood-tinged might develop. Neurological signs such as depression and ataxia are
common (Rogers et al. 1996; Ball et al. 2014).

The first fatal human case of Hendra virus infection died of an acute respiratory
illness (Selvey et al. 1995). The second fatal human case suffered from relapsing
encephalitis (O’Sullivan et al. 1997) with the third and fourth cases succumbing to
encephalitis (Field et al. 2010; Playford et al. 2010). Two of the surviving human
cases suffered from a self-limited influenza-like illness at the time of HeV infection
(Hanna et al. 2006). The third survivor showed development of an influenza-like
illness that progressed to acute encephalitis and suffered a long and debilitating
neurological illness (Playford et al. 2010).

The incubation period for NiV ranges from 6 to 14 days; after symptom onset
patients deteriorated rapidly usually requiring hospitalization (Eaton et al. 2007;
Hossain et al. 2008; Arunkumar et al. 2019). In humans, NiV causes acute febrile
encephalitis including fever, headache, drowsiness, dizziness, myalgia, and
vomiting with reduced consciousness and evidence of brainstem involvement
being a poor prognostic factor. Some patients with NiV initially present with
pulmonary symptoms such as cough, atypical pneumonia, and acute respiratory
distress. The percentage of NiV patients presenting with respiratory disease was
higher in Bangladesh (69%) than in Malaysia (25%) (Luby et al. 2009b; Tee et al.
2009). Some NiV cases experienced relapse of disease or late onset encephalitis after
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initial infection, which occurred on average approximately 8 months after initial
infection (range: 9 days to 22 months), and both syndromes have similar clinical
manifestations (Goh et al. 2000; Tan et al. 2002; Tyler 2009). Upon postmortem
examination, viral antigen was found in the brains of patients with relapse and late
onset encephalitis indicating viral replication took place in these tissues. Unlike
acute NiV encephalitis cases, relapse and late onset encephalitis cases did not show
vasculitis in the CNS (Tan and Chua 2008; Tan et al. 2002; Tyler 2009). Several
NiV-infected individuals also experienced residual neurological symptoms that
ranged from mild cognitive or cerebellar disabilities to more severe cognitive
impairment, with some remaining in a vegetative state (Goh et al. 2000).

In the NiV outbreak in Malaysia, a newly identified porcine respiratory and
neurologic syndrome developed in some pigs infected with NiV. This syndrome
was characterized by fever, barking cough, behavioral changes, uncoordinated gait,
spasms, and myoclonus (Mohd Nor et al. 2000). In the 2014 outbreak in the
Philippines, seven horses showed neurologic signs (head tilting, circling, and ataxia)
with rapid progression of clinical signs (Ching et al. 2015).

48.9 Future Considerations

NiV and Henipavirus diseases are currently listed as one of the WHO priority
diseases that pose the greatest public health risk due to their epidemic potential
and the insufficient countermeasures to mitigate them (WHO 2020). There are
currently no vaccines or therapeutics approved for human henipavirus infections.
Numerous studies have identified potentially valuable vaccines and antiviral com-
pounds (Gómez Román et al. 2020). A review in 2018 found there were at least
13 NiV vaccine candidates confirmed to be under development in preclinical stages
(Gouglas et al. 2018). A promising therapeutic monoclonal antibody which neutral-
izes both HeV and NiV has undergone Phase 1 trials (Playford et al. 2020).

HeV poses a serious threat to the veterinary profession with five of the seven
(71%) people infected with Hendra virus associated with this profession. Any horse
which is infected with Hendra virus poses a serious threat to all who come in close
contact with the animal, and this includes people, dogs, cats, ferrets, and possibly
other animals. This situation prompted the development of a vaccine for horses
which was released at the end of 2012 (HeV Equivac® Hendra virus vaccine). The
vaccine is highly effective. In a study of 332 vaccinated horses, provided horses
received at least three vaccinations (consisting of two doses 3–6 weeks apart, and a
third dose 6 months later), horses had high neutralizing antibody titers and none
tested negative (Halpin et al. 2021). Regarding vaccine uptake, an estimate
suggested that assuming most vaccine sales are in the HeV endemic states, vaccina-
tion coverage between years 2016 and 2019 ranged from 10.1% to 13%, which is
very low when compared to uptake of the equine tetanus vaccine (Halpin et al.
2021). A successful equine vaccination program has the potential to reverse the
current trend of veterinarians exiting equine practice in HeV-endemic regions due to
perceived personal risk and workplace liability (Mendez et al. 2012).
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Two recent detections of HeV in horses have been managed with a One Health
approach (Williamson et al. 2020; Taylor et al. 2022). This involved a coordinated
response from animal health and human health agencies, and ecological investigations
(Taylor et al. 2022). These responses serve as a blueprint for how outbreaks of zoonotic
diseases, such as Hendra virus and Nipah virus, should be managed in the future.
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Abstract

In this chapter, we describe the virologic and diagnostic aspects of Borna disease
virus 1 (BoDV-1), the clinical presentation, epidemiology, transmission, and
potential infection control in animals and humans. Known as an equine disease
for more than 250 years, it was proven only in 2018 that BoDV-1 can cause severe
encephalitis in humans and thus has zoonotic potential. BoDV-1 is an enveloped
virus with negative-stranded, nonsegmented RNA belonging to the genus
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Orthobornavirus in the family of Bornaviridae. The only known reservoir host
for BoDV-1 is the bicolored white-toothed shrew (Crocidura leucodon). This
species can excrete the virus, e.g., via saliva, urine, and feces without showing
symptoms itself. Particularly, not only horses, sheep, and alpacas, but also a
number of other mammals, including humans, are susceptible to infections with
BoDV-1. They act as so-called “dead-end hosts” and do not excrete the virus. In
dead-end hosts, the virus can lead to brain infections and to severe, often lethal
encephalitis (Borna disease). Known endemic areas for BoDV-1 are located in
parts of southern and eastern Germany, Switzerland, Austria, and Liechtenstein.
BoDV-1 can be transmitted to humans via transplanted organs, but the natural
transmission route in humans and also other dead-end hosts has not yet been fully
clarified. Further research is needed on, among other things, the clinical spectrum
of human BoDV-1 infections and the reservoir. In order to prevent BoDV-1
infections in humans, a better understanding of transmission routes is also crucial.

Keywords

Borna disease · BoDV-1 · Encephalitis · Bicolored white-toothed shrew ·
Crocidura leucodon · Diagnostics · Pathophysiology · Transmission · Host ·
Reservoir · Varrigated squirrel bornavirus 1 · VSBV-1 · Disease burden ·
Epidemiology · Mental disorders · Dead-end host · Transplantation · Sad horse
disease · Borna disease virus 1

49.1 Introduction

Borna disease was confirmed as a zoonosis only a few years ago, though the
zoonotic potential of this viral disease has been discussed in scientific circles for
many decades. Following transmission via organ transplantation, it was demon-
strated for the first time in 2018 that Borna disease virus 1 (BoDV-1) can cause
severe encephalitis in humans (Schlottau et al. 2018). The neurological symptoms
and behavioral disorders typical of Borna disease, however, have been reported in
horses and sheep from certain areas in Germany for more than 250 years (Durrwald
and Ludwig 1997; Working Group Blood of the German Ministry of Health 2019).
For many decades, the characteristic clinical picture resulting from a severe enceph-
alitis was referred to as “heated head disease of horses.” Between 1894 and 1896, an
outbreak of the disease had been observed among cavalry horses in the Saxon town
of Borna in eastern Germany. A few hundred horses succumbed to the disease at that
time, and from then on it was called Borna disease (Durrwald and Ludwig 1997;
Dürrwald et al. 2014; Working Group Blood of the German Ministry of Health
2019). The name was later also adopted in scientific nomenclature. About a decade
later, in 1909, the German researchers Ernst Joest and Kurt Degen described
intranuclear inclusion bodies in the ganglia of the hippocampal Ammon’s horn in
material from horses that had died from Borna disease (Joest and Degen 1909, 1911).
Up to the present day, the detection of so-called Joest-Degen inclusion bodies is
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regarded as confirmation of Borna disease in the differential diagnosis of neurolog-
ical diseases in horses. These inclusion bodies were later also detected in sheep
suffering from Borna disease and recently in human cases (Liesche et al. 2019). In
the 1920s, Zwick and colleagues proved the viral etiology of the pathogen. Subse-
quently, Zwick’s research team experimentally infected species such as rabbits,
guinea pigs, rats, and rhesus monkeys by intracerebral inoculation, thereby giving
a first indication of the virus’ potential to infect a variety of warm-blooded animal
species (Zwick 1927; Zwick and Seifried 1925).

In this chapter, we give an overview of the newly identified zoonosis Borna
disease, methods to detect BoDV-1, pathophysiological aspects, the reservoir host
(the bicolored white-toothed shrew), and possible transmission routes as well as the
clinical symptoms and epidemiological situation of Borna disease in animals and
humans. Additionally, we give an overview about questions that have arisen follow-
ing the confirmation of Borna disease as a zoonosis. The chapter also contains a
digression on another bornavirus with zoonotic potential, the varrigated squirrel
bornavirus (VSBV-1).

49.2 Pathogen: Genome Organization and Viral Structure

Bornaviruses are enveloped, nonsegmented single stranded negative sense RNA
viruses with the unique property among the order of Mononegavirales to replicate
and transcribe within the host cell nucleus (Briese et al. 1994; Jordan and Lipkin
2001; Tizard et al. 2016). The virus species BoDV-1 and VSBV-1, belonging to the
genus Orthobornavirus, are the only bornaviruses for which pathogenicity for
humans has yet been demonstrated. The genome of bornaviruses has a length of
8.9 kb containing six open reading frames (ORF) that encode six viral proteins in the
following order 30-N-X-P-M-GP-L-50 (Pyper et al. 1993).

Virus entry is mediated by the glycosylated membrane protein GP
(nonglycosylated form: 56kD; glycosylated form: 84–94kD) which, after synthesis
in the infected cell, is cleaved in the Golgi vesicle by the host protease furin into two
subunits: an N-terminal gp56 external type I membrane protein GP1 and a
C-terminal gp43 membrane-bound protein GP2 (Richt et al. 1998). Binding of
GP1 to a so far unknown receptor initiates virus entry by clathrin-mediated endo-
cytosis (Clemente and de la Torre 2009; Makino et al. 2009). Antibodies against GP
are neutralizing (Furrer et al. 2001; Modrow et al. 2010). After pH-dependent
membrane fusion with the early endosomal compartment, ribonucleoprotein com-
plexes (RNP) containing the nucleocapsid protein N (40 kDa), the phosphoprotein P
(23 kDa), the RNA-dependent RNA polymerase L (large protein, 190 kDa), and the
RNA are released into the cytoplasm and translocate into the nucleus where viral
replication and transcription take place (Clemente and de la Torre 2009; Jordan and
Lipkin 2001). The matrix protein M (18 kDa) is associated with the inner membrane
(Kraus et al. 2002). The accessory protein X (10 kDa) has various functions: As a
counterpart of the P protein, it regulates the activity of the RNA-dependent RNA

49 Borna Disease (Borna Disease Virus-1, BoDV-1) 1511



polymerase (Poenisch et al. 2004). Further, a neuroprotective, antiapoptotic effect
has been demonstrated so that the X protein likely contributes to viral persistence
(Poenisch et al. 2009; Szelechowski et al. 2014). Only a small number of infectious
particles are released from bornavirus-infected cells (Tizard et al. 2016). RNPs are
tethered to chromosomes and are passed from cell to cell upon cell division to
maintain a persistent infection (Garcia et al. 2021).

49.3 Diagnostics

The potential of BoDV-1 to cause severe human encephalitis is now accepted in the
scientific community, while studies and diagnostic approaches that aimed to show a
correlation between direct as well as indirect detections of BoDV-1 and human
psychiatric disorders remain controversial (compare “Bornavirus infections and mental
disorders – a controversial issue”) (Schwemmle 2001). The assessment of diagnostic
tests for BoDV-1 in humans should take this controversial aspect of bornavirus research
(history) into consideration. Therefore, a diagnostic algorithm for a case definition of
human BoDV-1 infections has been proposed (Eisermann et al. 2021). The fundamental
pillar of this case definition is the clinical presentation of an encephalopathy or
encephalitis. For a confirmed case, additionally the detection of BoDV-1-specific
RNA from a neural tissue sample/cerebrospinal fluid (CSF) or the detection of a
BoDV-1 protein in a tissue section by immunohistochemistry (IHC) is required.
Patients presenting with an encephalopathy or encephalitis and showing a positive
serological test result are defined as probable case. For the retrospective postmortem
confirmation of BoDV-1 cases, direct and indirect methods have been used.

As mentioned before, in the early twentieth century Joest and Degen described
nuclear inclusion bodies in ganglion cells of diseased animals and herewith provided a
first specific histological indication for the disease (Joest and Degen 1909). After the
identification of a virus as causative pathogen and after deciphering its sequence and
genome organization in 1994 (Briese et al. 1994; Cubitt et al. 1994), diagnosing Borna
disease in animal dead-end hosts nowadays relies on histological and molecular
biological approaches like reverse transcription-quantitative polymerase chain reaction
(qRT-PCR) from neural tissue, supplemented by detection of BoDV-1 RNA (RNA in
situ hybridization) and BoDV-1 proteins (IHC) in tissue sections (Schulze et al. 2020).
For humans, qRT-PCR has been shown to be positive in samples from central and in
some cases also from peripheral nerve tissue (Neumann et al. 2022; Niller et al. 2020).
According to a published protocol, primers and probes for qRT-PCR were designed to
target two genomic regions of BoDV-1, one in the x/p region, one in the m/g region
(Schlottau et al. 2018). Depending on the test evaluation algorithm, a dual target PCR
assay may increase specificity or sensitivity of the test system. The short amplicon of
75 bp within the m/g gene might be particularly suitable to detect degraded RNA in
tissue samples of biobanks (Niller et al. 2020). In 2010, it has been shown that
elements homologous to the nucleoprotein (N) gene of bornavirus have been inte-
grated in the genomes of several mammalian species, including humans, as so-called
endogenous Borna-like N (EBLN) elements (Horie et al. 2010). Therefore, qRT-PCR
primers and probes for detection of BoDV-1 should be designed for genetic regions
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that are not integrated in the human genome in order to avoid false positive test results.
As a second molecular biological approach, next generation sequencing (NGS) further
underlines the accuracy for the detection of BoDV-1 as human pathogen. In the first
published cases of a BoDV-1 encephalitis, almost the complete 8.9 kb BoDV-1
genome could be derived from tissue samples of infected patients (Korn et al. 2018;
Schlottau et al. 2018). Based on NGS-obtained sequences, BoDV-1 strains can be
grouped into several regional clusters. Sequences derived from shrews, infected
patients, and animals in regional proximity show closest similarities, rendering the
possibility of a contamination by a laboratory strain unlikely (Niller et al. 2020). In
addition, BoDV-1-specific RNA and proteins were detected in tissue sections of
patients (Liesche et al. 2019). Direct detection methods are accompanied by serolog-
ical tests. Indirect immunofluorescence assay (iIFT) is the most abundantly used
in-house serological laboratory test. Persistently BoDV-1-infected cell lines (for
example, Vero cells) are heat-fixed for staining with samples and a secondary,
fluorophore-conjugated antibody. Positive samples show a nuclear fluorescence pat-
tern. As a control for unspecific staining, uninfected cells should be included
(Neumann et al. 2022). Disadvantages of the test are the time-consuming evaluation
and the partly subjective and examiner-dependent accuracy of test results. Additional
serological tests utilizing recombinantly expressed BoDV-1 proteins (mainly nucleo-
capsid and phosphoprotein) in form of line assays, immunoblots, Western blots, or
ELISA are recommended (Eisermann et al. 2021). Recently, an ELISA using recom-
binant viral N, X, and P proteins has been described (Neumann et al. 2022). These tests
are not commercially available but are performed as in-house tests. Thorough valida-
tions of these in-house tests are recommended to enable an evaluation with regard to
sensitivity and specificity. Whether immune reactions against expressed EBLN might
lead to false positive results in these tests remains unclear (Working Group Blood of
the German Ministry of Health 2019).

In contrast to a postmortem diagnosis, a timely intravitam diagnosis of a BoDV-1
infection is challenging for several reasons: First, patients may initially present with
an encephalopathy-like or Guillan-Barré-Syndrome (GBS)-like clinical picture
(Coras et al. 2019). Initial CSF may only show elevated protein, but normal cell
count. As a consequence, initiating BoDV-1 diagnostic might be delayed. Second,
BoDV-1 is a cell-associated virus. RNA-loads are high in neural tissue but are low or
in the range of the lower limit of qRT-PCR in CSF, if detectable at all (Niller et al.
2020). A negative qRT-PCR from CSF may not completely rule out BoDV-1
infection. As brain biopsies are invasive and not the first diagnostic approach, a
direct detection intra vitam is challenging. Third, seroconversion mainly occurs only
during the later course of the disease and, depending on the serological test system
used, unspecific reactions might make a serological diagnosis difficult.

49.4 Pathophysiology of Symptomatic BoDV-1 Infection

Bornaviruses do not cause a cytopathic effect in cell culture. In affected individuals,
neurons, oligodendrocytes, and astrocytes are infected in a nonlytic fashion. The
pathophysiology of symptomatic bornavirus infections is attributed to three main
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hallmarks: T-cell-mediated immunopathology, microglial activation, and metabolic
disturbances of neurons (Tizard et al. 2016).

On the one hand, evidence for the T-cell-driven immunopathogenesis of
bornavirus infections comes from animal experiments: Despite persistently high
viral loads in brain and CNS, rats experimentally infected with BoDV-1 do not
develop neurological symptoms when the immunosuppressive drug cyclophospha-
mide is administered shortly after virus inoculation – in contrast to animals without
this immunosuppressive treatment (Narayan et al. 1983a). In a further study with
rats, the immunosuppressive drug cyclosporine prevented neurological disease in
infected rats only when administered before virus inoculation (Stitz et al. 1989). In
infected rabbits, treatment with cyclophosphamide and/or glucocorticoids altered
clinical signs and prolonged survival (Gierend and Ludwig 1981). Further, intrace-
rebral infection of newborn β2-microglobulin-deficient C57BL/6 and MRL mice
both lacking CD8 T cells did not cause neurological symptoms (Hallensleben et al.
1998). As further evidence for the immune-driven pathogenesis, adoptive transfer of
spleen or lymph cells into immunosuppressed animals induced the manifestation of
clinical symptoms (Narayan et al. 1983b; Richt et al. 1989).

On the other hand, there is evidence of immunopathogenesis in human patients
as well: Brain tissue sections show parenchymal and perivascular infiltrates of CD4
and CD8 lymphocytes (Liesche et al. 2019). Patients with immunosuppression due
to another medical condition (e.g., after organ transplantation) tended to survive
longer than patients without immunosuppression (Niller et al. 2020). One of the two
so far described survivors of a symptomatic BoDV-1 infection in the literature
received cyclosporin as immunosuppressive medication because of a liver transplan-
tation (Schlottau et al. 2018). T-cell pathology is assumed to be mediated by
cytotoxic CD8 T cells that require help from CD4 T cell subsets. Neuronal damage
is obviously mediated by CD8 T cells that are directed against viral proteins like
BoDV-1 N protein and produce both IFNγ and TNFα (Amor et al. 2014; Baruch and
Schwartz 2013; Tizard et al. 2016).

In experiments with rats, the peptide ASYAQMTTY within the viral N protein
has been identified as a main epitope of MHC-I-(RT1.A)-restricted cytotoxic T cell
response (Planz et al. 2001). Of special note is that transgenic mice expressing the
nucleoprotein in neurons are resistant to experimental infection and clinical symp-
toms, which is presumably attributable to untimely expression of a viral nucleo-
capsid component, on the one hand, and immunological tolerance, on the other
hand (Rauer et al. 2004). After the discovery of endogenous bornavirus-like
elements that are integrated in a broad spectrum of vertebrate genomes, but are
absent in the genomes of the most frequent accidental dead-end hosts such as
horse, sheep, and most bird species, one could speculate on a potentially protective
function of the endogenous bornavirus-like element N (EBLN), which is tran-
scribed and translated into a protein in different tissues (Belyi et al. 2010; Fujino
et al. 2014; Horie et al. 2010; Nobach et al. 2020). While CD8 T cells are found
most abundantly in the brain parenchyma, perivascular infiltrates predominantly
consist of CD4 T cells (Sobbe et al. 1997).
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The infiltration of T cells in the brain is preceded by high levels of chemokines,
especially IP-10. In a mouse model, astrocytes have been identified as a source of
IP-10 (Sauder et al. 2000). Astrocytes induce the synthesis of IP-10 following
stimulation with IFNα/β and other cytokines such as IL-1β and TNFα. IP-10 serves
as a chemokine to attract especially T cells to the brain. Besides T-cell recruitment,
microglial activation is an independent factor for neurocytotoxicity (Tang et al.
2021; Tizard et al. 2016). In addition, metabolic disturbances contribute to symp-
toms of BoDV-1 infections, for example, by inhibition of glutamate reuptake by
astrocytes resulting in excessive extracellular glutamate concentrations that lead to
neuronal damage (Ovanesov et al. 2007). Further, it has also been shown that
neurogenesis is impaired by viral proteins (Scordel et al. 2015).

49.5 Clinical Presentation in Animals

Under natural conditions, BoDV-1 mainly infects horses, sheep, alpacas, and rarely
other mammals living in endemic regions (Malbon et al. 2021; Metzler et al. 1976;
Richt et al. 2000; Schmidt 1912, 1952; Schulze et al. 2020; Waelchli et al. 1985).
Those animals are considered so-called dead-end hosts, meaning a host organism,
which has suboptimal conditions for a pathogen leading to no further onward trans-
mission of the disease. As a rule, Borna disease in horses is characterized by acute,
frequently severe, and lethal encephalitis. The incubation period ranges from a few
weeks to several months (Richt et al. 2000). The equine disease has usually a biphasic
course: It starts with nonspecific symptoms such as hyperthermia, colic, anorexia, and
constipation, followed by ataxia, depression, nervousness, and lethargy (Richt et al.
1997, 2000). In addition, behavioral changes occur, such as spreading and crossing the
legs, pressing the head against the wall or other objects, as well as empty chewing and
“pipe smoking” (horses remain still with feed hanging out of their mouths being
unable to chew and swallow it). Due to these characteristic symptoms, Borna disease is
also called “sad horse disease.”As the disease progresses, paralysis can occur, animals
frequently fall into a coma and decease. Retinitis also frequently occurs as a disease
manifestation, often resulting in blindness. In 80–100% of cases, horses succumb due
to Borna disease (Richt et al. 1997; Schmidt 1912, 1952). In sheep and alpacas, the
course of the disease is similar to Borna disease in horses (Jacobsen et al. 2010;
Malbon et al. 2021; Metzler et al. 1976; Schulze et al. 2020; Waelchli et al. 1985). In
rare cases, similar disease courses have also been in described for zoo animals that had
become infected naturally with BoDV-1 in endemic regions (Schüppel et al. 1994). In
addition, a large number of other mammal species (e.g., rats, bank voles, and hamsters
(Anzil et al. 1973; Gosztonyi et al. 2020; Kinnunen et al. 2011)) have been experi-
mentally infected with BoDV-1.

There is controversy among experts as to whether the so-called feline staggering
disease in cats can be attributed to a naturally acquired BoDV-1 infection (Lundgren
et al. 1997; Nowotny 1999; Nowotny and Weissenböck 1995; Wensman et al. 2014;
Working Group Blood of the German Ministry of Health 2019). Final proof that the
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clinical picture of staggering disease does not only occur following experimental
infection in the laboratory setting is still pending (Working Group Blood of the
German Ministry of Health 2019).

49.6 Clinical Presentation in Humans

The clinical picture of Borna disease in humans has so far been described only for a
two-digit number of cases (Coras et al. 2019; Eisermann et al. 2021; Finck et al.
2020; Frank et al. 2022; Korn et al. 2018; Liesche et al. 2019; Meier et al. 2022;
Niller et al. 2020; Pörtner et al. 2019, 2020; Schlottau et al. 2018; Tappe et al. 2021).
It is assumed that the incubation period of BoDV-1 in humans ranges from a few
weeks to months, similarly to other dead-end hosts (Pörtner et al. 2019). In the initial
transplantation cluster, infected organ recipients started to develop symptoms around
3 months after the transplantation; however, symptom onset might have been
delayed by immunosuppressive therapy (Niller et al. 2020; Schlottau et al. 2018).
According to current knowledge, humans infected with BoDV-1 show a short phase
with nonspecific flu-like symptoms like fatigue, headache, elevated temperatures,
and reduced general performance (Niller et al. 2020; Pörtner et al. 2019, 2020). This
phase is followed by the occurrence of various neurological symptoms such as gait
ataxia, dysphagia, confusion, memory deficits, seizures, hemiparesis, and progres-
sive loss of consciousness (Finck et al. 2020; Niller et al. 2020). As mentioned
before, in a few cases, patients showed symptoms mimicking a GBS (Coras et al.
2019; Liesche et al. 2019). In the further course, the disease progresses rapidly after a
few days to weeks with increasing inflammatory parameters and dysphagia, pro-
gressive paresis, respiratory insufficiency, somnolence, and finally deep irreversible
coma and death (Eisermann et al. 2021; Finck et al. 2020; Frank et al. 2022; Korn
et al. 2018; Liesche et al. 2019; Meier et al. 2022; Niller et al. 2020). Refractory fever
was also described for several cases (e.g., Finck et al. 2020; Niller et al. 2020;
Pörtner et al. 2019).

Neuropathologically, a nonpurulent, lymphocytic sclerosing panencephalo-
myelitis is typical for BoDV-1 patients (Liesche et al. 2019). BoDV-1 encephalitis
is characterized by marked inflammation with diffuse parenchymal lymphohis-
tiocytic infiltration and perivascular cuffing and strong microglial activation (Frank
et al. 2022; Liesche et al. 2019). However, on individual level, the inflammatory
distribution patterns vary (Liesche et al. 2019). A substantial softening of brain tissue
is present only in some patients. The same goes for edema (Liesche et al. 2019).
Moreover, in most cases BoDV-1 patients show a characteristic pattern in MRI in
both the early and the late disease stage. Since imaging in BoDV-1 patients can
mimic Creutzfeldt-Jakob disease, it should be considered in differential diagnosis
(Finck et al. 2020).

With the exception of one BoDV-1-infected transplant recipient (Schlottau et al.
2018) and another patient (Frank et al. 2022), all patients with a confirmed BoDV-1
infection died after a fulminant course of disease. In the majority of cases, the
diagnosis could only made postmortem. However, with increasing frequency, the
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diagnosis is made before the patient’s death, which allows room for therapeutic
attempts, e.g., with antiviral drugs that have proven effective against BoDV-1 in cell
culture and animal experiments (Cubitt and de la Torre 1997; Jordan et al. 1999;
Mizutani et al. 1998; Tokunaga et al. 2017). Whether there are other – possibly less
severe or even asymptomatic – manifestations of BoDV-1 infections in humans is
subject of current research.

49.7 Reservoir

The only proven natural reservoir host for BoDV-1 is the bicolored white-toothed
shrew (Crocidura leucodon) (Bourg et al. 2013; Dürrwald et al. 2014). It was first
discovered in Switzerland that this particular shrew species acts as a reservoir for
BoDV-1 (Hilbe et al. 2006; Puorger et al. 2010). Further evidence for this was
subsequently obtained by numerous detections of BoDV-1 in bicolored white-
toothed shrews in endemic areas in Bavaria and other German federal states (e.g.,
Bourg et al. 2013). In Crocidura leucodon, the virus replicates in a large number of
tissues (e.g., nervous system, epithelial and mesenchymal tissues) without causing
pathological alterations. The virus is then excreted via many different routes, e.g.,
urine, feces, saliva, skin, and lacrimal fluid. It is assumed that there is a self-
sustaining infection cycle in bicolored white-toothed shrews, and research points
to the possibility of vertical and sexual transmission within the shrew population
(Dürrwald et al. 2014; Nobach et al. 2015; Puorger et al. 2010). However, it needs to
be further investigated whether other closely related species of the genus Crocidura
can serve as virus reservoirs as well. Moreover, studies on the regional distribution of
Crocidura leucodon and the proportion of BoDV-1-infected individuals in the shrew
population would also be useful to better assess the potential (region-dependent) risk
of human BoDV-1 infections.

49.8 Host Range

A wide range of mammal species can be infected with BoDV-1. Under natural
conditions, horses and sheep are the species most frequently affected by Borna
disease (Durrwald and Ludwig 1997). However, recently also alpacas have been
increasingly affected as they seem to be highly susceptible to the virus (Jacobsen
et al. 2010; Malbon et al. 2021; Schulze et al. 2020). Single cases of Borna disease
have also been described in zoo animals (pygmy hippopotamus and sloth (Schüppel
et al. 1994)), as well as rabbits (Metzler et al. 1978), donkeys (Bilzer et al. 1995;
Zimmermann et al. 1994), goats (Caplazi et al. 1999), and cattle (Caplazi et al.
1994). Additionally, domestic animals such as cats (Wensman et al. 2014) or dogs
(Weissenböck et al. 1998) can contract Borna disease. Humans can be infected with
BoDV-1 as well (Coras et al. 2019; Korn et al. 2018; Niller et al. 2020; Schlottau
et al. 2018). However, it is assumed that infections in larger mammals and humans
functioning as dead-end hosts are due to rare, accidental spillover events.
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49.9 Burden of Disease in Animals

Estimating the disease burden of BoDV-1 in domestic and farm animals is rather
intricate. The obligation to report BoDV-1 infections in animals was only
reintroduced in Germany in April 2020, after being suspended between 2011 and
2020 (Federal Ministry of Food and Agriculture: [Notifiable animal diseases] 2021).
However, based on available reporting data, it can be assumed that Borna disease in
animals – similar to infection in humans – is a rare incident that mostly occurs in
sporadic cases. Large outbreaks associated with high mortality (and corresponding
financial losses for animal owners), such as the name-giving outbreak among cavalry
horses in Borna in the nineteenth century (Durrwald and Ludwig 1997) or recently in
an alpaca herd in eastern Germany (Schulze et al. 2020), may be an exception.

49.10 Burden of Disease in Humans

Currently, it is almost impossible to assess the disease burden of human BoDV-1
infections. As of February 2022, the number of identified human cases, which
occurred between 1996 and 2022 in Germany (of which a vast majority is in the
federal state of Bavaria), is in the mid two-digit range. Mandatory notification of
BoDV-1 infection in humans was introduced in Germany not before March 2020. No
human cases have been reported from other countries (such as Switzerland, Austria,
and Liechtenstein) where BoDV-1 is present in animals.

With the exception of two patients (Frank et al. 2022; Schlottau et al. 2018), all
cases have died as a result of severe encephalitis and had to be hospitalized and given
intensive medical care beforehand due to the disease. According to current knowl-
edge, encephalitis caused by BoDV-1 is a very rare disease. Whether and to what
extent there are underdiagnoses of this disease cannot be estimated at present.

49.11 Transmission

As already mentioned above, three cases of severe encephalitis occurred in organ
recipients in 2016 after transplantation of solid organs (liver, kidneys) from the same
donor (Schlottau et al. 2018). The organ donor – from whom no signs of a
neurological or infectious disease previous to death are known – lived in a region
in Bavaria in the south of Germany that is considered an endemic area for BoDV-1.
Due to the BoDV-1 infection, two of the transplanted persons (kidney recipients)
died; the third person (liver recipient) survived with severe health damage (Schlottau
et al. 2018). The possibility of BoDV-1 transmission from person to person via organ
transplantation is thus proven, even though this is likely an extremely rare transmis-
sion route.

The precise circumstances leading to transmission of BoDV-1 from the reservoir
host, the bicolored white-toothed shrew, or possibly a so far unknown intermediate
host to humans in a natural setting has not yet been conclusively clarified (Pörtner
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et al. 2019, 2020). Several possible transmission routes are conceivable in this regard
(compare “Unresolved issues”).

The exact route of infection for natural BoDV-1 infection in animal dead-end
hosts, such as horses, sheep, alpacas, and other susceptible mammals is also not fully
understood yet. However, it is assumed that the infection might occur intranasally
(Kupke et al. 2019; Morales et al. 1988). It is conceivable that the animals mentioned
above come into contact with the infectious excretions of shrews with their nose and
mouth while eating grass and hay. Moreover, it is assumed that BoDV-1 could then
enter the brain via the nerve endings of the olfactory epithelium and the olfactory
nerve (Gosztonyi 2008; Kupke et al. 2019; Morales et al. 1988). In experimental
animal tests, rats could moreover be infected with BoDV-1 intracerebrally, intraoc-
ularly, and intraperitoneally (Gosztonyi and Ludwig 1995).

49.12 Bornavirus Infections and Mental Disorders:
A Controversial Issue

Since the 1980s, there has been a scientific dispute about whether BoDV-1 is
transmissible to humans and if so, what range of symptoms an infection with the
virus may cause. Before the first evidence of BoDV-1 as a zoonotic pathogen causing
severe encephalitis was provided in 2018 (Coras et al. 2019; Korn et al. 2018;
Schlottau et al. 2018), the research focus on human BoDV-1 infections was on
psychiatric diseases (Dürrwald et al. 2007; Hornig et al. 2012; Lipkin et al. 2011).
Psychiatric or neurological diseases such as depressive disorders, bipolar disorders,
schizophrenia, anxiety disorders, primary psychosis, and chronic fatigue syndrome
were considered to be associated with human BoDV-1 infection. This was suppos-
edly proven in studies in which the seroprevalence of persons with these diseases
was investigated in comparison with healthy persons (e.g., Bode et al. 2001;
Mazaheri-Tehrani et al. 2014; Zaliunaite et al. 2016).

A fundamental problem of this early research on human bornavirus infections
was that the diagnostic detection methods used in the respective studies were
nonstandardized procedures that have – up to the present day – never been
independently validated. Later, research revealed a close genetic similarity of
those virus strains reported before 2018 with laboratory BoDV-1 strains (Dürrwald
et al. 2007; Schwemmle 2001). These findings suggest that sample contamination
in the laboratory cannot be excluded (Dürrwald et al. 2007; Rubbenstroth et al.
2019). Moreover, the results of those early seroprevalence studies were non-
reproducible. Another argument that speaks against the thesis of a large-scale
occurrence of BoDV-1 in humans and for (rather rare) spillover events is the
regional clustering (Rubbenstroth et al. 2020). In BoDV-1 infections confirmed
since 2018, the detected virus strains almost always clustered with the types
occurring locally (i.e., in the region of residence of the affected person) in the
population of bicolored white-toothed shrews or also with virus isolates from other
dead-end hosts (succumbed horses, sheep, alpacas, etc.) (Dürrwald et al. 2006;
Rubbenstroth et al. 2019). In conclusion, robust and reproducible evidence of
widespread human BoDV-1 infection – also outside known endemic areas in
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parts of Germany, Switzerland, Austria, and Liechtenstein – and its association
with psychiatric or neurological disorders are lacking up to the present day
(Rubbenstroth et al. 2020).

49.13 Conclusion

As previously mentioned, it was proven only recently that BoDV-1 has the capability
to cause severe encephalitis in humans (Schlottau et al. 2018). Subsequently, a few
dozen human cases of BoDV-1 infections – which have mainly occurred in the
German federal state of Bavaria – have been identified and reported to the public
health authorities in Germany (Eisermann et al. 2021; Frank et al. 2022; Korn et al.
2018; Liesche et al. 2019; Meier et al. 2022; Niller et al. 2020; Schlottau et al. 2018;
Tappe et al. 2021). Many of those cases have been detected by the retrospective
screening of preserved brain material of persons deceased from encephalitis of
unknown cause (Finck et al. 2020; Liesche et al. 2019; Niller et al. 2020). The
earliest known case dates back to 1996 (Coras et al. 2019). Nevertheless, quite a few
issues related to human BoDV-1 infections remain unresolved until the present day.
For example, the question of how BoDV-1 is transmitted to humans has not been
determined yet. Is transmission possible via virus-containing dusts or aerosols,
similar to the possible transmission mode of hantavirus infections? Contaminated
dusts or aerosols could, for instance, be generated when shrews excrete urine or feces
in sheds, garages, haylofts, or similar premises. If these are then inhaled by humans,
an infection may occur (Nobach et al. 2015). Or is there possibly an
intermediate host? It might be conceivable, for example, that a domestic cat catches
an infected shrew leading to BoDV-1 containing blood and/or tissue residues on its
mouth or paws. If there is a direct contact with a human afterward, e.g., during
cuddling or petting the cat, transmission of BoDV-1 could occur via smear infection.
Another possibility could be the oral transmission of the virus via food contami-
nated, for example, with shrew urine or feces. Further, the uptake of the virus from
the environment via skin lesions seems conceivable (Pörtner et al. 2019). In any
case, first results from ongoing epidemiological studies suggest that transmission
from shrews to humans via a direct contact is rather unlikely (Pörtner et al. 2020).
Exploring and identifying routes of transmission is, however, crucial to prevent
BoDV-1 infections in humans.

Furthermore, it has not yet been possible to clarify with certainty whether there
are other, possibly milder manifestations of BoDV-1 infections in humans than the
known encephalitis. Therefore, it might be worthwhile to conduct seroprevalence
studies in endemic regions where several cases of BoDV-1 have been reported in
humans and/or in animal dead-end hosts.

The question of whether other species besides Crocidura leucodon can be
reservoir hosts for BoDV-1 has also not yet been conclusively clarified. A recent
study, for example, found no evidence that European bats serve as reservoirs for
BoDV-1 (Nobach and Herden 2020). For many other species, however, this still
needs to be ruled out. Therefore, this issue should be the focus of further investiga-
tion, particularly with regard to species closely related to Crocidura leucodon.
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Finally, it should be mentioned that hitherto the regional spread of BoDV-1 in
Germany, Europe, and also worldwide has not been sufficiently investigated. Every
year, encephalitis of unknown cause occurs in almost every region of the world. In
the interest of early detection of encephalitis caused by BoDV-1 (or other, not yet
identified, bornaviruses pathogenic to humans) and the identification of endemic
areas, it seems reasonable to sensitize treating physicians (especially neurologists) to
the possibility of a bornavirus infection. This applies to both human and veterinary
medicine.

Also Beware of Varrigated and Provost’s Squirrels: Human Infections
with VSBV-1
In 2015, it became known that between 2011 and 2013, three breeders of
varrigated squirrels (Sciurus variegatoides) in eastern Germany died of a
newly discovered zoonotic pathogen, the varrigated squirrel bornavirus
1 (VSBV-1) (Hoffmann et al. 2015). Extensive molecular biology and
immunohistological investigations indicate that the breeders had contracted
VSBV-1 from infected squirrels (Hoffmann et al. 2015). Three years later, in
2018, it was retrospectively proven that an animal caretaker, who used to work
in a zoological garden in northern Germany, died of VSBV-1 in 2013 as well.
This person had contracted the disease from Provost’s squirrels (Tappe et al.
2018). In the meantime, VSBV-1 has also been detected in several other
squirrel species (Schlottau et al. 2017a, b). Like BoDV-1, VSBV-1 belongs
to the genus Orthobornavirus in the family Bornaviridae (Hoffmann et al.
2015). At present, it is not clear whether VSBV-1 is present in animals other
than squirrels. Transmission routes of VSBV-1 between squirrels as well as
from squirrels to humans are also currently unknown. The squirrel breeders as
well as the zoo animal caretaker had very close contact with the infected
squirrels; therefore, a direct transmission (e.g., by scratching or biting) is
likely (Hoffmann et al. 2015; Tappe et al. 2018). The infected squirrels
themselves did not show any symptoms of the disease (Hoffmann et al.
2015; Schlottau et al. 2017a, b). Similar to BoDV-1, the infected individuals
developed a severe encephalitis, from which they died after a period of
2–4 months after occurrence of first symptoms (Hoffmann et al. 2015; Tappe
et al. 2018, 2019).
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(Wang et al. 2020). The virus was identified among patients who had pneumonia
and were linked to a wet-seafood market. This virus was initially known as novel
coronavirus 2019 (nCoV-19) and then later was designated as severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) (Gorbalenya et al. 2020).
This chapter summarizes the current understanding of the disease, the emergence
of variants, and outcome.
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50.1 Introduction

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) was initially
described in late 2019 in Wuhan City, China, and was reported to the World Health
Organization (WHO) in December 2019 (Wang et al. 2020). The virus was identified
among patients who had pneumonia and were linked to a wet-seafood market. This
virus was initially known as novel coronavirus 2019 (nCoV-19) and later was
designated as severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
(Gorbalenya et al. 2020). This chapter summarizes the current understanding of
the disease, the emergence of variants, and outcome.

50.1.1 The Virus

SARS-CoV-2 is a member of the β-type of coronaviruses. The coronaviruses are
large, enveloped, positive strand RNA viruses and have four genera (alpha, beta,
delta, and gamma). Human coronaviruses belong to the alpha or the beta genera
(Chan et al. 2015). The initial four known coronaviruses were HCoV-229E, NL63,
HCoV-OC43, and HKU1, and these caused human common cold and gastrointesti-
nal symptoms. Two of these viruses, HCoV-229E and HCoV-OC43, were known
since the 1960s. The HCoV-229E is an alphacoronavirus, and its animal host is
thought to be bats and alpacas as the intermediate host (Crossley et al. 2012). The
HCoV-OC43 is a betacoronavirus, with rodents as the host and cattle as the inter-
mediate host (Corman et al. 2015). The HCoV-NL63 is an alphacoronavirus and
HCoV-HKU1 is a betacoronavirus, and these emerged from bats and rodents,
respectively (Tao et al. 2017; Van Der Hoek et al. 2004; Woo et al. 2005). In
2002, Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) emerged
and caused a limited outbreaks in many countries. The Middle East respiratory
syndrome coronavirus (MERS-CoV) was initially identified in Saudi Arabia in
2012 and had caused limited outbreaks internationally. In 2019, the SARS-CoV-2
was identified initially in Wuhan, China (Lu et al. 2020; Zhu et al. 2020).

SARS-CoV-2 belongs to the coronaviruses, and the 50-end of the genome
includes the replicase gene and has two overlapping open reading frames (ORF).
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These ORF are as follows: ORF 1a and 1b (Decaro and Lorusso 2020) and four
ORFs encoding the common coronavirus structural proteins. These structural pro-
teins are spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins
(Decaro and Lorusso 2020) with different functions (Table 1). The receptor
for the SARS-CoV-2 is the angiotensin 1-converting enzyme 2 (ACE2) (Lan et al.
2020; Shang et al. 2020) (Table 2).

50.2 Zoonotic Origin

The origin of the SARS-CoV-2 had been debated with two possibilities of being a
zoonotic disease or a laboratory escape (Holmes et al. 2021). Phylogenetic analysis
suggests one or more events of contacts with infected animals and/or traders with
multiple spillover events (Holmes et al. 2021; Rambaut et al. 2020). One study found
that SARS-CoV-2 is 96.2% identical to a bat CoV, RaTG13, and share 79.5%
identity (Wrobel et al. 2020).

Zoonotic origin of previous coronaviruses had been studied and specifically for
the previously emerged MERS-CoV and had been reviewed previously (Al-Tawfiq

Table 1 Function of coronavirus structural proteins

Structural
protein Function Host cell receptors

Spike (S) Facilitates viral attachment to host cell
receptors
Fusion between the envelope and plasma
membrane
Inducer of neutralizing antibodies

HLA-A2-restricted CD8 + T
cells (SARS-CoV
and MERS-CoV)
Neutralization antibodies
(SARS-CoV)

Envelope (E) Viral envelope assembly

Membrane
(M)

Type III glycoprotein
Has three parts: amino-terminal
ectodomain, a triple-spanning
transmembrane domain,
and carboxyl-terminal inner domain

Nucleocapsid
(N) proteins

Highly basic phosphoprotein
Needed in the virion
Modulates viral RNA synthesis

CD4 + T cells (SARS-CoV)

Table 2 Comparison between the different coronaviruses

Year
of emergence Infected cells Receptors

SARS-CoV 2002 Epithelial respiratory cells,
T cells

Angiotensin-converting
enzyme 2 (ACE2)

MERS-CoV 2012 Alveolar epithelial cells
and immune cells

DPP-4

SARS-CoV-2 2019 Epithelial respiratory cells,
T cells

Angiotensin-converting
enzyme 2 (ACE2)

50 Severe Acute Respiratory Syndrome Coronaviruses-2 (SARS-CoV-2) 1531



et al. 2014). The first indication of the animal origin was related to the isolation of a
bat coronavirus that resembles MERS-CoV from wild bats in the Kingdom of Saudi
Arabia (Memish et al. 2013). This evidence was based on one piece of
190-nucleotide fragment of the RNA-dependent RNA polymerase (RdRp) from an
Egyptian tomb bat (Taphozous perforatus) (Memish et al. 2013). The amplified
sequenced was identical to that of the MERS-CoV sequence from the first index
human case (Memish et al. 2013). Subsequent studies found high prevalence of
MERS-CoV antibodies in dromedary camels from different regions of the globe,
including the Arabian Peninsula, North Africa, and Eastern Africa (Reusken et al.
2013a, b, 2014; Hemida et al. 2013; Alexandersen et al. 2014; Nowotny and
Kolodziejek 2014; Corman et al. 2014). Anti-MERS-CoV antibodies were found
in camel sera collected in the 1990s (Corman et al. 2014; Hemida et al. 2014a;
Alagaili et al. 2014). In addition to the detection of anti-MERS-COV antibodies,
rt-PCR detected MERS-CoV from samples obtained from dromedary camels
(Alagaili et al. 2014; Hemida et al. 2017; Wernery et al. 2015; Khalafalla et al.
2015; Farag et al. 2015; Stalin Raj et al. 2014; Yusof et al. 2015). Viral cultures also
showed viable MERS-CoV from samples obtained from dromedary camels
(Wernery et al. 2015; Stalin Raj et al. 2014; Hemida et al. 2014b; Briese et al.
2014; Haagmans et al. 2014). Sequence of the MERS-CoV spike, ORF3-4a, and
nucleocapsid regions were identical from asymptomatic human contacts and their
camels (Al Hammadi et al. 2015).

50.3 Clinical Features

All coronaviruses share the ability to cause mild or asymptomatic disease to severe
and fatal illness. For COVID-19, a cohort of initial 41 reported cases showed a case-
fatality rate of 14�6% (Huang et al. 2020a) and 11% of another 99 cases died due to
multi-organ failure (Chen et al. 2020). In a meta-analysis, patients had a mean age of
51 years with 1:2:1 of male to female (Baradaran et al. 2020). The most common
clinical symptoms were studied in a meta-analysis and included 281,461 patients and
found that the mean age was 46.7 years and 51.8% were male (Li et al. 2021). The
rate of severe disease was 22.9% and an overall case-fatality rate of 5.6%. The
associated factors with higher mortality were older age, male gender, diabetes, and
hypertension (Li et al. 2021). Another meta-analysis found that the most common
symptoms were as follows: fever 81.2%, cough 58.5%, fatigue 38.5%, dyspnea
26.1%, and production of sputum 25.8% (Alimohamadi et al. 2020). Patients with
SARS-CoV-2 infection may also have coinfection or superimposed infection. One
meta-analysis included 31,953 patients with an overall pooled rate of a laboratory-
confirmed bacterial infection of 15.9% (95% CI 13.6–18.2), 3.7% (95% CI 2.6–4.8)
had fungal infections, and 6.6% (95% CI 5.5–7.6) had other respiratory viruses
(Alhumaid et al. 2021). There had been multiple studies showing disparity in clinical
outcome and presentation of patients with COVID-19 among different racial and
geographic locations (Tirupathi et al. 2020). The presence of comorbidities was
significantly higher in the Americas than in Asia. Most Asian patients had fever
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(95% CI 0.70–0.81), most Oceanian patients had cough (95%CI 0.68–0.70), and
dyspnea was common in the Americas (95%CI 0.33–0.64), and Europe (95%CI
0.29–0.64) (Tian et al. 2022). The loss of smell and taste were more common among
European patients (95%CI 0.60–0.97) (Tian et al. 2022).

The case fatality rate was estimated to be 0.4% for symptomatic cases, 0.05% for
those 0–49 years of age, and 1.3% for those �65 years (Giannouchos et al. 2020).
The presence of other comorbidities, such as hypertension, obesity, and diabetes,
were common among COVID-19 patients and were independent correlates of
hospitalization and adverse outcomes (Guan et al. 2020a; Docherty et al. 2020).
Adverse events were associated with COPD (HR 2.681), diabetes mellitus (1.59),
hypertension (1.58), and malignancy (3.50). The risk of death was lower in those
with one comorbidity (HR 1.79) compared to those two or more comorbidities
(HR 2.59) (Guan et al. 2020b). The occurrence of comorbidities was as follows:
hypertension (21%), diabetes mellitus (11%), cerebrovascular disease (2.4%), car-
diovascular disease (5.8%), chronic kidney disease (3.6%), chronic liver disease
(2.9%), chronic pulmonary disease (2%), malignancy (2.7%), and smoking (8.7%)
(Baradaran et al. 2020). In another meta-analysis of 2401 COVID-19 patients,
66.6% of the deceased were male, with a median age of 69.9 years (Qiu et al.
2020). The deceased patients were more likely to have thrombocytopenia, higher
C-reactive protein (CRP), and lactate dehydrogenase (LDH) at admission and more
likely to develop acute respiratory distress syndrome (ARDS) (OR¼ 100) and shock
(OR ¼ 96.6) (Qiu et al. 2020). In children, multiple risk factors are also associated
with severe disease and include the following: obesity (RR, 1.43), diabetes (RR,
2.26), chronic lung disease (RR, 2.62), heart disease (RR, 1.82), neurologic disease
(RR, 1.18), and immunocompromised status (RR, 1.44) (Choi et al. 2022).

50.4 Diagnosis

The diagnosis of SARS-CoV-2 relies mainly on real-time PCR of respiratory tract
samples. There are multiple RT-PCR based assays for the diagnosis of SARS-CoV-2.
These tests detects one or more of the subunits of SARS-CoV-2 such as: the E-gene
PCR (specific for bat(�related) betacoronaviruses, and thus detects both SARS-
CoV-1 and SARS-CoV-2), S-gene, ORF1ab, N, or RdRp, in combination (van
Kasteren et al. 2020). In a comparison of 7 RT-PCR tests for the detection of
SARS-CoV-2, all tests detected all samples with the highest concentrations of
SARS-CoV-2 RNA (Ct � 34.5 in an in-house E-gene PCR assay). It was stated
that of all 416 samples in one report, Ct value>34.5 was present in 3.6% of samples
(van Kasteren et al. 2020). Since patients with mild or no symptoms or those during
later stages of the infection may have a lower viral load (Zou et al. 2020), and thus
the choice of the diagnostic PCR tests was limited to those from R-Biopharm AG,
BGI, KH Medical, and Seegene (van Kasteren et al. 2020). The diagnostic accuracy
of routinely used PCR tests are still able to detect different variants such as Delta and
Omicron (World Health Organization 2021a). Omicron variant has a large number of
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mutations in the S including Δ69–70 (Quarleri et al. 2021), and this deletion leads to
a dropout in the TaqPath PCR test (Ferré et al. 2021).

Serologic testing of SARS-CoV-2 relies on the detection of anti-spike (S) protein,
and it is not known which part of the S-protein offers the best site for antibody
development (Petherick 2020). The presence of anti-SARS-CoV-2 IgM antibodies
was detected in 50%–81%, and IgG antibodies were present in 81%–100% of tested
patients (Zhang et al. 2020). The S1 IgG and IgA ELISAs showed lower specificity
and variable sensitivity (Okba et al. 2020). In a meta-analysis, an overall sensitivity
of IgG and IgM was 84.3% for enzyme-linked immunosorbent assays (ELISA),
66.0% for lateral flow immunoassays (LFIAs), and 66% for chemiluminescent
immunoassays (CLIAs) (Lisboa Bastos et al. 2020). In another meta-analysis, the
overall pooled sensitivity was 0.5856 for IgG, 0.4637 for IgM, and 0.6886 for
IgG-IgM based on LFIA tests as compared to rRT-PCR method (Vengesai et al.
2021). It was also found that the sensitivity of commercial kits was 65% compared to
88.2% for noncommercial tests utilizing LFIAs (Lisboa Bastos et al. 2020).

The utilization of N protein as serology was evaluated in 914 sera, and the study
showed that the test had a sensitivity and specificity of 76.27 and 98.78%, respec-
tively (Deng et al. 2021). Another study showed that the positivity rate of S1 and N
antigens was 64.06% of 64 COVID-19 patients (Ogata et al. 2020), and an additional
study found a sensitivity and specificity of 98.4% and 79.3%, respectively, within
the first 2 weeks from symptoms onset (Ahava et al. 2022). Thus, it was suggested
that this type of serology for N protein could be used in the diagnosis of an acute
COVID-19 disease (Le Hingrat et al. 2021; Lebedin et al. 2020).

50.5 Emergence of Variants

The emergence of multiple SARS-CoV-2 variants is of great concern globally
(Temsah et al. 2021). The variants are classified as variants of interest (VOI) and
variants of concern (VOC) (Centers for Disease Control and Prevention (CDC)
2021). VOC refers to variants that have increased transmissibility or virulence,
and VOI refers to those with the potential to cause the disease. According to the
United Sates CDC, VOC is defined as “any variant with increased transmissibility,
more severe disease (as defined by increased hospitalizations or deaths), significant
reduction in neutralization by antibodies generated during previous infection or
vaccination, reduced effectiveness of treatments or vaccines, or diagnostic detection
failures” (Centers for Disease Control and Prevention (CDC) 2021). On the other
hand, the definition of VOI is “any variant with specific genetic associated with
changes to receptor binding, reduced neutralization by antibodies generated against
previous infection or vaccination, reduced efficacy of treatments, potential diagnos-
tic impact, or predicted increase in transmissibility or disease severity” (Centers for
Disease Control and Prevention (CDC) 2021). These mutations that could appear
due to mutation on the RBD and the NTD (Greaney et al. 2021). The Delta variant
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was first identified in India late 2020 and then had spread worldwide and caused a
new wave (Centers for Disease Control and Prevention (CDC) 2021; ECDC 2021).
Delta variant, B.1.617.2, has a high rate of transmission (Yadav et al. 2021). On
November 24, 2021, the WHO was notified of the emergence of the Omicron variant
(World Health Organization (WHO) 2021b, c). The Omicron variant has about
50 mutations including 30 mutations in the S-protein (World Health Organization
2021; Thakur and Kanta Ratho 2021). The estimated re-infection hazard during the
Omicron variant in South Africa was 2.39 (95 CI: 1.88–3.11) vs. the first wave of the
epidemic (Pulliam et al. 2021). There was reduction in the neutralization of conva-
lescent serum against the Beta and Delta variants in comparison to the initial variant
(Liu et al. 2021; Wibmer et al. 2021; Planas et al. 2021).

50.6 Vaccines

Efforts to fight the SARS-CoV-2 have focused on the spike protein, which is crucial
for the virus to enter the cells (Du et al. 2009). The spike protein is divided into an
N-terminal S1 domain, which allows the virus to attach to the host cells through the
angiotensin-converting enzyme (ACE) 2 receptor and a C-terminal S2 domain,
which allows the virus to adhere to the cell membrane (Hoffmann et al. 2020;
Huang et al. 2020b). The S1 domain has two specific domains known as the
N-terminal domain (NTD) and a receptor-binding domain (RBD) (Lan et al.
2020). Most of the vaccines that have been developed and some monoclonal
antibodies that have been used in combatting this virus have specifically focused
on the S domain (Krammer 2020; Baden et al. 2021). Vaccines efficacy depends on
stimulating an appropriate antibody and T cell response to S protein (Krammer
2020). The emergence of the Omicron variant had increased the debate about the
need for COVID-19 vaccine booster dose, as the current dosing regimen might not
provide an adequate antibody response to protect against this variant (Graham 2021).

The neutralizing antibodies against the Omicron variant were reduced at 11.4, 37.0,
and 24.5 times for those who had two or three doses of the BNT162b2 vaccine
(Wilhelm et al. 2021). Additionally, the neutralizing effects from heterologously
vaccinated ChAdOx1 and BNT162b2 were not detected (Wilhelm et al. 2021). Receiv-
ing a booster dose of BNT162b2- vaccine was associated with a significant increase in
the levels of neutralizing antibodies against Omicron variant (Wilhelm et al. 2021).

The results from the inactivated whole-virion SARS-CoV-2 (CoronaVac) vaccine
did not show any detectable neutralizing antibodies against the Omicron variant and
BNT162b2 vaccine showed 35.7–39.9-fold reduction in antibodies activity (Lu et al.
2021). Another study showed 29�eightfold reduction in neutralizing antibodies in
patients who had homologous BNT162b2 vaccine (Dejnirattisai et al. 2021).
Another study showed a 22-fold reduction in neutralizing antibodies in infected-
vaccinated and vaccinated patients (Cele et al. 2021). Thus, there seems to be a need
for booster doses (Burki 2021) and possibly the need to develop a universal
coronavirus vaccines (He et al. 2021; Cohen 2021; Morens et al. 2021).
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50.7 Therapy

The use of convalescent plasma was investigated early in the course of COVID-19.
A meta-analysis included 1138 control and 1231 randomized to convalescent plasma
therapy (Troxel et al. 2022). The mortality odd ratio was 0.88 at day 14 and 0.85 at
day 28 (Troxel et al. 2022). Another meta-analysis showed that convalescent plasma
was associated an overall discharge rate of 75.7% and a lower risk of staying in
hospital with a relative risk of 0.946 (Agarwal et al. 2021).

The use of steroid for COVID-19 patients followed the publication of the
RECOVERY trial and was the landmark for such improvement in the survival of
patients requiring supplemental oxygen. The study used daily dexamethasone at a
dose of 6 mg intravenous or oral (RECOVERY Collaborative Group 2020). The rate
of death was 29.3% vs. 41.4% among those on mechanical ventilation and
23.3% vs. 26.2% among those receiving oxygen, in the dexamethasone
group vs. the control group, respectively (RECOVERY Collaborative Group
2020). A meta-analysis found that all-cause mortality was lower with methylpred-
nisolone (odds ratio [OR]: 0.16, 95% CI: 0.03–0.75] (Cheng et al. 2021).

50.8 Post-COVID-19 Syndrome

The development of persistent symptoms after COVID-19 recovery was noted in
13.3–96% of patients (Chopra et al. 2021; Davis et al. 2021; Sudre et al. 2021;
Norton et al. 2021; Michielsen et al. 2003). The occurrence of such symptoms after
14 weeks was 50.9% (Moreno-Pérez et al. 2021). The exact reasons for the occur-
rence of post-COVID-19 symptoms is not known, and it is thought that the virus
may trigger a substantial immunologic responses (Buonsenso et al. 2021; Kayaaslan
et al. 2021; Menges et al. 2021).

It is also thought that disease severity, age, and comorbidity were associated with
persistent symptoms (Kamal et al. 2021; Tenforde et al. 2020). The most common
post-COVID-19 symptom was fatigue (Chopra et al. 2021; Davis et al. 2021; Sudre
et al. 2021; Norton et al. 2021). In addition, 9.5% and 13.2 may have depression or
anxiety, respectively. In a meta-analysis, the prevalence of depression, anxiety, and
insomnia were 15.97%, 15.15%, and 23.87%, respectively (Cénat et al. 2021).

50.9 Conclusion

The current estimates may be variable depending on the definition used and the time
frame. According to the US CDC, post-COVID conditions include: long COVID;
post-acute COVID-19; long-term effects of COVID; post-acute COVID syndrome;
chronic COVID; long-haul COVID; late sequelae; and post-acute sequelae of
SARS-CoV-2 infection (PASC) (CDC: https://www.cdc.gov/coronavirus/2019-
ncov/hcp/clinical-care/post-covid-conditions.html). According to the US CDC,
“post-COVID conditions are present if recovery does not occur after the 4-week
acute phase even though many patients continue to recover between 4 and 12
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weeks.” In conclusion, the current SARS-CoV-2 pandemic had caused significant
morbidity, mortality, and healthcare disparity. Scientific studies had confirmed the
efficacy and safety of vaccines and the advantage of steroid especially for patients
requiring supplemental oxygen therapy. The continued emergence of SARS-CoV-2
variants is a continued challenge for ending this pandemic.

50.10 Cross-References

▶Hantaviruses in a Global Perspective
▶ Influenza from a One Health Perspective: Infection by a Highly Versatile Virus
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Abstract

First reports on biological warfare date as early as the fourteenth century BC,
while bioterrorism is a phenomenon of modern times. Bioterrorism means the
deliberate release of viruses, bacteria, or other agents used to cause illness or
death in people, animals, or plants. Infectious agents or their toxins, often known
for long as the cause of classical infectious diseases may be used for bioterroristic
purposes, but not all of them are equally suited as biological weapons.

Anthrax, caused by Bacillus (B.) anthracis, a gram-positive spore-forming
rod, is a very long known animal disease with zoonotic potential. The ability to
form endospores makes B. anthracis especially suitable for bioterroristic use as
these endospores are highly resistant to environmental influences, disinfectants,
heat, or radiation and can easily be aerosolized. B. anthracis possesses two main
virulence factors, the anthrax toxin and the ability of capsule formation. Both
virulence factors are plasmid-encoded. Human anthrax manifests itself as
cutanaeous anthrax, alimentary anthrax, inhalational anthrax, and sometimes as
injectional anthrax, especially in intravenous drug addicts.

Tularemia is a zoonosis with a broad host range. Wildlife animals are the main
reservoir for humans. It is especially a disease of hares, rabbits, and other rodents. As
humans are highly susceptible for tularemia, its agent, Francisella (F.) tularensis,
which can be transmitted by arthropod vectors, by contact, by contaminated water or
food, or even by aerosol, is supposed to have a bioterroristic potential, although no
attempts of bioterroristic misuse have been known so far. While the most virulent
subspecies F. tularensis ssp. tularensis is confined to North America, a less virulent
subspecies, F. tularensis ssp. holartica, is widely distributed over the Northern
hemisphere, predominantly over North America, Scandinavia, Russia, and Japan.
Human tularemia is a febrile, inflammatory disease, which starts with unspecific
symptoms like headache, growing pains, fever, chills, and weakness. The further
course of disease depends on the agent’s virulence and its route of entry.

Keywords

Bioterrorism · Anthrax · Tularemia · Bacillus anthracis · Francisella tularensis

First reports on biological warfare date as early as the fourteenth century BC, when the
Hittites sent diseased rams, possibly infected with tularemia to their enemies (Barras
and Greub 2014). Successful attempts of biological warfare with bubonic plague or
small pox are known from medieval times up to the nineteenth century (Barras and
Greub 2014; Oliveira et al. 2020). During World War I and II some countries had
scientific programs for developing biological weapons, but an applicable weapon has
never been delivered (Oliveira et al. 2020). During World War I, the German Reich
tried to infect animals in neutral countries with anthrax or glanders, especially to
hinder the delivery of horses for military use (Mogridge et al. 2010).

The Geneva Protocol for the Prohibition of the Use in War of Asphyxiating
Poisonous or Other Gases and of Bacteriological Methods of Warfare was ratified in
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1925 as a consequence of World War I. In 1972 the Convention on the Prohibition of
the Development, Production and Stockpiling of Bacteriological (Biological) and
Toxin Weapons and on their Destruction (Biological Weapons Convention, BWC)
was signed by more than 100 nations (Barras and Greub 2014; Oliveira et al. 2020).

Bioterrorism means the deliberate release of viruses, bacteria, or other agents
used to cause illness or death in people, animals, or plants. Bioterrorism intends to
initiate mass casualties, terror, panic, social disruption, and economic loss due to
ideological, religious, or political beliefs (Jansen et al. 2014; Barras and Greub
2014; Oliveira et al. 2020; Janik et al. 2019). In the near past Anthrax spores were
used in a bioterroristic raid in the USA (“Amerithrax”) during autumn 2001 shortly
after the attack of 9–11, when letters containing highly concentrated anthrax spores
were sent by mail. Twenty-two cases were reported, 11 of them suffered from
inhalational anthrax with 5 fatalities and the remaining 11 cases were cutaneous
anthrax (Oliveira et al. 2020).

Infectious agents or their toxins, often known for long as the cause of classical
infectious diseases may have a dual use option in using them for bioterroristic
purposes. Therefore it can be quite difficult to discern a naturally occurring outbreak
from the deliberate release of pathogens or their toxins, especially as for the last three
decades outbreak events rose constantly in number and complexity (Barras and
Greub 2014; Koch et al. 2020).

Not all naturally occurring pathogens or their toxins are equally suited as biolog-
ical weapons. The CDC displays three categories of organisms or toxins according to
their easiness of spread, the severity of the illness, and the public and social aspects
following their release. Category A comprises biological agents and toxins, which
can be easily disseminated or transmitted from person to person; result in high
mortality rates and have the potential for major public health impact; might cause
public panic and social disruption and require special action for public health
preparedness such as Bacillus anthracis (anthrax), Clostridium botulinum toxin
(botulism), Yersinia pestis (plague), Variola major virus (smallpox), Francisella
tularensis (tularemia) or filoviruses, arenaviruses, and other hemorrhagic fever
viruses (viral hemorrhagic fevers) (N N 2007; CDC 2021).

In the following, anthrax and tularemia will be presented as examples for
zoonotic bacterial agents with an indwelling bioterroristic potential.

51.1 Anthrax

Anthrax is a very old disease, which is supposed to be mentioned in the Holy Bible
as the fifth plague of Egypt. It has been reported since about 1500 B.C., depicted by
the oldest Hebrew, Greek, and Roman authors (Böhm 1995; Koch 1885). The
etiology of anthrax was proven by Robert Koch in 1876 (Selbitz 2011). Anthrax is
primarily an animal disease, but with a broad host range including man. Especially in
former times lots of people fell ill and often died from gastrointestinal anthrax (Koch
1885). In those days eating anthrax infected animals was a major source of human
infection besides inhalational and cutaneous anthrax.
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51.1.1 Etiology

Anthrax is caused by Bacillus anthracis, a large, facultatively anaerobic, Gram-
positive rod, which is nonmotile and nonhemolytic on blood agar, although a few
strains may show a weak hemolysis under the colony. The bacilli appear as single
rods or in chains, especially in host tissue. Bacillus anthracis grows with flat, dry,
rough, grayish colonies with curved and curled peripheral projections, which give
them a “medusa head”-like appearance. As a non-fastidious organism, Bacillus
anthracis grows well on a broad range of nonselective nutrient media (Picture 1).

Bacillus anthracis belongs to the Bacillus cereus group together with Bacillus
cereus, Bacillus thuringiensis, Bacillus mycoides, Bacillus pseudomycoides, Bacil-
lus weihenstephanensis, Bacillus cytotoxicus, Bacillus toyonensis, and other species
(Ehling-Schulz et al. 2019; Méndez Acevedo et al. 2020). All members share a
closely related phylogeny, a highly conserved genome, and a very similar 16S RNA
sequence (24). Recent genomic analyses reveal a much greater variety among the
Bacillus cereus group, suggesting the existence of at least 57 genomospecies
(Ehling-Schulz et al. 2019; Torres Manno et al. 2020). Thus, it is difficult to discern
those species by mere biochemical means, so that besides phenotypical criteria like
biochemical reactions, motility, penicillin susceptibility, gelatin liquefaction, or
capsule formation under 10% CO2, the detection of virulence plasmids is useful
for species identification (Böhm 1995; Selbitz 2011; Quinn et al. 2011; Markey et al.
2013; Ehling-Schulz et al. 2019). Meanwhile, however, Bacillus cereus strains were
detected, harboring anthrax-like virulence plasmids and causing an Anthrax-like
disease in primates in Cameroon and Côte d’Ivoire as well as cutaneous lesions and
respiratory disease resembling anthrax in metal workers (Ehling-Schulz et al. 2019;
Leendertz et al. 2006; Klee et al. 2006).

Bacillus anthracis possesses the ability to form endospores. These endospores
have a remarkable tenacity towards environmental factors such as heat, cold, dry-
ness, radiation, and a great range of disinfectants. To reduce anthrax spores by 90%
within a minute, temperatures up to 110 �C are necessary (Böhm 1995). The

Picture 1 Bacillus anthracis
on sheep-blood agar
(Incubation 37 �C, 18 h)
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endospore formation is enhanced by oxygen and starts when Bacillus anthracis is set
free from an infected host by bleeding or opening of the carcass. The first endospores
can be detected after 4–10 h and the sporulation process is finished after 24–48 h
(Mogridge et al. 2010). Those endospores remain viable in soil for decades. Under
laboratory conditions a viability of up to 70 years is proven (Böhm 1995). After
inhalation or ingestion the spores are phagocytosed by phagocytes and dendritic
cells and transported to the lymph nodes. Some spores germinate quickly, but others
can remain ungerminated for multiple days (Ehling-Schulz et al. 2019).

51.1.2 Global Distribution

Anthrax was once known all over the world, but national reduction programs in the
first half of the twentieth century like the ban to bury animal carcasses and slaughter
waste as well as vaccination programs have confined anthrax to some endemic
regions in the Mediterranean region, Central and South America, Africa, Asia, and
the Far and Middle East, known as the “anthrax belt” from Turkey to Pakistan. In
North America, northern Alberta and the Northwest territories are endemic regions,
while sporadic outbreaks are reported from northwest Mississippi, southeast Arkan-
sas, and western Texas. However, sporadic cases may occur in nearly all countries
(OIE 2021; WHO 2008; Ehling-Schulz et al. 2019; Pilo and Frey 2018).

51.1.3 Virulence Factors

Bacillus anthracis expresses different minor virulence factors such as phospholi-
pases, proteases, iron uptaking proteins, siderophores, Immune Inhibitor A (InhA),
and Anthrolysin O, which are encoded chromosomally or on plasmids (Mogridge
et al. 2010; Ehling-Schulz et al. 2019; Schacherl and Baumann 2016). Moreover,
virulent strains of Bacillus anthracis possess two major plasmids, pX01 and pX02.
The 182 kb plasmid pX01 contains 217 genes including the three components of
anthrax toxin, PA (protective antigen), EF (edema factor), and LF (lethal factor).
Plasmid pX02 consists of 95 kb with 113 genes including the operon capBCDAE
containing the capsule forming genes (Mogridge et al. 2010; Pilo and Frey 2018).
Bacillus anthracis strains, which bear only one of these two virulence plasmids are
non-virulent or significantly attenuated (Markey et al. 2013). Those attenuated
strains may be used as live vaccines (Böhm 1995).

51.1.4 Anthrolysin O

Anthrolysin O is a cholesterol-dependent cytolysin resembling pore-forming toxins
of other Gram-positive pathogens. It shows lytic effects against phagocytes by
membrane destabilization and weakens the barrier function of epithelial cells
(Ehling-Schulz et al. 2019).
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51.1.5 Immune Inhibitor A (InhA)

InhA is a protease with low specificity thus having different effects. It damages the
blood–brain barrier and contributes to hemorrhagic anthrax meningitis by cleaving
zonula occludens-1 protein. InhA generally supports the spreading of Bacillus anthracis
by degrading host tissue. InhA cleaves the vonWillebrand factor and its regulator
ADAMTS13 promoting coagulopathy. InhA contributes to the activation of acute-
phase response proteins in the liver supporting inflammation and by cleaving BsIA,
an adhesion factor of Bacillus anthracis itself; it modulates adhesion and dissemination
of Bacillus anthracis (Ehling-Schulz et al. 2019; Schacherl and Baumann 2016).

51.1.6 Capsule

The capsule consists of anionic polypeptides, i.e., linear chains of poly-γ-D-glutamic
acid linked to the peptidoglycan of the bacterial cell wall. These long chains exceed a
molecular weight of 400 kDa. They are protease-resistant and confer protection
against the complement system and phagocytosis being poorly recognized by
phagocytes due to their anionic charge. By masking immunogenic surface structures
they prevent the humoral immune response. The capsule is of low immunogenicity
itself. Shedding capsule poly-γ-D-glutamic acid into the bloodstream during infec-
tion leads to the production of inflammatory cytokines and contributes to the
systemic inflammation at the terminal state of the infection. The capsule is expressed
especially within the host. These conditions can be mimicked during culture,
growing the bacteria on bicarbonate agar under enhanced CO2 partial pressure
(5–10%). This yields very moist and even slimy colonies – a phenomenon unique
to Bacillus anthracis compared to other members of the Bacillus cereus group.
Bacillus anthracis tends to lose the capsule coding plasmid pX02 easily, especially
when growing in rich soil (Böhm 1995; Quinn et al. 2011; Markey et al. 2013;
Mogridge et al. 2010; Ehling-Schulz et al. 2019; Pilo and Frey 2018).

51.1.7 Anthrax Toxin

The production of anthrax toxin is also enhanced by a higher CO2 pressure (5–10%)
and temperatures of about 37 �C. The highest toxin production occurs during the late
logarithmic growth phase. Anthrax toxin consists of two binary components, lethal
toxin and edema toxin. Both toxins are formed with lethal factor (LF, 90 kDa) or
edema factor (EF, 89 kDa) as the enzymatic component and protective antigen (PA,
83 kDa), which is the receptor-binding subunit (Mogridge et al. 2010). PA recog-
nizes two cell receptors, the capillary morphogenesis genes 2 product (CMG2 or
ANTXR2) and the tumor endothelial marker 8 (TEM8 or ANTXR1) and is cleaved
after binding by a furin-like protease. The resulting 63 kDa protein forms heptamers
or octamers in the host cell membrane, which LF or EF binds to. These complexes
are internalized by endocytosis and LF or EF is set free in the cytosol by
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conformational changes of PA due to the acidic environment in the endosome (Pilo
and Frey 2018).

Edema toxin is a calcium- and calmodulin-dependent adenylate cyclase. Its
catalytic rate exceeds this of mammalian adenylate cyclases 100fold. Disturbing
cellular signaling pathways edema toxin has numerous effects like impairing the
phagocytic abilities of phagocytes and altering their cytokine production, causing
necrosis in some tissues or decreasing the circulation of the lymphocyte population.
High concentrations of cAMP promote water efflux from affected cells into the
surrounding tissue effectively causing massive edema (Mogridge et al. 2010; Pilo
and Frey 2018).

Lethal toxin is a zinc-dependent metalloprotease, which interferes in cellular
signaling pathways impairing numerous cellular functions of immune cells. The
inactivation of some MAPKK kinases (mitogen-activated protein kinase kinases)
leads to excessive release of cytokines, apoptosis, hypoxia, and necrosis. Lethal
toxin induces cell death in macrophages, dendritic cells, and neutrophils as well as in
lung epithelial cells and endothelial cells (Mogridge et al. 2010; Ehling-Schulz et al.
2019; Pilo and Frey 2018).

51.1.8 Host Range

Anthrax is a disease with a broad host range. It is primarily an animal disease with
ruminants, especially cattle, sheep, and goats being highly susceptible. Reports of
anthrax in buffaloes, horses, camels, elephants, rein deer, and other domesticated or
wild living herbivores are not seldom either.

Carnivores and humans are moderately susceptible, while pigs are of low sus-
ceptibility. Most birds are nearly unsusceptible, but rare reports on the disease in
ostriches, ducks, or birds of prey exist (Böhm 1995; Selbitz 2011).

51.1.9 Epidemiology

Soil is the natural reservoir of endospores being formed during the decomposition
of carcasses of animals that have died of anthrax. The endospores remain soil-
bound and infectious for decades due to their high tenacity toward environmental
factors. Endospores from animal carcasses having been buried can reach the
surface during heavy rain and flooding of pastures after years and even decades
and become a source of infection again. Herbivores catch the infection by inhala-
tion of aerosolized endospores or their ingestion during grazing. Carnivores are
infected by devouring infected animals or their carcasses. Anthrax is not a conta-
gious disease. It can barely be transmitted from an infected animal to another
except by direct contact with body fluids, especially blood, which is shed by
animals near agony. Biting insects or flies are discussed as vectors and are made
responsible for explosive outbreaks. Transfer to different regions is supported by
human activities like trade with animal products as hides, wool, bone meal, or meat
meal (Selbitz 2011; Mogridge et al. 2010; WHO 2008).
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51.1.10 Infectious Dose

LD50 ranges from <10 spores in susceptible herbivores to 107 spores in less
susceptible animals, when administered parenterally. The normal way of infection
is inhalation or ingestion of endospores, hereby the infectious dose even in suscep-
tible animals is in the order of tens of thousands endospores (WHO 2008).

51.1.11 Disease in Animals

The incubation period is 3 to 5 days with a range between 1 and 14 days.
Ruminants predominantly fall ill with septicemic anthrax, often suffering from

sudden death within minutes or hours. The acute illness is highly febrile (fever above
40 �C) and shows signs of severe disease like apathy, dyspnea, tremor, colics, cramps,
and cyanosis. Near agony there is shedding of dark, non-coagulable blood from
mouth, nose, anus, and with the urine. This blood contains lots of sporulating bacilli
and is highly infectious. Death occurs within about 12 h. In some cases prolonged
forms occur with edema, colic, dyspnea, and indigestion (Böhm 1995; WHO 2008).

Horses normally show an acute disease with high fever (40–41 � C), dyspnea,
cyanosis, and colics. Hemorrhages, bloody diarrhea, and local, necrotizing swellings
are described. Near agony bleeding from different orifices may be seen. Death occurs
within 1–3 days (Böhm 1995; WHO 2008).

Septicemic anthrax with an incubation period of 2–4 days is seldom in the pig.
Normally, aching, pharyngeal swellings with fever, pharyngitis, dyspnea, and edema
develop. Black, necrotizing nodules may be seen in the mucosa and the skin
(pharyngeal form). Icterus, vomiting, and diarrhea are signs of intestinal anthrax.
Lethality is much lower in the pig compared to ruminants and horses. Chronic,
localized anthrax with no clinical signs is possible and the infection is only detected
at the slaughterhouse (Böhm 1995; WHO 2008).

Carnivores may fall ill with septicemic anthrax with an incubation period of
2–6 days and fever up to 40 �C. They die within hours or a few days with symptoms
similar to those of ruminants. Dogs are considered much more resistant than cats.
Subacute cases show diarrhea, edema predominantly in the laryngeal area or the
mouth with central necrosis. Death occurs within 3–5 days. Minks are very suscep-
tible to anthrax showing septicemic anthrax with a mortality up to 100%, depending
on the level of feed contamination (Böhm 1995).

51.1.12 Human Anthrax

Humans are much less susceptible than herbivores. The infectious dose (ID50) is
estimated to be thousands or tens of thousands endospores (WHO 2008). Infection
occurs by contact to infected animals or contaminated animal products (WHO 2008;
Bauerfeind et al. 2013). Thus, human anthrax is more or less an occupational disease of
farmers, veterinarians, butchers, slaughterhouse workers, or workers in the fur, leather,
or wool industry, and also of transport or dock workers (Bauerfeind et al. 2013).
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Endospores penetrate through small wounds or by inhalation. Ingestion by eating
infected meat is of little importance nowadays, but was in former times a major route
of transmission. Human anthrax manifests itself as cutanaeous anthrax, alimentary
anthrax, or inhalational anthrax (Koch 1885; WHO 2008; Bauerfeind et al. 2013).

More than 95% of cases are cutaneous anthrax. The incubation period is 2–5 days
with a range from ½ to 17 days. The endospores penetrate through little skin lesions
or wounds and germinate. The disease starts with local reddening, followed by the
formation of a papule, which becomes a vesicle within 12–24 h, containing serous or
putrid liquid. After a week there is a marked edema with swollen edges while the
center necrotizes and a characteristic blue-black eschar is formed. The local process
is painless, but pain and fever occur when the regional lymph nodes are affected
(WHO 2008; Bauerfeind et al. 2013).

Alimentary anthrax has an incubation period from 1 to 7 days. Symptoms are loss
of appetite, vomiting, and nausea, later abdominal cramps, hematemesis, and bloody
diarrhea with gut necrosis, ulceration, and ascites. The mesenterial lymph nodes are
heavily involved. The clinical picture is that of an acute abdomen (WHO 2008;
Bauerfeind et al. 2013).

Ingestion of endospores may cause oropharyngeal anthrax with sore throat,
dysphagia, regionary lymphadenopathy, and a marked edema of the throat together
with a pseudomembranous inflammation of the tongue and the tonsils (WHO 2008;
Bauerfeind et al. 2013).

Inhalational anthrax is the most severe form of human anthrax. The ID50 is
estimated as 8.000–50.000 endospores. The incubation period is 4–6 days. There
is a preset of unspecific, influenza-like symptoms like malaise, cough, sore throat,
and fever, followed by worsening dyspnea, headache, sweating, high fever,
tachypnea, tachycardia, pleural effusion, cyanosis, disorientation, and, finally,
coma and shock. There is massive involvement of the pleural lymphatic system
leading to lung congestion and interstitial edema aggravated by toxin-mediated
endothelial damage of lung capillaries (WHO 2008; Bauerfeind et al. 2013).

Since 2009, a special form of human anthrax – injectional anthrax – was seen in
intravenous drug addicts. It is supposed that the injection of heroin contaminated
with anthrax endospores sets a severe soft tissue infection of muscle, fasciae, and
connective tissues around the injection site. The patients develop a severe local
inflammation with swelling, reddening, edema, abscessation, necrotizing fasciitis,
and compartment syndrome with nausea and dyspnea. The local infection may
generalize to septicemic anthrax with a very poor prognosis (Bauerfeind et al.
2013; Holzmann et al. 2012; Ramsay et al. 2010). The first cases were detected in
Scotland. From December 2009 to December 2010 there were 119 cases of
injectional anthrax in intravenous drug users in Scotland of whom 14 people died.
Another five cases with four fatalities were reported from England and two cases
from Germany (N N 2011). Since June 2012 there were 14 further cases: four in
Germany, two in Denmark, one in France, and seven in the UK (one in Scotland, five
in England, and one in Wales). Six of these cases were fatal (ECDC 2014).

All known manifestations may lead to septicemic dissemination and anthrax
meningitis with fever, somnolence, myalgia, nausea, vomiting, cramps, delirium,
and toxic shock (WHO 2008; Bauerfeind et al. 2013).
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51.1.13 Diagnosis

The diagnosis of anthrax comprises clinical symptoms and clinical tests together
with laboratory tests. Besides the microscopic detection of Gram-positive, spore-
and capsule-forming rods in chains directly from infected tissue or blood, the most
important test is the isolation of the agent by culture. Culture from infected tissue
should always be combined with a PCR for both virulence plasmids as an antibiotic
pretreatment may effectively kill the bacteria so that culture alone may yield false
negative results. Isolates may be identified and further characterized by biochemical
differentiation in combination with other morphological parameters, MALDI-TOF,
immunofluorescence, or other antibody techniques and molecular methods to detect
anthrax-specific chromosomal sequences and plasmid-located toxin and capsule
genes or reveal the clonal descent of the isolated strain. A special bacteriophage
(γ-phage) may be used to identify anthrax strains (WHO 2008; Bauerfeind et al.
2013; Pilo and Frey 2018). Meanwhile, Bacillus cereus strains are known to harbor
anthrax-like virulence plasmids and cause an anthrax-like illness (Ehling-Schulz
et al. 2019; Leendertz et al. 2006; Klee et al. 2006).

51.1.14 Therapy

Bacillus anthracis is a bacterium with a wide susceptibility against antibiotics.
β-lactam-antibiotics, streptomycin, tetracyclins, erythromycin, clindamycin, or cip-
rofloxacin are recommended for treatment (Selbitz 2011; WHO 2008; Bauerfeind
et al. 2013).

51.2 Tularemia

Tularemia is a zoonosis with a broad host range. The disease was first described by
McCoy in rodents in 1911 and in 1914 in humans (Pilo 2018). Wildlife animals are
the main reservoir for humans. It is especially a disease of Lagomorpha (especially
hares and rabbits) and rodents. As humans are highly susceptible for tularemia, its
agent, Francisella tularensis, which can be transmitted by aerosol, is supposed to
have a bioterroristic potential, although no attempts of bioterroristic misuse have
been known so far.

51.2.1 Etiology

Francisella tularensis are small, coccoid, pleomorphic, Gram-negative rods. They
are strictly aerobic, oxidase-negative, weakly catalase positive and non-motile. Their
cell wall is rich in lipids and gives them a high tenacity in the environment allowing
Francisella tularensis to survive in soil, mud, or water for weeks and even months
(Markey et al. 2013; Bauerfeind 2011).
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As fastidious organisms they need rich, cysteine supplemented media, e.g.,
cysteine-heart agar with chocolatized blood, chocolate agar with Iso-VitaleX,
Thayer-Martin agar, or Martin-Lewis agar. Antibiotics should be added to suppress
the contaminant flora (Picture 2). The incubation under 5% CO2 supports the growth
of Francisella spp. The incubation period should be at least 48 h and be extended to
10 days (Markey et al. 2013; Müller et al. 2013; Bauerfeind 2011).

Francisella (F.) is the only genus of the family Francisellaceae. It comprises the
species F. tularensis, F. hispaniensis, F. noatunensis, F. philomiragia, and
F. halioticida. The last three species are linked to water and sometimes isolated
from fish. F. tularensis consists of four subspecies, i.e., F. tularensis ssp. tularensis
(type A), F. tularensis ssp. holarctica (type B), F. tularensis ssp. Mediasiatica, and
F. tularensis ssp. novicida, which share large genetic homogeneity of more than
98%. The four subspecies differ especially in geographical distribution and patho-
genicity, and also in biochemical activities and host specificity (Markey et al. 2013;
Larson et al. 2020; Pilo 2018). F. tularensis ssp. tularensis is separated in the
subtypes A.I and A.II with subtype A.I being the most virulent. For F. tularensis
ssp. holarctica 3 biovars are proposed: biovar I (erythromycin sensitive), biovar II
(erythromycin resistant), and biovar japonica, which can ferment glycerol (Markey
et al. 2013; Müller et al. 2013; Larson et al. 2020; Pilo 2018). F. tularensis ssp.
tularensis is the most virulent subspecies and therefore classified into risk group
3, while the other subspecies belong to risk group 2.

51.2.2 Virulence Factors

The virulence factors of F. tularensis are poorly understood yet. F. tularensis form a
capsule of polysaccharides identical to the O antigen. The capsule is responsible for
serum resistance and important for the virulence of F. tularensis. In the host they live
inside macrophages. They can manipulate the host’s immune response by phase
variation of their lipopolysaccharide (LPS), concerning the O antigen and the lipid A

Picture 2 Francisella
tularensis ssp. holarctica,
isolated from a European hare
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moiety. The LPS of F. tularensis differs from that of other Gram-negative bacteria.
Francisella-LPS is tetraacylated instead of hexaacylated, has longer fatty acids with
16–20 carbons, and a reduced or no lipid A phosphorylation. Francisella-LPS does
not induce interleukin 1-release from mononuclear cells and poorly induces tumor
necrosis factor. As other intracellular pathogens they modulate the phagosome
biogenesis, hinder them from fusion with lysosomes, and escape to the cytoplasm
(Rowe and Huntley 2015; Markey et al. 2013). F. tularensis as an intracellular
pathogen is called a “stealth” pathogen, which manipulates the immune system,
host cell entry, and intacellular pathways to limit inflammation and promotes its
intracellular survival (Rowe and Huntley 2015).

51.2.3 Epidemiology and Geographical Distribution

F. tularensis is widely distributed over the Northern hemisphere, predominantly in
North America, Scandinavia, Russia, and Japan (Markey et al. 2013). F. tularensis
ssp. tularensis mainly occurs in North America with some findings of probably
imported cases in Austria and Slovakia. Type A.I strains are found throughout the
United States, while type A.II strains seem to be confined to the western regions of
the USA. F. tularensis spp. holarctica – the less virulent variant – is distributed over
North America, Europe, Siberia, Israel, Iran, and Asia. F. tularensis ssp.
mediasiatica is confined to Central Asia, while F. tularensis ssp. novicida can be
found in North America, Spain, and Australia (Markey et al. 2013; Bauerfeind et al.
2013; Larson et al. 2020).

F. tularensis has been isolated from about 250 wildlife animal species, which
serve as natural reservoir for humans. The most important host animals are hares,
rabbits, squirrels, voles, mice, rats, beavers, and other rodents, but also deer, foxes,
bears and other carnivores, and birds as well as reptiles and amphibians or fish may
be infected (Markey et al. 2013; Bauerfeind et al. 2013). Biting arthropods play a
vital role in the transmission of F. tularensis. These include flies, mites, mosquitoes,
lice, fleas, and especially ticks, of which some species may transmit the agent
transovarially and are thus a natural reservoir themselves (Markey et al. 2013;
Bauerfeind et al. 2013; Bauerfeind 2011). Aquatic protozoae are discussed as
reservoirs, too (Bauerfeind et al. 2013; Bauerfeind 2011; Larson et al. 2020).

Tularemia is transmitted to man by direct contact with infected animals, their
excretions, and organs or by bites. Further sources of infection are contaminated
water or food and biting arthropods. Aerosol transmission may occur by processing
agricultural products. The agent invades the host through small lesions of the skin or
through the conjunctivae or the mucosae of the upper gut or respiratory tract
(Markey et al. 2013; Bauerfeind et al. 2013; Bauerfeind 2011; Larson et al. 2020).

Human tularemia is an occupational disease, especially for hunters, butchers,
cooks, or agricultural and forest workers. Carnivores, especially cats, may transmit
the disease to humans, while dogs are relatively resistant (Markey et al. 2013;
Bauerfeind et al. 2013; Bauerfeind 2011). Most human infections occur while
treating and preparing hunted hares. A direct human-to-human transmission has
not been described yet (Bauerfeind 2011).
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51.2.4 Infectious Dose

The infectious dose for inoculation into wounds is with 10 bacteria very low,
followed by an infectious dose of 10–50 bacteria for inhalation and about 108

bacteria for ingestion (Bauerfeind et al. 2013).

51.2.5 Disease in Animals

Animals develop an acute or chronic general disease with a wide range of symptoms
from mild, regionary lymphadenopathy to acute septicemia. Further signs are
depression, anorexia, fever, vomiting, diarrhea, lymphadenomegaly, ulcers, and
hemorrhage (Markey et al. 2013; Bauerfeind 2011). Outbreaks with high morbidity
and mortality are seen in hares. The main organs infected are lymph nodes, lung,
pleura, spleen, liver, and kidneys, where miliary, whitish to yellowish necroses are
formed, which resemble pseudotuberculosis lesions. In sheep, late abortions or the
birth of weak lambs are described (Bauerfeind 2011).

51.2.6 Human Tularemia

The incubation period is 3–10 days with a range of 1–21 days. The disease lasts
for 2–3 weeks without treatment and is followed by a long phase of
reconvalescence. The case fatality rate is 4–6%, with sepsis up to 30% despite
treatment. Infections with F. tularensis ssp. holarctica take a lighter course than
those with F. tularensis ssp. tularensis. The disease normally leaves life-long
immunity (Bauerfeind 2011).

The disease starts with unspecific symptoms like headache, growing pains, fever,
chills, and weakness. The further course of disease depends on the agent’s virulence
and its route of entry.

The ulceroglandular form starts with a red papule at the site of entry, which
undergoes necrosis and finally forms an ulcus. The regionary lymph nodes (often
axillary or inguinal lymph nodes) are swelling and develop purulent inflammation
and abscessation. If the local skin necrosis is missing, the disease is known as
glandular form.

Invasion through the conjunctivae results in a heavy conjunctivitis with lymph-
adenopathy (oculoglandular form).

The oropharyngeal form manifests with stomatitis, pharyngitis, tonsillitis, and
otitis with involvement of the cervical lymph nodes.

Pneumonia and pleuritis with retrosternal pain is characteristic for the pneumonic
form, while nausea, vomiting, diarrhea, intestinal pain, and gastrointestinal hemor-
rhage are symptoms of the gastrointestinal form.

The typhoidal or septic form shows high, continuous or intermittent fever,
chills, headache, meningitis, myalgia, apathy, diarrhea, intestinal pain, hepatosple-
nomegaly, renal failure, and shock with multiple organ failure (Markey et al. 2013;
Bauerfeind 2011).
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51.2.7 Diagnosis

Tularemia should be suspected when the above mentioned clinical symptoms meet
an anamnesis of contact to wildlife animals. The diagnosis is proven by bacterio-
logical examination or serological tests. Clinical specimens like swabs from ulcers,
wounds or conjunctivae, pus, bioptates, or sputum are cultured. Importantly,
Francisella tularensis does not grow on normal media, but needs special, cysteine
supplemented media. The culture is not always successful; therefore PCR from
clinical specimen should be undertaken in parallel, if tularemia is suspected. Isolates
are differentiated by immunofluorescence or by PCR. Molecular methods including
16S rRNA sequencing are used to determine species and subspecies (Markey et al.
2013; Bauerfeind et al. 2013; Bauerfeind 2011).

51.2.8 Therapy

Francisella tularensis may be resistant to β-lactam antibiotics, azithromycin, and
macrolides. They are susceptible to aminoglycosides, fluorquinolones, tetracyclines,
and chloramphenicol. In therapy for humans, gentamicin, streptomycin, ciprofloxa-
cin, or doxycycline is recommended (Markey et al. 2013; Bauerfeind et al. 2013;
Bauerfeind 2011).
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Abstract

Most of emerging infectious diseases affecting humans are of animal origin and
transmitted under natural circumstances from either, wild or domestic vertebrate
animals giving the way of zoonotic infection or epidemics. Zoonotic diseases
carry a common ancient history between human and animals as a result of
pathogen exchanges involving transgression of the species barrier. Nowadays,
several agents have been targeted for their potential to be a major risk for human
and animal populations and, have been characterized by their potential to be
highly pathogenic and/or transmissible, and lacking of any means of protection.
Those agents have been listed as “Select Agents” having the potential to pose a
severe threat to both human and animal health, as well as to animal and plant
products. Several of the most dangerous agents responsible of viral hemorrhagic
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fever are review in this chapter including: Ebola virus, Marburg virus, Rift valley
fever virus, Kyasanur forest virus, Omsk hemorrhagic fever virus, Alkhurma
hemorrhagic fever virus.

Keywords

Hemorrhagic Fever · Severe Acute Respiratory Syndrome · Rift Valley Fever ·
Rift Valley Fever Virus · Venezuelan Equine Encephalomyelitis Virus

52.1 Introduction

More than 75% of recently emerging infectious diseases affecting humans are of
animal origin; about two third of all human pathogens have an animal source as a
natural reservoir (Taylor et al. 2001). The nosologic term of “Zoonosis” has been
crafted to gather all transmissible diseases harboring a potential to infect both human
and animal (Palmer et al. 2001). Zoonosis (i.e. zoonotic diseases) are transmissible
diseases between animals and man with an infectious (microbes and prions) or
parasitic origin. In another term, a zoonotic disease represents any animal disease
communicable to human and/or vice versa. Ultimately, zoonosis can be transmitted
from animals to humans, directly or indirectly, sometimes by a vector or an inter-
mediate host, or also from humans to other animals. This is considered as reverse
zoonosis and called anthroponotic disease, or zooanthroponosis. Zoonoses can be of
viral (Yellow Fever, HIV, hantavirus), bacterial (tularemia, leptospirosis, lyme dis-
ease), rickettsial (Q-fever), fungal (aspergillosis, histoplasmosis), parasitic (giardia-
sis, cryptosporidiasis), or prions (Creutzfeldt–Jakob disease) origins. Also the
mechanisms of transmission are the main factors driving the risk of human infection.
Infectious agents are transmissible under natural circumstances from wild or domes-
tic vertebrate animals to humans. They can also be transmitted from animal products
causing foodborne diseases, e.g., Escherichia coli O157:H7, Campylobacter,
Calicivirus, or Salmonella.

The origin of zoonotic diseases occurred probably when humans came in close
contact (scavenging or hunting) with wild animals. Indeed, several zoonoses have been
known since early prehistoric times. The first hominids were in direct contact with
animal groups which previously appeared on Earth some 540 million years ago (ya.).
The history of mankind, starting with Australopithecus, begins about 5 million
ya. and coincides with the first contact and potential of microbe exchanges between
fauna and this human precursor. Also, one of the most ancient hominids, Australo-
pithecus, was not hunter, but a pretty game (!) hunted by large and powerful
carnivorous. Also sick and infected individuals were eaten by such large predators,
and human epidemics turned short (Debré and Gonzalez 2013). Earlier Homo
species from the Pleistocene era (2.6 million–11,700 ya.) utilized larger animals
for subsistence (Rabinovich et al. 2008) including mammoths, long horned bisons,
saber-toothed cats, giant ground sloths, among others mammals of North America,
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Asia, and Europe. It is quite acceptable that these creatures were able to exchange
their parasites, e.g., intestinal and blood parasites or fur ectoparasites, with humans.

Hunting remained a crucial component of hunter-gatherer societies before the
domestication of livestock and the dawn of agriculture 11,000 ya. First attempts to
domesticate dogs, goats, and sheep, occurred as early as 15,000–9000 ya., giving rise to
domestic zoonotic parasitic disease. Ultimately, about 1000 ya., 22 species were
domesticated including dog, goat, sheep, cattle, camel, pigs, and chicken. Later, during
the Neolithic period, when agricultural practices appeared, domestication was well
under way supporting the appearance of e.g., flea-or louse-transmitted bacterial zoo-
noses or pyogenic infections after contact to wild and domestic animals Domestic
animals. In fact, in prehistoric times, when human populations were organized in small
tribes with a limited number of 100–200 individuals, the human population was
actually an accidental victim of infectious diseases, developing rapidly an herd immu-
nity and leaving the pathogens to infect and survive in the more abundant animal
populations (e.g., anthrax, rabies, tularemia, cysticercosis) (Debré and Gonzalez 2013).

Indeed, zoonotic diseases carry a common history between human and animals as
a result of pathogen exchanges involving a transgression of the species barrier.
Altogether, such events occur in a variety of situations involving different hosts,
vectors, the pathogens natural cycle’s, and the ability of a pathogen to target specific
host cells or organs sharing some structural identity between taxonomically distant
species (i.e.: human to non-human mammal species).

52.1.1 Zoonotic Risk

Essentially, a zoonotic risk exists and increases with the frequency of contact
between infected animals and uninfected permissive human hosts, as well as with
the capacity of a pathogen to infect both.

Transgressing the Species Barrier The pathogen species-jumping ability is rele-
vant from wild as well as domestic animal species that can transmit their own
microbes to human. The species barrier can easily be violated when species are
sympatric and/or taxonomically closely related (e.g.: Arenavirus and different rodent
species). Although some pathogens have a high infectious specificity and are usually
restricted to infect one host species, some of them can pass the species barrier after a
mutation or genetic re-assortment (e.g.: the SARS coronavirus from chiropteran to
Palm civet, avian influenza from bird to pig) Influenza:avian and/or after an alter-
ation of the permissive host (e.g., due to immunodeficiency). Ultimately, zoonotic
diseases result from parasites, sensu lato, that can live apparently harmlessly in a
natural host while producing disease upon entry into a different host. Some prom-
inent examples are e.g., HIV having a non-human primate origin and influenza
viruses generated from pig and bird viruses after genetic re-assortment, both subse-
quently evolving to be adapted to a human-to-human virus transmission.
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Disease Emergence in Humans A variety of classical human viral diseases are
suspected to be the consequence of such a virus jump from animal to human. The
origin of such species-jumping leading to disease emergence in the human
population takes place in different situations generally associated with human
behavior. As mentioned above, the first pathogen exchanges between humans and
animals probably occurred sequentially from hunting wild animals to animal
domestication.

For example, it is hypothesized that the following diseases originated from either
domestic and wild animals: smallpox from rodents more than 10,000 ya., common
cold rhinovirus from cattle more than 4000 ya., influenza from pigs more than
8000 ya., measles from cattle plague 300 ya., HIV from non-human primates
(NHP) less than 100 ya (Hughes et al. 2010).

Human Population at Risk While many of the zoonotic microbial agents (e.g., the
bacteria causing tuberculosis or diphtheria) are resident in domestic mammals and
birds, farmers, breeders and all those involved in food animal production are at risk,
since the growing contact between humans and wildlife clearly increases the zoo-
notic risk (e.g., the example of Ebola fever) (Daszak et al. 2000). Wildlife. This can
be caused either by encroachment of human activity into wilderness areas or by
movement of wild animals into areas of human activity (Artsob 2004).

There are undoubtedly many zoonotic agents waiting in Nature that have the
potential to be introduced into humans. Among animal reservoirs with a high and
manifest risk for zoonotic transmission are the NHP because of their genetic
closeness to humans (Gonzalez et al. 2013) and pigs because of the similarity of
their digestive, respiratory and immune systems with the human ones (Martien
et al. 2012).

Besides the “natural” risk of an emergence of a certain zoonosis that is directly
linked to pathogen evolution (i.e.: change in pathogenicity) and ecology (e.g.,
extreme weather events, natural catastrophies, climate change) Climate change,
more cryptic threats exist and are a cause of concern: the possibility of zoonotic
emergence from xenotransplantation from an infected animal biological product
(Allan 1996) and the deliberate release of infectious agents into human or animal
populations by people (Atlas 2001).

Altogether, most of the factors involved in zoonotic emergence are of human
origin, e.g., occupational (poaching, hunting, butchering), due to individual behavior
(pets, eating bush meat), by man-made environmental changes (landscape fragmen-
tation, protected area parks and recreational activities), or through social behavior
(migration).

52.1.2 Biosecurity

Biosecurity is a set of preventive measures designed to reduce the risk of infection
by multiple actions (quarantined pests, contain invasive alien species, master viable
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genetically modified organisms [GMO], identify pathogen genetic shift, etc.) mod-
ulated by the foundations of risk in line with the assessment of biological risk. To this
end, scientific research became the principal actor in a complex process aimed
at understanding and mastering the emergence of pathologies (Gonzalez and
Fair 2013).

Risk Assessment The biological risk can be either of natural (i.e.: the random
encounter of the pathogen, the natural host and human), accidental (i.e.: unex-
pected “spill over” of the pathogen that infect another host including human), or
deliberate origin (i.e.: an individual – criminal – or a group – terrorist – undertak-
ing taking action to infect human or animals). Preventive measure needs a risk
assessment with respect to the identified pathogen and its potential to target human
and animal (or vector) populations. Several pathogens have been identified as
particularly dangerous in that matter regarding their intrinsic characteristics. Ulti-
mately, human and animal populations can consequently be identified concerning
their vulnerability to the agent (i.e.: pathogenicity and occurrence in the same
environment) (Table 1).

Select Agents Several classes of diseases and agents have been identified as
presenting a particular high level of danger including hemorrhagic fever of viral or
bacterial origin, infectious neurological syndromes, severe respiratory syndromes
among others. Also, regarding the pathogenicity of infectious agents (virulence) and
infectiousness (potential to spread) with respect to the risk for either the general
human population or laboratory workers, they have been classified as P3–4 level of
containment agents (Richmond and McKinney 1999).

For practical reasons, several agents have been targeted for their potential to be a
risk for human and animal populations and characterized according their potential to
be highly pathogenic or to be highly transmissible – in particular by aerosols – and
the lack of any means of protection, e.g., by a vaccine. Those agents have been listed
by HHS and USDA as “Select Agents” having the potential to pose a severe threat to
both human and animal health, (potentially plant health), or to animal and plant
products. Among these 45 Select Agents (33 viruses and 12 bacteria) 31 (69%) are
zoonotic, while the remaining are known to infect only animals (Table 2) (http://
www.selectagents.gov/Select%20Agents%20and%20Toxins%20Exclusions.html).

Risk Mitigation and International Perspective Major factors have to be taken in
account in order to reduce the risk of transmission between animals and humans.
Besides reducing the direct contact among the two populations, tools and strategies
to fight zoonoses has to be specifically developed. Select Agents have to be
surveyed for their emergence, circulation and evolution. Highly pathogenic agents,
as well as Select Agents, have to be diagnosed and handled by well-trained
workers in certified appropriate laboratory structures (P3 and P4 laboratories,
etc.) and their circulation controlled (i.e.: shipping, transferring from one labora-
tory to another, etc.).
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52.2 Highly Pathogenic Viral Zoonoses

52.2.1 Viral Hemorrhagic Fevers (VHF)

Viral Hemorrhagic Fevers (VHF) appear as a whole clinical entity characterized by
(high) fever and bleeding that can progress to shock and death. The first severe VHF
identified was the Ebola Hemorrhagic Fever (1976), although the Marburg virus

Table 2 Common human and animal highly pathogenic viruses

HHS select agents
(zoonotic) USDA select agents (not zoonotic)

Virus Bacteria/Rickettsia Virus
Bacteria/
Rickettsia

Chapare Bacillus anthracisa African horse
sickness

Mycoplasma
capricolum

Crimean-Congo
haemorrhagic fever

Brucella abortus African swine
fever

Mycoplasma
mycoides

Eastern equine encephalitis Brucella melitensis Avian influenza

Ebolaa Brucella suis Classical swine
fever

Guanarito Burkholderia malleia Foot-and-mouth
diseasea

Hendra Burkholderia
pseudomalleia

Goat pox

Junin Coxiella burnetii Lumpy skin
disease

Lassa fever Francisella
tularensisa

Newcastle disease
virus

Lujo Rickettsia
prowazekii

Peste des petits
ruminants

Machupo Yersinia pestisa Rinderpest virusa

Marburga Sheep pox

Monkeypox Swine vesicular
disease

Nipah

Kyasanur forest disease

Omsk hemorrhagic fever

Rift valley fever

Sabia

Tick-borne encephalitis
complex

Variola major (smallpox)a

Variola minor (Alastrim)a

Venezuelan equine
encephalitis

HHS (US department of) health and human Services, USDA US department of agriculture
aTier 1 Agent
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Marburg virus was isolated and characterized earlier in 1967; Marburg virus,
however, appears in the medical literature as part of the nosocomial framework of
VHF only in 1977 when published aside with the Ebola virus (Bowen et al. 1977).
Later, several already known VHF joined the concept including: the Hemorrhagic
Fevers with Renal failure (known since 1951), the Hantavirus in 1978 (Lee et al.
1978); the Lassa fever and Bolivian and Argentine HF, Yellow Fever, Rift Valley
Fever, Crimean Congo Hemorrhagic fever (CCHF), and others. The group of VHF
was identified as a nosologic entity associated with viruses belonging essentially to
five distinct families of RNA viruses: the four Arenaviridae, Filoviridae,
Bunyaviridae, and Flaviviridae. Only recently in September 2012 scientists reported
the isolation of a member of the Rhabdoviridae family responsible for VHF in the
Bas-Congo district of the Democratic Republic of Congo (Grard et al. 2012). Several
VHFs share many important features: (1) many of them may be transmitted by
arthropod-borne agents (usually mosquito vector), (2) person-to–person transmis-
sion is possible through direct contact with infected patients, their blood or other
body fluids; (3) natural animal reservoirs are mainly rats and mice Mice, but also
domestic livestock Livestock:domestic, monkeys or other NHP may serve as inter-
mediate hosts. Moreover, with the increasing international travel, these mainly
tropical viruses may now be imported into non-endemic countries thus posing a
major global risk for human public health. Furthermore, several of these agents have
been associated with nosocomial outbreaks Outbreaks:nosocomial involving health
care and laboratory workers.

Due to special biosecurity concerns, we will mainly focus in the following on
Filoviruses, RVFV, other flavivirus responsible of hemorrhagic fevers, Kyasanur
Forest disease and Omsk HF. Alkhurma HF virus is cited in cursory detail because its
limited geographic distribution.

52.2.1.1 Filoviruses (Ebola and Marburg)

Filoviruses
Ebola and Marburg viruses Marburg virus are the only members of the genus
Filovirus in the Filoviridae family and can cause severe hemorrhagic fever in
humans and NHP.

The genus Marburgvirus consists of a single species, Marburg marburgvirus,
with 2 member viruses, Marburg virus (MARV) and Ravn virus (RAVV).

The genus Ebolavirus contains five species: Bundibugyo ebolavirus, Zaire
ebolavirus, Reston ebolavirus, Sudan ebolavirus, and Taï Forest ebolavirus,
whose members are Bundibugyo virus (BDBV), Ebola virus (EBOV) Ebola virus
(EBOV), Reston virus (RESTV), Sudan virus (SUDV), and Taï Forest virus (TAFV),
respectively (Kuhn et al. 2010). Ebola-Reston is the only known Filovirus that does
not cause severe disease in humans; however, it can still be fatal in monkeys and it
has been recently recovered from infected pigs in South-East Asia. A third, tentative
genus (“Cuevavirus”) has been suggested for a novel filovirus, Lloviu virus (LLOV;
species “Lloviu cuevavirus”), which has not yet been isolated in culture. With the
exception of RESTVand possibly LLOV, all of these viruses cause severe and often
fatal viral hemorrhagic fever (VHF) upon infection in humans (Negredo et al. 2011).
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The Pathogen
Ebola and Marburg viruses are elongated filamentous molecules, highly variable in
length, and are typically between 800–1000 nm long, and can be up to 1400 nm long
due to concatamerization, with a uniform diameter of 80 nm. The viral fragment is
pleomorphic, and may appear in the shape of a “6”, a “U”, or a circle, and it is
contained within a lipid membrane. Each virion contains one molecule of single-
stranded, negative-sense viral genomic RNA, complexed with the proteins NP,
VP35, VP30, and L (Kiley et al. 1982; Sanchez et al. 1992; Geisbert and Jahrling
1995; Mwanatambwe et al. 2001; Pringle 2005).

Pathogenesis
Two independent studies reported that Ebola virus cell entry and replication requires
the cholesterol transporter protein Niemann-Pick C1 (NPC1). The studies described
that when cells from Niemann Pick Type C1 patients were exposed to Ebola virus in
the laboratory, the cells survived and appeared immune to the virus, further indicat-
ing that Ebola relies on NPC1 to enter cells. The same studies described similar
results with Ebola’s cousin in the filovirus group, Marburg virus, showing that it too
needs NPC1 to enter cells (Carette et al. 2011; Côté et al. 2011). Furthermore, NPC1
was shown to be critical to filovirus entry because it mediates infection by binding
directly to the viral envelope glycoprotein (Côté et al. 2011). Miller et al. (2012)
confirmed the findings that NPC1 is a critical filovirus receptor that mediates
infection by binding directly to the viral envelope glycoprotein and that the second
lysosomal domain of NPC1 mediates this binding. Carette et al. (2011) showed mice
that were heterozygous for NPC1 were protected from lethal challenge with mouse
adapted Ebola virus Ebola virus (EBOV). Together, these studies suggest NPC1 may
be a potential therapeutic target for an Ebola anti-viral drug.

Clinical Signs
Ebola and Marburg virions enter the host cells through endocytosis and replication
occurs in the cytoplasm. Upon infection, the virus targets the host blood coagulative
and immune defense system and leads to severe immunosuppression (Harcourt et al.
1999).

Ebola virus disease is clinically indistinguishable from Marburg virus disease
Marburg virus, and both are similar to many other diseases prevalent in Equatorial
Africa (Grolla et al. 2005).

Early signs of infection are non-specific and flu-like, and may include sudden
onset of fever, asthenia, diarrhea, headache, myalgia, arthralgia, vomiting, and
abdominal pains (Bwaka et al. 1999). Less common early symptoms such as
conjunctival injection, sore throat, rashes, and bleeding may also appear. Shock,
cerebral oedema, coagulation disorders, and secondary bacterial infection may
co-occur with onset of infection (Feldmann 2010). Hemorrhagic symptoms begin
4–5 days after onset, which includes hemorrhagic conjunctivitis, pharyngitis, bleed-
ing gums, oral/lip ulceration, hematemesis, melena, hematuria, epistaxis, and vagi-
nal bleeding. Hepatocellular damage, marrow depression (such as thrombocytopenia
and leucopenia), serum transaminase elevation, and proteinuria may also occur.
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Persons that are terminally ill typically present with obtundation, anuria, shock,
tachypnea, normothermia, arthralgia, and ocular diseases. Hemorrhagic diathesis is
often accompanied by hepatic damage and renal failure, central nervous system
involvement, and terminal shock with multi-organ failure. Contact with the virus
may also result in symptoms such as severe acute viral illness, malaise, and
maculopapular rash. Pregnant women will usually abort their foetuses and experi-
ence copious bleeding. Fatality rates range between 50% and 100%, with most dying
of dehydration caused by gastric problems (Casillas et al. 2003).

Diagnosis can be confirmed by virus isolation, ELISA to detect viral antigens or
patient antibodies in serum or organ homogenates, RT-PCR, immunohistochemistry,
and electron microscopy of tissue sections and/or biopsies (Grolla et al. 2005).

Ebola and Marburg virus are morphologically indistinguishable; laboratory stud-
ies are extremely hazardous and should be performed in a Biosafety Level
4-equivalent containment Level 4 facility. Laboratory researchers have to be prop-
erly trained in BSL-4 practices and wear proper personal protective equipment.

Ebola Virus Epidemiology
Occurrence of Ebola and Marburg virus disease has been primarily limited to
countries in sub-Saharan Africa. The name, Ebola, comes from the Ebola River in
the Democratic Republic of the Congo, where it was first found in 1976. Marburg
virus was first discovered in 1967 and is named after the German city of Marburg.

Ebola virus disease (EVD) Ebola virus (EBOV):epidemiology was first described
after almost simultaneous viral hemorrhagic fever outbreaks occurred in Zaire and
Sudan in 1976 (WHO 1978a). EVD is believed to occur after an ebolavirus is
transmitted to a human index case via contact with an infected animal host.
Human-to-human transmission occurs via direct contact with blood or bodily fluids
from an infected person (including embalming of a deceased victim) or by contact
with contaminated medical equipment such as needles. In the past, explosive
nosocomial transmission has occurred in underequipped African hospitals due to
the reuse of needles and lack of implementation of universal precautions. Aerosol
transmission has not been observed during natural EVD outbreaks, although there
are reports suggesting or suspecting aerosol transmission between NHP or in
humans based on epidemiological observations (Dalgard et al. 1992; Jaax et al.
1995; Johnson et al. 1995; Roels et al. 1999). The potential for widespread EVD
epidemics is considered low due to the high case-fatality rate, the rapidity of demise
of patients, and the remote rural areas where infections occur Ebola virus (EBOV):
epidemiology.

Marburg Virus Epidemiology
In 1967, simultaneous outbreaks occurred in laboratory workers handling African
green monkeys imported from Uganda in Marburg, Frankfurt (Germany), and
Belgrade (Yugoslavia, now Serbia) Marburg virus:epidemiology. There were
25 reported primary laboratory-acquired cases with seven deaths. The 25 cases
arose from contact and accidents with blood and tissues from infected African
green monkeys and six secondary cases (medical personnel, one spouse) developed
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from the primary cases (Siegert 1972). Between 1975 and 1987, isolated cases were
reported in South Africa (originating from Zimbabwe), Kenya, Zimbabwe, Kenya,
and the Democratic Republic of Congo (Gear 1977; Smith et al. 1982). A large long
running outbreak occurred between 1998 and 2000 in the Democratic Republic of
Congo, resulting in 154 cases and 128 deaths, and two different Marburg viruses,
MARV and RAVV, co-circulated and caused disease (Bausch et al. 2006). The
largest outbreak to date occurred in 2004 and 2005 centered in Uige, Angola
where 374 cases were reported with 329 deaths (Roddy et al. 2010). Since 2007, a
number of cases have been reported in Uganda, some of which have been diagnosed
into other countries (i.e. USA, The Netherlands) in individuals returning from
Uganda (CDC 2003; Timen et al. 2009). Marburg virus has been isolated from
blood; serum; secretions, including respiratory and throat secretions; semen; urine;
and various tissues and organs from human or animal hosts, or their homogenates
(Fisher-Hoch 2005). Marburg virus:epidemiology.

Crossing the Species Barrier and Transmission: Ebola Virus
Between 1976 and 1998, from 30,000 mammals, birds, reptiles, amphibians, and
arthropods sampled from outbreak regions, no Ebolavirus was detected apart from
some genetic traces found in six rodents (Mus setulosus and Praomys sp.) collected
from the Central African Republic (Pourrut et al. 2005). Traces of EBOV were
detected in the carcasses of gorillas and chimpanzees during outbreaks in 2001 and
2003, which later became the source of human infections. However, the high
lethality from infection in these species makes them unlikely as natural reservoir
(Pourrut et al. 2005). Plants, arthropods, and birds have also been considered as
possible reservoirs; however, bats are considered the most likely candidate. Bats
were known to reside in the cotton factory in which the index cases for the 1976 and
1979 outbreaks were employed, and they have also been implicated in Marburg virus
infections in 1975 and 1980 (Pourrut et al. 2005). Of 24 plant species and 19 verte-
brate species experimentally inoculated with EBOV, only bats became infected
(Swanepoel 1996). The absence of clinical signs in these bats is characteristic of a
reservoir species. In a 2002–2003 survey of 1030 animals that included 679 bats
from Gabon and the Republic of the Congo, 13 fruit bats were found to contain
EBOV RNA fragments (Leroy et al. 2005). As of 2005, three types of fruit bats
(Hypsignathus monstrosus, Epomops franqueti, and Myonycteris torquata) have
been identified as being in contact with EBOV. They are suspected to represent the
EBOV reservoir hosts (Pourrut et al. 2007).

The existence of integrated genes of filoviruses in some genomes of small
rodents, insectivorous bats, shrews, tenrecs (insectivora from Madagascar), and
marsupials indicates a history of infection with filoviruses in these groups as well.
However, it has to be stressed that infectious Ebola virus Ebola virus (EBOV) have
not yet been isolated from any nonhuman animal (Taylor et al. 2010).

Transmission between natural reservoirs and humans are rare, and outbreaks are
usually traceable to a single index case where an individual has handled the carcass
of a gorilla, chimpanzee, or duiker (a small antelope species) (Peterson et al. 2004).
The virus then spreads person-to-person, especially within families, hospitals, and
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during some mortuary rituals where contact among individuals becomes more likely
(Hewlett and Amolat 2003).

The virus can be transmitted through body fluids. Transmission through oral or
conjunctiva exposure is likely and has been confirmed in NHP (Jaax et al. 1995).
Filoviruses are not naturally transmitted by aerosol. They are, however, highly
infectious as breathable 0.8–1.2 μm droplets in laboratory conditions; because of
this potential route of infection, these viruses have been classified as Category “A”
biological weapons (Johnson et al. 1995; Leffel and Reed 2004) (National Institutes
of Health, National Institute of Allergy and Infectious Diseases. Category A, B &
C Priority Pathogens. 2013. http://www.niaid.nih.gov/topics/biodefenserelated/
biodefense/pages/cata.aspx. Accessed May 27, 2013).

Crossing the Species Barrier and Transmission: Marburg Virus
The natural reservoirs of Marburg viruses remain to be identified unequivocally.
However, the isolation of both MARV and RAVV from bats and the association of
several MVD outbreaks with bat-infested mines or caves strongly suggest that bats
are involved in Marburg virus transmission to humans. Avoidance of contact with
bats and abstaining from visits to caves is highly recommended, but may not be
possible for those working in mines or people dependent on bats as a food source.
Monkeys are susceptible but are incidental hosts and individuals handling infected
monkeys or their fluids and cell cultures of Marburg virus have become ill (Towner
et al. 2009; Timen et al. 2009; Swanepoel et al. 2007).

In 2009, the isolation of infectious MARV was reported from healthy Egyptian
rousettes (Rousettus aegyptiacus or Egyptian fruit bat) (Towner et al. 2009). This
isolation, together with the isolation of infectious RAVV, strongly suggests that Old
World fruit bats are involved in the natural maintenance of marburgviruses. Further
studies are necessary to establish whether Egyptian rousettes are the actual hosts of
MARVand RAVVor whether they get infected via contact with another animal and
therefore serve only as intermediate hosts.

The first experimental infection study of Rousettus aegyptiacus with MARV
provided further insight into the possible involvement of these bats Bats in MARV
ecology. Experimentally infected bats developed relatively low viremia lasting at
least 5 days, but remained healthy and did not develop any notable gross pathology.
The virus also replicated to high titers in major organs (liver and spleen), and organs
that might possibly be involved in virus transmission (lung, intestine, reproductive
organ, salivary gland, kidney, bladder and mammary gland). The relatively long
period of viremia noted in this experiment could possibly also facilitate mechanical
transmission by blood sucking arthropods or infection of susceptible vertebrate hosts
by direct contact with infected blood (Paweska et al. 2012).

Biosecurity of Filoviruses
Filoviruses Biosecurity:of filoviruses (Ebola viruses and Marburg viruses) are listed
as World Health Organization Risk Group 4 Pathogens, National Institute of Allergy
and Infectious Diseases (NIAID) Category A Priority Pathogens, Select Agents, and
Centers for Disease Control and Prevention (CDC) Category “A” Bioterrorism
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Agents due to the absence of prophylaxis or treatment regimens, their high lethality
(up to 90% in larger outbreaks), their high infectivity (LD50 ¼ 1 virion in rodent
models), and their stability in artificial aerosols. Research on infectious filoviruses
requires Biosafety Level 4 (BSL-4) laboratories.

Filoviruses can survive up to 4–5 days on contaminated surfaces, and can survive
in liquid or dried material for a number of days (Belanov et al. 1996; Bray 2003).
They are susceptible to sodium hypochlorite, beta-propiolactone, 3% acetic acid
(pH 2.5), phenolic disinfectants, formaldehyde and paraformaldehyde, 1% glutaral-
dehyde, formalin, lipid solvents, and detergents such as SDS. They are physically
inactivated by heating for 30–60 min at 60 �C, boiling for 5 min, gamma irradiation
(1.2 � 10–1.27 � 10 rad), and UV radiation (Elliott et al. 1982; Kurata et al. 1983;
Mitchell and McCormick 1984; Mahanty et al. 1999) Biosecurity: of filoviruses.

Ebola Vaccine
Most of the Ebola virus VP proteins are capable of eliciting protective immune
responses and therefore are important to consider as potential components of a
vaccine to protect humans from Ebola hemorrhagic fever. An “Ebola ΔVP30” strain
replication incompetent virus as been generated with a lack of the gene encoding for
the VP30 protein, therefore it cannot replicate and do not form infectious progeny in
wild-type cells. The genome is stable, without a single event of virus replication;
experimental infection of animals did not cause disease in infected animals
(Halfmann et al. 2008, 2009).

52.2.1.2 Arenavirus
Arenaviruses are negative stranded RNA viruses of the Arenaviridae family. They
naturally and chronically infect asymptomatic rodent host-reservoirs. Each rodent
species is persistently infected by a specific virus and represents a model of virus-
host coevolution (Gonzalez et al. 2007). One exception is made with the Tacaribe
virus that has been isolated from naturally infected chiropteran (Downs et al. 1963).

Clinical Signs Several arenaviruses can accidentally infect humans and are respon-
sible for mild to severe zoonotic diseases. Although the arenavirus prototype species,
Lymphocytic Choriomeningitis Virus of mice (LCMV) is responsible for a neuro-
logical syndrome in humans, at least seven out of the 24 arenavirus species are
known to be highly pathogenic for humans and responsible of Viral Hemorrhagic
Fever (VHF). Six of them are classified as Select Agents (http://www.selectagents.
gov/resources/List_of_Select_Agents_and_Toxins_2012–12-4-English.pdf) includ-
ing the South American Arenaviruses (Guanarito from Venezuela, Junín from
Argentina, Machupo and Chapare from Bolivia and Sabía from Brazil) and the
African one, Lassa Fever Virus (from Guinea, Nigeria and Sierra Leone). Also the
Lujo virus, not yet a Select Agent, has been recently described in AustralAfrica and
represents an emerging potential threat for the region (Paweska et al. 2009).

Although bleeding tendencies are often recorded but not always life threatening, a
high mortality of 30% of infected patients can occur during epidemics. Four others
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arenaviruses including Flexal (Brazil), Pichínde (Columbia), Tacaribe (Trinidad and
Tobago) and White Water Arroyo (California) viruses have been found to potentially
infect humans and potentially represent also highly dangerous agents (for a review,
Gonzalez et al. 2007).

Epidemiology Asymptomatic infections of rodents are generally suspected to be
associated with an insufficient or inappropriate host immune response (Hayes and
Salvato 2012) resulting in chronic viremia and/or viruria which leads to shedding of
the virus into the environment via urine or faeces.

Exceptionally, chronic infection may have a deleterious effect on their reservoir’s
fitness, which reduces rodent host fertility (Webb et al. 1975). NHP can be exper-
imentally infected, but there is no evidence that these viruses are pathogenic for
domestic animals (e.g.: livestock, cats, dogs), while exotic pets (hamster, mice, etc.)
represent a potential source of infection.

Besides the specific association between “arenavirus species – rodent species”,
the geographic range of an arenavirus ecologic niche appears to be more restricted
than the one of its rodent reservoir-host with a more circumscribed enzootic domain,
which is often limited by natural barriers (e.g., rivers, elevations, climate, food
access). This appears as one of the major characteristics of the epidemiological
and dispersion patterns of arenaviruses and therefore VHFs associated with them
(Salazar-Bravo et al. 2002).

Argentine HF (Junín virus) was identified in the early 1940s in Argentina and
described in the 1950s in the rural area of Buenos Aires province, while the virus was
characterized only in 1958. Today the virus distribution expend to 150,000 km2 of
the Pampa. The Vesper mouse (Calomys spp.) is the natural host and direct rodent-
to-human transmission occurs via ingestion of contaminated food or water, inhala-
tion of rodent urine infested particles or via direct contact of broken skin with rodent
excrements. Currently, Argentine HF remains a major and severe enzootic disease of
public importance in Argentina with an endemic risk of crossing the natural barrier
of the Rio Paraná and spill over Spill over to the closest neighboring countries of
Uruguay (Polop et al. 2008).

Bolivian HF (BHF) (Machupo virus) was identified after several outbreaks of
BHF in 1963 in the Beni province of Bolivia. Although BHF incidence increases late
during the rainy season, small outbreaks are a dominant feature of the epidemiolog-
ical pattern with several years of dormancy thereafter. The natural host Calomys
callosus invades houses during floods of the rainy season resulting in close contact
and human infection (Kilgore et al. 1997).

Chapare virus was isolated once from a fatal human case of hemorrhagic fever
during a unique reported outbreak of HF that occurred in 2003 in the Chapare River
region close to Cochabamba in Bolivia, the original setting of Machupo virus
responsible of the BHF (Delgado et al. 2008). There is no information concerning
an eventual natural rodent host.

Venezuela HF emerged in 1989, with several cases that occurred in the central
plains of Venezuela. A new Guanarito virus was isolated and named after the region

52 Dangerous Viral Pathogens of Animal Origin: Risk and Biosecurity 1581



where the first outbreak occurred (Salas et al. 1991). The main affected populations
are settlers moving into cleared forest areas to practice small agriculture.
Zygodontomys brevicauda appears to be the principal host (i.e.: reservoir) of the
virus.

Lassa fever (LF) was described in 1956 in the eponym village of Lassa. LF occurs
in rural West Africa, and appears to be hyper-endemic in Sierra Leone with an
antibody prevalence of 8–52%, Guinea (4–55%) and Nigeria (21%). Natural trans-
mission of Lassa virus (LASV) occurs from its domestic, ubiquitous, prolific and
common multimammate rodent virus reservoir, Mastomys natalensis. As for other
Arenaviruses it is transmitted to humans directly through rodent urine and faeces or
indirectly by contaminated food. Person-to-person transmission has been described
posing a risk for healthcare workers. The virus can also be contracted by an airborne
route or by direct contact with infected human blood, urine, or semen, up to 3 months
after clinical recovery. LF is a prominent threat outside the endemic area with several
imported cases in Germany (Gunther et al. 2000), Japan (Hirabayashi et al. 1988),
the United States (Holmes et al. 1990), the United Kingdom (Kitching et al. 2009)
among others. About 80% of patients experience a mild or asymptomatic infection.
LF has a relatively low mortality rate up to 5%. Among the endemic countries, it is
estimated that LF is responsible for about 5000 deaths a year. Pregnant women have
the greatest risk of fatality. After an incubation period of 1–3 weeks an acute illness
develops while the virus infects every tissue from the mucosa (e.g., intestine, lungs
and urinary system) and subsequently progresses to the vascular system. Initial
non-specific symptoms include fever, facial swelling, muscle fatigue, conjunctivitis
and mucosal bleeding. Later on there might develop gastrointestinal tract bleeding,
bloody vomiting, dysphagia, melena, accompanied with cough, dyspnea worsening
to cardiovascular system dysfunctions (pericarditis, tachycardia) and hepatitis;
finally hearing deficit, meningo-encephalitis and seizures occur. Death is due to
multiorgan failure. With respect to this multiple organ infection and accompanying
HF signs differential diagnoses include other VHFs such as Ebola or Marburg,
malaria or influenza (Yun and Walker 2012; for a review (http://www.cdc.gov/
ncidod/dvrd/spb/mnpages/dispages/lassaf.htm; http://www.cdc.gov/ncidod/dvrd/
spb/mnpages/dispages/lassaf.htm; http://www.pasteur.fr/ip/easysite/pasteur/fr/pre
sse/fiches-sur-les-maladies-infectieuses/fievre-de-lassa).

After LASV, Lujo virus is the second known to date human pathogenic arenavirus
of Africa. Among the five identified cases in 2008, four died; the fifth case was
treated with ribavirin early after onset of clinical disease and survived. It has been
only reported from a few patients from Zambia and from a subsequent nosocomial
outbreak in South Africa (Briese et al. 2009). A natural reservoir has not yet been
identified.

Sabía virus was first isolated from a fatal case of Brazilian HF (BrHF) in the
village of Sabía, outside of Sao Paulo, Brazil in 1990 (Lisieux et al. 1994). Two other
non-fatal accidental infections were later recorded (Gandsman et al. 1997). Chapare
virus infected patients were also clinically considered as BrHF cases. Both viruses
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do not have an identified reservoir, however, like the other arenaviruses, they
naturally appear to have only a limited geographical distribution.

Crossing the Species Barrier Transmission Virus transmission within rodent
populations occurs through vertical (mother to progeny), or horizontal routes
(directly through bites or indirectly by contacts with urine or feces). Arenavirus
transmission from natural rodent hosts to humans occurs through contacts with
infected rodent biological fluids (i.e., blood, saliva or urine), when people (through
rodent bites, trapping or eating rodents) are directly exposed to the infected rodent,
or indirectly, when exposed to food contaminated with rodent urine and/or by
inhalation of infested rodent excreta. Also, human-to-human transmission may
occur and arenaviruses can be transmitted trough aerosolized particles and sperm
fluid. Moreover, transmission to humans may occur by accidental inoculation with
infected body fluids and through tissue transplantation (Emonet et al. 2006; Paweska
et al. 2009).

Biosecurity, Therapy and Prevention
Prevention of arenavirus infection consists of interrupting virus transmission from
rodents to humans, and from humans to humans. Rodent control seems to be efficient
only in certain conditions (i.e.: urban settings). Hospital based nursing barrier
appears highly efficient, including personal protective measures (gloves, masks
and gowns), good hygiene and appropriate sterilization of equipment. The highest-
risk of infection occurs during unprotected contact with body fluids from an infected
person. Linens should be handled per CDC guidelines (http://www.cdc.gov/mmwr/
preview/mmwrhtml/00037085.htm). Environmental surfaces and contaminated
equipment are properly disinfected by 1:10–1:100 dilution of sodium hypochlorite
or other EPA-registered disinfectants. The viruses can also be inactivated by ultra-
violet, gamma irradiation, temperatures of 56 �C for 20 min and, by a pH less than
5.5 or greater than 8.5.

One anti-virus drug against arenavirus infection has been identified: Ribavirin® is
an anti-viral drug that interferes with RNAviral replication. It has been proved to be
an efficient treatment against LASV if administered early and might in some cases
also be effective against other arenaviruses including BHF, Sabía virus or Lujo virus.
Also it has been shown to be effective in advanced stages of LASV infection by
reducing the virus load (McCormick et al. 1986; Barry et al. 1995; Enria and
Maiztegui 1994; Kilgore et al. 1997; Briese et al. 2009).

Several antiviral molecules are under development with the most promising one
directed to interfere with arenavirus cell entry (Larson et al. 2008; York and Nunberg
2006; Charrel et al. 2011). Although hyperimmune serum has been effectively used
in several instances, clinical experiences are limited and only circumstantial reports
are available. Hyperimmune serum treatment has been used successfully for AHF
patients and a plasma bank was established in Argentina (Maiztegui et al. 1979).
Also, neutralizing antibodies contained in Human immune plasma appear to be
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effective in patients with BHF by reducing viremia. However, LASV infection only
leads to a limited neutralizing antibody reaction and hyperimmune serum treatment
is not applicable.

Among all arenaviruses, only one vaccine, i.e. the live attenuated Junín virus
vaccine Candid #1, has been conclusively developed and produced: its immunoge-
nicity and efficacy in humans was proven to be greater than 84% without causing
any serious adverse effects (Maiztegui et al. 1998). Other vaccines tested in animal
models include: an attenuated recombinant LASV vaccine using vesicular stomatitis
virus as vector that causes a protective immune response in NHP against a lethal
LASV challenge (Geisbert et al. 2005); an attenuated Lassa/Mopeia construct
ML-29 virus demonstrated protection against LASV challenge in guinea pigs and
Rhesus macaques (Lukashevich and Patterson 2008); a yellow fever 17D vaccine
expressing LASV glycoprotein precursor protected also guinea pigs against LASV
challenge (Bredenbeek et al. 2006; Charrel and de Lamballerie 2010 for review).

52.2.1.3 Rift Valley Fever

Rift Valley Fever (RVF) is a viral zoonosis that primarily affects domestic live-
stock and also humans in Africa. RVF present a clinical spectrum from mild fever to
fatal hemorrhagic syndrome Rift Valley Fever (RVF). RVF virus is spread by
infected Aedes spp. Aedes spp. or Culex spp. Culex spp. mosquitoes. RVF virus is
a member of the Phlebovirus genus of the Bunyaviridae family.

Clinical Signs Only a small percentage of patients develops a severe form of the
disease including: ocular disease with retinal lesions (0.5–2% of patients); meningo-
encephalitis (<1%) with headache, loss of memory, confusion, convulsions, and
coma; hemorrhagic fever (<1%) starting with severe liver impairment, jaundice,
followed by hemorrhage, vomiting blood, melena, purpuric rash, nose and gums
bleedings, or menorrhagia. Hemorrhagic forms have a case-fatality as high as 50%.
The virus may be detected in blood for up to 10 days.

RVFV is also able to infect many animal species causing particularly severe
disease in domesticated animals including cattle, sheep Sheep, camels and goats
Goats. Sheep are very sensitive to infection: 90% of infected lambs die, and abortion
occurs in up to 100% of infected pregnant ewes.

Epidemiology Human infections can result from direct contact with infected
animal biological products, by handling of animal tissue during slaughtering or
butchering, conducting veterinary procedures, or from the disposal of carcasses or
fetuses. Consequently, herders, slaughterhouse workers, farmers and veterinarians
are at high risk of infection. The virus can infect humans through inoculation (i.e.:
wound), inhalation of aerosols, by ingesting unpasteurized or uncooked milk or
from mosquito bites Bites:mosquito. To date, no human-to-human transmission of
RVF has been documented. Outbreaks of RVF occur essentially in rural
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environment (see WHO (http://www.who.int/mediacentre/factsheets/fs207/en/) for
review).

RVF may occur as large outbreaks when heavy rains favor intense breeding of
mosquito vectors. Deaths of newborn animals and abortion in pregnant sheep, goats,
and cattle may happen and humans can become infected by contact with infected
animal tissues or by mosquito bites. The active circulation of RVFV in Africa and the
Arabian Peninsula constitutes a threat for human and animal health all over the
African continent and beyond (Grobbelaar et al. 2011).

Biosecurity and Prevention Rift Valley fever belongs to the Select Agent list. It is
a potential biological weapon particularly because of its high pathogenicity and its
potential to be airborne transmitted (Borio et al. 2002).

Basic nursing barrier and standard infection control precautions are
recommended to avoid RVFV transmission to health care workers.

A live-attenuated MP-12 RVFV strain has been developed as a vaccine; the
vaccine has been shown to protect bovine and ovine dams against RVFV challenge
and is safe and efficacious for use in neonatal calves and lambs (Morrill et al. 1997).
Another live attenuated RVFV vaccine lacking the NSs and NSm genes cannot be
transmitted by mosquitoes (Bird et al. 2011; Crabtree et al. 2012).

52.2.1.4 Kyasanur Forest Disease

The Kyasanur Forest Disease (KFD) is a tick-borne VHF endemic to and geo-
graphically limited to Karnataka State of Central-West India (Work and Trapido
1957). The KFD virus belongs to the Flaviviridae family.

In the early 1990s a new and close related highly pathogenic virus (more than
30% mortality rate), the Alkhurma virus, was isolated in Saudi Arabia and represents
another threat for the local population (Charrel et al. 2001).

Clinical Signs
After an incubation period of 3–8 days, KFD starts with a sudden onset of fever,
headache, severe muscle pain, cough and dehydration: later on a gastrointestinal
syndrome and bleeding occurs. 10% of the patients develop low blood pressure and
pancytopenia. Some patients show a biphasic form and experience after 2 weeks a
second phase of fever and neurological syndrome leading to a case fatality rate
(CFR) of 3–5%. Approximately 400–500 cases of KFD occur in India per year.

Epidemiology (http://www.phac-aspc.gc.ca/lab-bio/res/psds-ftss/kyasanur-eng.
php#note10)
Although the main hosts of KFDVare rodents, shrews, bats, and monkeys may also
carry the virus. Cattle, goats and sheep may become infected without playing a role
in the transmission of the disease. KFDV is transmitted from the bite of an infected
tick, principally Haemaphysalis spinigera (Work et al. 1959).
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Crossing the Species Barrier
Humans can get infected from tick bites or by contact with an infected animal (often
sick monkeys: Presbytis entellus or Macaca radiata). KFDV is common in young
adults exposed during the dry season in the forest.

Biosecurity and Prevention
A formalin-inactivated tissue-culture vaccine has been used for vaccination cam-
paigns since the early 1990s in the endemic area of India with an efficacy of
79.3–93.5% after respectively one or two doses (Dandawate et al. 1994).

52.2.1.5 Omsk Hemorrhagic Fever
The tick-borne arbovirus Omsk Hemorrhagic Fever Virus (OHFV) is a member of
the Flaviviridae family and classified as a biosafety level 4 virus. Several tick species
can transmit the virus including Dermacentor reticulatus, D. marginatus and Ixodes
persulcatus.

Clinical Signs As for KHFD, after a one week-incubation period, a first clinical
phase of infection, begins with several symptoms including fever, chills, headache,
muscular pain, rash, and cervical adenopathy. After 2 weeks a neurological syn-
drome appears sometimes accompanied by a hemorrhagic syndrome with severe
platelet loss and leucopenia. A third of patients develops pneumonia, nephritis,
meningitis, or a combination of these complications. The CFR ranges from 1% to
10%, surviving patients acquire life-long immunity.

Epidemiology
The geographic distribution of the OHFV appears restricted to western Siberia
(Kharitonova and Leonov 1985) in Omsk, Novosibirsk, Kurgan, and Tyumen
oblasts. The main hosts of OHFV are rodents and in particular the non–native
muskrat (Ondatra zibethica) as a natural OHFV reservoir. Muskrat was imported
to Siberia from Canada in the 1920s and the virus finds a particular receptive host to
replicate and spread efficiently.

The sylvatic cycle of OHFV involves rodents and in particular the non–native
muskrat as a natural OHFV reservoir, but also water voles (Arvicola terrestris), while
most animals within endemic areas can be infected and bitten by the tick vectors.
OHFV survives in water and is transferred to humans via contaminated water or an
infected tick.

Crossing the Species Barrier Humans become infected through tick bites or
contact with blood, feces or urine of infected muskrats (and other hosts). Gamasid
mites are also thought to play a minor role in transmission within the sylvatic cycle.
OHFV can also spread through milk from infected goats or sheep.

Prevention
Preventing OHF consists of avoiding tick exposure; consequently persons engaged in
farming, forestry, and hunting (i.e.: Siberian muskrat) are at highest risk of infection.
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52.2.2 Viral Encephalitis

52.2.2.1 Eastern Equine Encephalitis

The Pathogen Eastern equine encephalitis virus (EEEV) Eastern equine enceph-
alitis virus (EEEV) is a member of the genus Alphavirus, family Togaviridae.
Other medically important alphaviruses found in the Americas include Western
equine encephalitis virus (WEEV) and Venezuelan equine encephalitis virus
(VEEV). EEEV has a single-stranded, positive-sense RNA genome. The virus
particles are spherical and have a diameter of 60–65 nm (Snyder et al. 2009). Of the
four lineages of EEEV, Group I is endemic in North America and the Caribbean
and causes most human disease cases; the other three groups (IIA, IIB, and III)
cause primarily equine illness in Central and South America (Zacks and
Paessler 2010).

Clinical Signs The incubation period for Eastern equine encephalitis virus (EEEV)
Eastern equine encephalitis virus (EEEV) disease ranges from 4 to 10 days. EEEV
infection can result in one of two types of illness, systemic or encephalitic (involving
swelling of the brain, referred to as EEE). The type of illness will depend on the age
of the person and other host factors. It is possible that some people who become
infected with EEEV may be asymptomatic.

Systemic infection has an abrupt onset and is characterized by chills, fever,
malaise, arthralgia and myalgia. The illness lasts 1–2 weeks, and recovery is
complete when there is no central nervous system involvement. In infants, the
encephalitic form is characterized by abrupt onset; in older children and adults,
encephalitis is manifested after a few days of systemic illness. Signs and symptoms
in encephalitic patients are fever, headache, irritability, restlessness, drowsiness,
anorexia, vomiting, diarrhea, cyanosis, convulsions, and coma.

EEE is the most severe of the arboviral encephalitis entities and has a mortality of
50–75% (Petersen and Gubler 2003). Death usually occurs 2–10 days after onset of
symptoms, but can occur much later. Of those who recover, 15–50% are left with
disabling and progressive mental and physical sequelae, which can range from
minimal brain dysfunction to severe intellectual impairment, personality disorders,
seizures, paralysis, and cranial nerve dysfunction. Many patients with severe
sequelae die within a few years (Zacks and Paessler 2010).

No human vaccine against EEEV infection or specific antiviral treatment for
clinical EEEV infections is available. Patients with suspected EEE should be eval-
uated by a healthcare provider, appropriate serologic and other diagnostic tests
ordered, and supportive treatment provided.

Epidemiology EEEV is transmitted to humans through the bite of an infected
mosquito. Human EEEV cases occur relatively infrequently, largely because the
primary transmission cycle takes place in and around swampy areas where human
populations tend to be limited. Overall, only about 4–5% of human EEEV infections
result in EEE. EEEV infection is thought to confer life-long immunity against
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re-infection. It does not confer significant cross-immunity against other alphaviruses
(e.g., Western Equine Encephalitis Virus), and it confers no cross-immunity against
flaviviruses (e.g., West Nile Virus) or bunyaviruses (e.g., La Crosse Virus).

In the United States, about six human cases of EEE are reported annually. Most
cases of EEE have been reported from Florida, Georgia, Massachusetts, and New
Jersey. EEEV transmission is most common in and around freshwater hardwood
swamps in the Atlantic and Gulf Coast states and the Great Lakes region. Between
1964 and 2010, there were 270 confirmed cases of EEE in the US. Several states in
the northeastern USA have seen increased virus activity since 2004. Between 2004
and 2006, there were 17 equine cases and at least 13 human cases of EEE reported
in Massachusetts. In 2006, approximately 500,000 acres (2000 km2) in southeast-
ern Massachusetts were treated with mosquito adulticides to reduce the risk of
humans contracting EEE. Subsequently, between 2007 and 2010, there were two
confirmed human cases and six equine cases reported to CDC and USDA
respectively.

In October 2007, a citizen of Livingston, West Lothian, Scotland became the first
European victim of this disease. The man had visited New Hampshire during the
summer of 2007 on a fishing vacation, and was diagnosed as having EEEV on
13 September 2007. He fell ill with the disease on 31 August 2007, just one day after
flying home [5].

In 2012, 209 equine cases of EEE were reported from 19 US States, and
15 human cases of EEE reported from six US States. In 2012, two residents of
Vermont were confirmed to have EEE, and this was the first time the illness had been
reported in this state.

Crossing the Species Barrier Eastern equine encephalitis virus (EEEV) Eastern
equine encephalitis virus (EEEV) is maintained in a cycle between Culiseta
melanura mosquitoes and avian hosts in freshwater hardwood swamps.
Cs. melanura is not considered to be an important vector of EEEV to humans,
because it feeds almost exclusively on birds. Transmission to humans requires
mosquito species capable of creating a “bridge” between infected birds and
uninfected mammals such as some Aedes, Coquillettidia, and Culex species.

Wild birds are the main reservoir for transmission of EEEV. Humans, horses, and
other animals (domestic fowl, feral pigs, cattle and rodents) are not significant
reservoir hosts (Zacks and Paessler 2010). Amphibians and reptiles are a possible
reservoir for the virus to overwinter. Mosquitoes and infected eggs are also a
reservoir for the viruses (Pfeffer and Dobler 2010).

Person-to-person transmission has not been reported for EEEV viruses. Direct
bird-to-human infection can occur, although humans and horses are not amplifying
hosts as virus titers in their bodies are insufficient to infect mosquitoes. Eggs of
mosquitoes can be infected by the female (Pfeffer and Dobler 2010).

Horses are susceptible to EEEV infection and some cases are fatal. EEEV
infections in horses, however, are not a significant risk factor for human infection,
because horses (like humans) are considered to be “dead-end” hosts for the virus
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(i.e., the concentration of virus in their bloodstreams is usually insufficient to infect
mosquitoes) (Zacks and Paessler 2010).

Biosecurity and Prevention All residents of and visitors to areas where virus
activity has been identified are at risk of infection with EEEV, particularly persons
who engage in outdoor work and recreational activities in these areas. Persons over
age 50 and younger than age 15 are at greatest risk for severe disease (encephalitis)
following infection. EEEV infection is thought to confer life-long immunity against
re-infection.

EEEV is difficult to isolate from clinical samples; almost all isolates (and positive
PCR results) have come from brain tissue or CSF. Laboratory acquired infections
have been reported, and accidental parenteral inoculation, contact of the virus with
broken skin or mucous membranes, and bites Bites from infected laboratory arthro-
pods or rodents are the primary hazards associated while working with these viruses.

EEEV do not persist in the environment, and are susceptible to many common
disinfectants including 1% sodium hypochlorite, 70% ethanol, 2% glutaraldehyde
and formaldehyde. EEEV can be inactivated by exposure to 50% ethanol at concen-
tration for 60 min, also by moist or dry heat, or by drying, or by UV rays (Aguilar
et al. 2005).

EEEV was one of more than a dozen agents that the United States researched as
potential biological weapons before the nation suspended its biological weapons
program. Samples taken from people and animals with suspected EEEV infection
should be handled by trained staff working in Biosafety Level 3 (BSL-3/ABSL-3)
containment laboratories (CDC 2007).

52.2.2.2 Venezuelan Equine Encephalitis

The Pathogen Venezuelan equine encephalitis virus (VEEV) is a spherical arbovi-
rus that belongs to the Togaviridae family and is an alphavirus (Atasheva et al.
2010). It is 70 nm in diameter and has an enveloped single stranded RNA genome
(Gardner et al. 2008).

The Venezuelan equine encephalomyelitis complex contains at least six viral
subtypes, I–VI. Subtype I, the Venezuelan equine encephalomyelitis virus
(VEEV), is divided into five antigenic variants or serovars, AB to F. Some of the
other five subtypes also have official species names; subtype II is known as Ever-
glades virus, subtype III as Mucambo virus, and subtype IV as Pixuna virus.

VEE complex viruses are divided into epizootic (or epidemic) and enzootic
(or endemic) groups. The epizootic viruses, which are amplified in equines and
are responsible for most epidemics, are found in VEEV subtypes I-AB and I-C.
The remaining viruses, including VEEV I-D, VEEV I-E and variants in subtypes
II-VI are enzootic (sylvatic) subtypes. These viruses are generally found in
limited geographic areas, where they usually occur in natural cycles between
rodents and mosquitoes. The enzootic subtypes are typically non-pathogenic for
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horses and are not amplified in this host; however, in 1993 an enzootic I-E variant
was responsible for an outbreak of VEE among horses in Mexico (Weaver
et al. 2004).

Clinical Signs In humans, VEEV usually causes mild to severe influenza-like
symptoms; 4–14% of cases, however, develop neurological complications (Gard-
ner et al. 2008). Children and young adults are more likely to develop encephalitis;
however, fatalities in humans are rare reaching about 1% of all reported cases (de la
Monte et al. 1985). Usually, flu-like symptoms such as headache, myalgia, fatigue,
vomiting, nausea, diarrhoea, pharyngitis and fever appear abruptly, 2–5 days after
exposure to the virus. The VEE virus can also cause retro-orbital and occipital
headaches as well as leucopenia and tachycardia. Symptoms of encephalitis, only
appearing in a minority of cases, occur 4–10 days after exposure and include
somnolence, convulsions, confusion, photophobia, and coma. Fatal human cases
are usually caused by encephalitis as well as brain, lung and gastrointestinal
bleeding (Weaver et al. 2004). Long-term neurological damage can be caused by
this virus and it can infect the foetus in pregnant women causing birth defects and
stillbirths (de la Monte et al. 1985). Generally, the symptoms last between 3 and
8 days and can be biphasic, recurring 4–8 days after the initial symptoms (Sidwell
et al. 1967).

Enzootic VEEV usually infects horses sub-clinically or cause mild symptoms.
Epizootic subtypes may cause a generalized acute febrile disease with or without
neurologic signs. Asymptomatic infections also occur.

Fatal VEE has been reported in various mammals including rabbits, goats, dogs
and sheep during epizootics. Some VEE viruses also kill laboratory rodents includ-
ing hamsters, guinea pigs and mice Mice; however, natural reservoir hosts for
enzootic strains usually remain asymptomatic. Experimentally infected, NHP
develop a nonspecific febrile illness similar to human disease.

Epidemiology Epizootic VEE viruses (VEEV I-AB and I-C) are found in South
and Central America. Most VEE epidemics occur in northern and western South
America, but some may spread into adjacent countries, including the US. Enzootic
VEE viruses have been found in Mexico, parts of the US, and South and Central
America.

The virus was first observed in horses in 1935 after outbreaks in Columbia,
Venezuela and Trinidad, and was isolated in 1938. In the 1960s, over 200,000
human cases and 100,000 equine deaths were reported in Colombia and smaller
epidemics occurred in Venezuela and Mexico. Between 75,000 and 100,000 infec-
tions were reported in Venezuela and Colombia in 1995. The outbreaks usually occur
after a season of heavy rains, due to increases in the mosquito population (Weaver
et al. 2004).

VEE can be widespread in human populations during epidemics; more than 10%
of the population in an area may be affected. Between epidemics, sporadic cases of
VEE are caused by enzootic viruses. Humans are highly susceptible to VEE;
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approximately 90–100% of exposed individuals become infected, and nearly 100%
develop clinical signs. However, most infections are mild. Less than 1% of adults
develop encephalitis, with approximately 10% of these cases ending in death; the
overall CFR in adults is less than 1%. Very young or elderly patients are more likely
to develop severe infections. Encephalitis, with a CFR of 35%, occurs in approxi-
mately 4% of children less than 15 years of age. More severe disease, with a higher
incidence of neurologic signs, might occur in both children and adults after a
biological attack with aerosolized virus.

Instances of person-to-person transmission have not been reported for the VEE
virus, although an infected individual can transmit the virus to mosquitoes. Gener-
ally, humans and equines become infected by mosquitoes of the Psorophora and
Ochlerotatus genus. Equines can spread the virus to each other through aerosols and
to mosquitoes via bites (Pfeffer and Dobler 2010).

Crossing the Species Barrier There are two types of cycles involved in the VEE
virus. The enzootic cycle is maintained by rodents and mosquitoes. The epizootic
cycle implicates horses, mosquitoes and humans, although there is the potential for
the virus to affect many other animal species (Pfeffer and Dobler 2010). Horses are
the amplifying host in the cycle and are necessary for a larger outbreak of VEE (de la
Monte et al. 1985).

VEEV is typically spread by mosquitoes, although certain types of ticks and mites
can spread the virus as well (Weaver et al. 2004). The Culex (Melanoconion)
mosquito is normally responsible for the dispersal of the enzootic strain of the
VEE virus (Zacks and Paessler 2010). Ochlerotatus taeniorhynchus, Psorophora
confinnis, Psorophora columbiae, Ochleratus sollicitans, Mansonia titillans and
Anophilis aquasalis are some of the species of mosquitoes known to carry the
epizootic varieties of the VEEV (Weaver et al. 2004).

VEE epidemics typically begin in horses, with human cases developing weeks
later: Unlike EEE outbreaks, which usually end with the onset of colder tempera-
tures, VEE epidemics can last for several years. Epizootic subtypes of VEEV can
cause significant morbidity and mortality in equids; the infection rate can be as high
as 90%, and the morbidity rate varies from 10–40% in some areas to 50–100% in
others. The CFR in horses is 38–90%. Fatal infections have also been reported in
goats, rabbits, dogs and sheep during epizootics, as well as in laboratory rodents
infected with some isolates.

Most enzootic VEEV subtypes do not result in serious disease or deaths in horses,
but limited outbreaks of encephalitis have been reported with some variants.

Rodents are usually the natural hosts for enzootic VEEV, but birds are involved in
a few cycles. The maintenance host for epizootic VEEV between outbreaks is
unknown; during epidemics, these viruses are amplified mainly in equids.

Epidemic VEEV can cause serious disease in horses, mules, burros, donkeys and
zebras. During epizootics, fatal cases have also been reported in domesticated
rabbits, dogs, goats and sheep. Cattle, pigs, bats Bats and opossums can also be
infected. Experimental infections have been reported in NHP, guinea pigs, mice
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Mice and hamsters; some isolates are fatal for laboratory rodents, although they are
usually asymptomatic in their normal rodent hosts.

Biosecurity and Prevention VEEV can be found in the body fluids of horses, and
transmission by direct contact or aerosols is theoretically possible in this species.
However, natural transmission of VEEV between horses or from horses to humans
has not been seen. Infected laboratory rodents can also shed this virus, and people
have been infected after exposure to aerosolized debris from cages.

Vaccinations of equines with the TC-83 vaccine and protection against mos-
quitoes (protective clothing, insecticides) are some of the proposed ways to reduce
VEE outbreaks. While the TC-83 vaccine is recommended for laboratory workers,
there is no licensed vaccine available for the general population (Weaver et al.
2004).

Arboviruses may be present in blood, cerebrospinal fluid, urine and exudates. The
virus may be found in nasal, eye and mouth secretions of infected animals as well as
in contaminated animal bedding. The greatest risks when working with VEEV are
exposure to infected aerosols, accidental subcutaneous inoculation, and contact with
broken skin or contaminated animal bedding. VEEV is stable in dried blood and
exudates as well as in freeze dried materials (aerosols) (Chosewood and Wilson
2009). One viral infectious particle injected subcutaneously is enough to infect an
individual with VEEV (Collins and Kennedy 1983).

Like other enveloped viruses, VEEV virus is susceptible to disinfectants such as
1% sodium hypochlorite, 4% formaldehyde, 2% gluteraldehyde, 70% ethanol, 3–6%
hydrogen peroxide, 2% and peracetic acid (Collins and Kennedy 1983). Microbial
inactivation is possible using moist or dry heat (Block 2001). Togaviruses can be
inactivated by 15 min of heat at 65 �C (Lelie et al. 1987).

During the Cold War, both the United States biological weapons program and the
Soviet biological weapons program researched and weaponized VEEV. In April
2009, the U.S. Army Medical Research Institute of Infectious Diseases at Fort
Detrick reported that samples of VEEVwere discovered missing during an inventory
of a group of samples left by a departed researcher. The report stated the samples
were likely among those destroyed when a freezer malfunctioned.

52.2.2.3 Tick-Borne Encephalitis

The Pathogen Tick-borne encephalitis virus (TBEV) is a single-stranded RNA
virus that belongs to the genus Flavivirus, and was initially isolated in 1937.
TBEV has three subtypes: European, Siberian, and Far Eastern, and is the most
important arthropod-borne virus in Europe (Ramelow et al. 1993; Barrett et al.
2008).

The family Flaviviridae includes other tick-borne viruses affecting humans and
these viruses are closely related to TBEVand Russian Spring Summer encephalitis,
such as Omsk hemorrhagic fever virus in Siberia, Al Khumra virus in Saudi
Arabia, and Kyasanur Forest disease virus in India. Louping ill virus (United
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Kingdom) is a member of this family; it causes disease primarily in sheep and has
been reported as a cause of a TBE-like illness in laboratory workers and persons at
risk for contact with sick sheep (e.g.: veterinarians, butchers) (see above
paragraphs 5.2.1.4 and 5.2.1.5).

Clinical Signs Tick-borne encephalitis (TBE) is a human viral infectious disease
involving the central nervous system. The disease most often manifests as meningi-
tis, encephalitis or meningoencephalitis. Although TBE is most commonly recog-
nized as a neurologic disease, mild febrile illnesses can also occur. Long-lasting or
permanent neuropsychiatric sequelae are observed in 10–20% of infected patients.
Approximately two thirds of infections are asymptomatic. The median incubation
period for TBE is 8 days (range, 4–28 days). The incubation period for milkborne
exposure is usually shorter (3–4 days). Hemmer et al. (2005) recommended that
tickborne encephalitis should be included in the differential diagnosis of meningo-
encephalitis in northeastern Germany, even if the patient has not been in tickborne
encephalitis–endemic areas.

Among patients with central nervous system involvement, approximately 10%
require intensive care and 5% need mechanical ventilation. Clinical course and long-
term outcome vary by subtype of TBEV. The European subtype is associated with
milder disease, a case-fatality ratio of<2%, and neurologic sequelae in up to 30% of
patients. The Far Eastern subtype is often associated with a more severe disease
course, including a case-fatality ratio of 20–40% and higher rates of severe neuro-
logic sequelae. The Siberian subtype is more frequently associated with chronic or
progressive disease and has a case-fatality ratio of 2–3%.

Epidemiology Tick-borne encephalitis (TBE) has become a considerable public
health risk in several European countries, and on average, between 1990 and 2009,
nearly 8500 cases of TBE were reported annually in Europe including Russia,
although with considerable variability in incidence from year to year (Suss 2011).
Many factors contribute to this increase: expanding tick populations due to climatic
factors (Randolph 2009; Randolph 2010), social and behavioral changes (Kriz et al.
2004), as well as changes in land use and leisure activities (Sumilo et al. 2007).
Reporting of TBE cases has improved as it is a notifiable disease in 16 European
countries, including 13 European Union (EU) Member States (Austria, Czech
Republic, Estonia, Finland, Germany, Greece, Hungary, Latvia, Lithuania, Poland,
Slovak Republic, Slovenia, Sweden) and three non-EU Member States (Norway,
Russia and Switzerland) (Donoso et al. 2008).

TBE is endemic in temperate regions of Europe and Asia (from eastern France to
northern Japan and from northern Russia to Albania) and up to about 4921 ft
(1500 m) in altitude. Russia has the highest number of reported TBE cases, and
western Siberia has the highest incidence of TBE in the world. Other countries where
the incidence is high include the Czech Republic, Estonia, Germany, Hungary,
Latvia, Lithuania, Poland, Slovenia, Sweden, and Switzerland. High vaccination
rates in Austria have reduced the incidence of TBE; however, unvaccinated travelers
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to this country are still at risk. European countries with no reported cases are
Belgium, Iceland, Ireland, Luxembourg, the Netherlands, Portugal, Spain, and the
United Kingdom (Suss 2008). Asian countries known to be endemic for TBE
include China, Japan, Mongolia, and South Korea (Lu et al. 2008; Walder et al.
2006).

Crossing the Species Barrier TBEV is transmitted to humans through the bite of
an infected tick of the Ixodes species, primarily I. ricinus (European subtype) or
I. persulcatus (Siberian and Far Eastern subtypes). The virus is maintained
in discrete areas of deciduous forests. Ticks act as both vector and virus reservoir,
and small rodents are the primary amplifying host. Tickborne encephalitis (TBE)
can also be acquired by ingesting unpasteurized dairy products (such as milk
and cheese) from infected goats, sheep or cows, and reports of this route
of infections come from Slovakia, Poland, the Baltic States, and other Eastern
European countries (Kerbo et al. 2005; Vaisviliene et al. 2002; Balogh et al.
2010). TBEV transmission has infrequently been reported through laboratory
exposure and by slaughtering viremic animals. Direct person-to-person spread of
TBEV occurs only rarely, through blood transfusion or breastfeeding (Dumpis
et al. 1999).

TBE is also emerging in Europe’s canine population, and the numbers of clinical
cases in dogs are expected to increase (Leschnik et al. 2002; Beugnet and Marie
2009). Humans are accidental dead-end hosts for ticks and for TBEVas, humans do
not transmit the disease despite showing noticeable viremia (Heinz 2008) (http://
www.eurosurveillance.org/ViewArticle.aspx?ArticleId¼18848).

Biosecurity and Prevention Reducing exposure to ticks is the best method to
prevent TBE in humans. It is also recommended to avoid consuming unpasteurized
dairy products (Rendi-Wagner 2004). Repellents or insecticides provide unreliable
protection against tick bites, and there is no specific antiviral treatment for TBE;
therapy consists of supportive care and management of complications (Ginsberg and
Stafford 2005).

Being a zoonosis, TBE cannot be easily eliminated from endemic areas. How-
ever, the introduction of large-scale vaccination campaigns has proven to be highly
effective in reducing the burden of disease. In Austria, where the vaccination
coverage in the general population has reached approximately 90%, the number of
clinical cases could be reduced to about 10%, as compared to the prevaccination era
(Heinz et al. 2007). In most highly TBE-endemic countries, large-scale vaccination
campaigns are not implemented (Heinz 2008). The risk of acquiring TBE in a highly
endemic area in Austria was calculated at approximately 1/10,000 per person-month
(Rendi-Wagner 2004). WHO (2012) recommends tick bite prevention in endemic
areas during the summer months; only at-risk travellers should be offered vaccina-
tion. Travellers are considered to be at risk when hiking or camping in rural and
forested areas up to altitudes of 1400 m (WHO 2012).
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52.2.3 Other Severe Clinical Syndromes

52.2.3.1 Monkeypox

The Pathogen Monkeypox is a viral disease caused by the Monkeypox virus
Monkeypox virus (MPXV), an orthopoxvirus. Human cases have been reported
from nine countries in central and western Africa where the disease is endemic –
Democratic Republic of Congo, People’s Republic of Congo, Central African
Republic, Gabon, Cameroon, Nigeria, Cote d’Ivoire, Liberia, and Sierra Leone.

The virus was first identified in the State Serum Institute in Copenhagen, Den-
mark, in 1958 during an investigation into a pox-like disease among monkeys.
Monkeypox virus is pathogenic for both animals and humans: Human monkeypox
infection was first identified in 1970 in a 9 month old child in the town of Basankusu,
Equateur Province, Democratic Republic of Congo and initially NHP were
suspected as the source of outbreaks (Ladnyj et al. 1972; Marrennikova et al. 1972).

Over the next year, six further human cases of monkeypox infection were
reported in Liberia, Sierra Leone and Nigeria (Foster et al. 1972). From 1970 to
1979, 47 human cases of monkeypox were identified, 38 of which were from Zaire,
and the majority were in close proximity to the tropical rainforest (Nalca et al. 2005).
A total of 79 cases were subsequently reported over the next 12 years. In 1996–1997
a major outbreak involving 88 cases occurred; between 2001 and 2002 51 human
cases were reported in the Democratic Republic of Congo (Hutin et al. 2001;
Heymann et al. 2008).

During May and June 2003, the first cases of human monkey pox disease outside
of the African continent were reported in an outbreak in Midwestern United States
(Illinois, Indiana, Kansas, Missouri, Ohio and Wisconsin) due to direct contact with
ill prairie dogs that were kept or sold as pets and which had been recently exposed to
imported Monkeypox virus-infected West African rodents from Ghana (Reed et al.
2004).

There were ten confirmed cases and nine probable cases of monkeypox between
September and December of 2005 reported in Unity, Sudan (now South Sudan). The
particularly intriguing aspect of this outbreak is the evidence of possible human-to-
human transmission. In this case, a traditional healer was linked to three of the four
transmission chains in the outbreak. The healer had a confirmed case of monkeypox,
and a number of the monkeypox patients were either children whom the healer had
recently treated for illnesses or young adults who had gone to him for a tooth
extraction procedure (removal of the incisors to signify passage into adulthood is a
cultural tradition in this part of Sudan) (Nakazawa et al. 2013).

Clinical Signs Monkeypox disease is characterized by the onset of non-specific
symptoms which can include fever, headache, backache, and fatigue during a
prodromal period of 2–3 days (Reynolds et al. 2006). This is followed by a
2–4 week period in which a rash develops and progresses from macules, to papules,
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to vesicles, and then to pustules, followed by umbilication, scabbing and desqua-
mation (CDC 2003). The rash is usually confined to the trunk, but can spread to the
palms and soles of the feet, occurring in a centrifugal distribution (Parker et al.
2007). Lesions can also develop on mucous membranes, in the mouth, on the tongue,
and on the genitalia (Nalca et al. 2005). The pathogenicity of monkeypox is similar
to that of smallpox except for the pronounced lymphadenopathy associated with
monkeypox and generally milder symptoms (Heymann 2008). Lymphadenopathy is
thus considered to be a key distinguishing feature of monkeypox (Weber and Rutala
2001). The CFR is approximately 1–10% in Africa, with higher death rates among
young children (Parker et al. 2007). In children unvaccinated against smallpox, the
case-fatality rate ranges from 1% to 14% (Heymann 2008). In addition, children may
be more susceptible to monkeypox due to the termination of regular smallpox
vaccinations following the worldwide eradication of the disease in 1980.

The incubation period varies from 6 to 16 days. The number of lesions varies
from a few to several thousands, affecting oral mucous membranes (in 70% of
cases), genitalia (30%), and conjunctivae (20%), as well as the cornea.

There are no drugs or vaccines available for monkeypox, although vaccination
against smallpox has been proven to be 85% effective in preventing monkeypox in
the past (Parker et al. 2007). Prophylactic vaccination with the smallpox vaccine
may be useful within 4 days and up to 14 days after initial contact with a confirmed
monkeypox case (CDC 2007).

Epidemiology Monkeypox affect all age groups; however, children under age of
16 have constituted the greatest proportion of cases (Heymann 2008).

Infections of index cases result from direct contact with blood, bodily fluids, or
rashes of infected animals. In Africa, human infections have been documented
through handling of infected monkeys, Gambian rats or squirrels.

Secondary transmission is human-to-human, resulting from close contact with
infected respiratory tract excretions, with skin lesions of an infected person or with
recently contaminated objects. Transmission via droplet respiratory particles has also
been documented. Transmission can also occur by inoculation or via the placenta
(congenital monkeypox). There is no evidence to date that person-to-person trans-
mission alone can sustain monkeypox in the human population.

The differential diagnoses include usually smallpox, chickenpox, measles, bac-
terial skin infections, scabies, medicamentous allergies and syphilis.

Monkeypox can be definitively confirmed by a number of different tests (ELISA,
antigen detection tests, PCR, virus isolation).

Crossing of the Species Barrier In Africa, monkeypox infection has been found in
many animal species: rope squirrels, tree squirrels, Gambian rats, striped mice, door-
mice and NHP. Doubts persist on the natural history of the virus and further studies
are needed to identify the exact reservoir of the monkeypox virus Monkeypox virus
(MPXV) and how it is maintained in nature.

In the USA, the virus is thought to have been transmitted from African animals to
a number of susceptible non-African species (like prairie dogs) with which they were
co-housed.
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Multiple events of human-to-human transmission have been reported, but
sustained Monkeypox virus infection cycles among humans have not been
documented (Damon et al. 2006; Formenty et al. 2010).

Likos et al. (2005) investigated phylogenetic relationships between Monkeypox
virus isolates by examining five whole-genome sequences and confirmed the exis-
tence of two distinct groups: the first group contained isolates from the Congo Basin
(Congo Basin clade), and the second group included isolates from countries in
western Africa. Differences in epidemiologic and clinical features between Mon-
keypox virus isolates (e.g., higher morbidity and CFR caused by the Congo Basin
clade) support the differentiation between these two clades.

Biosecurity and Prevention During monkeypox outbreaks, close contact with
other patients is the most significant risk factor for monkeypox virus infection. In
the absence of specific treatment and a vaccine, the only way to reduce infection in
people is by raising awareness of the risk factors and educating people about the
measures they can take to reduce exposure to the virus.

Public health educational messages should focus on the following risks.

• Reducing the risk of human-to-human transmission. Close physical contact with
monkeypox infected people should be avoided. Gloves and protective equipment
should be worn when taking care of sick people. Regular hand washing should be
carried out after caring for or visiting patients.

• Reducing the risk of animal-to-human transmission. Efforts to prevent transmis-
sion in endemic regions should focus on thoroughly cooking all animal products
(blood, meat) before eating. Gloves and other appropriate protective clothing
should be worn while handling sick animals or their infected tissues, and during
slaughtering procedures.

Restricting or banning the movement of small African mammals and monkeys
may be effective in slowing the expansion of the virus outside Africa.

Captive animals should not be inoculated with smallpox. Instead, infected ani-
mals should be isolated from other animals and placed into immediate quarantine.
Any animals that might have come into contact with an infected animal should be
quarantined and observed for monkeypox symptoms for 30 days.

Health-care workers caring for patients with suspected or confirmed monkeypox
virus infection, or handling specimens from them, should implement standard
infection control precautions. Healthcare workers and those treating or exposed to
patients with monkeypox or their samples should consider being immunized against
smallpox. However, the smallpox vaccination should not be administered to people
with comprised immune systems.

Samples taken from people and animals with suspected monkeypox virus infec-
tion should be handled by trained staff working in Biosafety Level 3 (BSL-3/ABSL-
3) containment laboratories (CDC 2007). Orthopoxviruses are susceptible to 0.5%
sodium hypochlorite, chloroxylenol-based household disinfectants, glutaraldehyde,
formaldehyde, and paraformaldehyde; and are inactivated by heat (autoclaving and
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incineration) (Butcher and Ulaeto 2005). Orthopoxviruses are stable at ambient
temperatures when dried (CDC 2007) Orthopoxvirus(es).

52.2.3.2 Severe Acute Respiratory Syndrome

The Severe Acute Respiratory Syndrome (SARS) Coronavirus (SARS-CoV) is
responsible for an acute and often fatal respiratory syndrome that was identified for
the first time in the Guangdong province of South China in 2003 (Peiris et al. 2003).
SARS-CoV consequently expended encompassing 37 countries and created the first
emerging pandemic of the twenty-first century.

Clinical Signs SARS-CoV may cause an often-severe illness marked initially by
systemic symptoms of muscle pain, headache, and fever, followed in 2–10 days by a
respiratory symptoms (cough, dyspnea, and pneumonia) and a marked
lymphocytopenia. Increased respiratory distress led to a CFR of 9.6% (Smith 2006).

Epidemiology SARS emerged as a unique pandemic starting as an epidemic in
Guangdong Province, China in November 2002. It further expanded from person to
person worldwide as a pandemic in less than 9 months and ultimately infected more
than 8000 persons killing more than 700. The pandemic ended in May 2004.

The virus is supposed to have originated from its natural host, a horseshoe bat
(Rhinolophus sinicus). Subsequently, it is thought to have been transmitted to and
mutated within a secondary host, the palm civet (Panguma larvata) serving also as
an amplification host, before it was passed into humans as a new human-pathogenic
virus, the SARS-CoV (Zhong et al. 2003). SARS-CoV was found to infect also
raccoon dogs (Nyctereuteus sp.), ferret badgers (Melogale spp.) and domestic cats.
SARS-CoV emerged several times from the same intermediate host, the palm civet,
to transgress the species barrier and infect humans. Nevertheless, SARS-CoV seems
to have also emerged several times in the past in the province of Guangdong, but
remained unnoticed as potential epidemic risk. The conclusion was that bats acted as
a reservoir of SARS-CoV with the potential to infect other mammals including
humans (Li et al. 2005).

Likewise but surprisingly, 10 years after the SARS-pandemic, a novel human
coronavirus (HCoV-EMC) emerged in the Middle East in 2012 (Bermingham et al.
2012). The HCoV-EMC was identified following respiratory infections with a
clinical presentation of severe acute respiratory syndrome of a Qatari man in a
British hospital and, a woman who died in Saudi Arabia. The virus consequently
caused 12 other confirmed cases and five deaths worldwide (Saudi Arabia, Jordan,
and Britain). HCoV-EMC, that appears distant genetically from the former SARS-
CoV, seems to have a zoonotic origin naturally infecting chiropteran species
(Kelland 2013; Kindler et al. 2013).

Crossing of the Species Barrier SARS-CoV appears to have transgressed effi-
ciently and successively two species barrier from bat to carnivores to humans and,
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ultimately, be highly pathogenic for the later with the potential to infect human
pulmonary and intestinal epithelium (Sims et al. 2008).

Interestingly, HCoV-EMC appears genetically in the same phylogenetic clade as
other bat coronaviruses (Chan and Poon 2013) Coronaviruses.

In the past decade chiropterans have been confirmed as hosts or reservoirs of
several emerging diseases including SARS, nipah, hendra, Ebola, Marburg and
rabies viruses posing a zoonotic risk (Gonzalez et al. 2008).

Prevention Because SARS-CoV may be be transmitted by aerosol (i.e., aerosolized
droplets from coughing), and due to its physical stability in the environment, the low
or absent protective immunity in the human population, and the lack of effective
antivirals or vaccines, infection control against SARS relied primarily on the pre-
vention of person-to-person transmission (see for review Cheng et al. 2007).

52.3 Conclusion and Perspectives

Humans and animals did host, share and exchange their pathogens since prehistoric
times.

A literature review by Olival, Bogich, Karesh et al. (pers. comm. 2013) on virus
isolation from different animal hosts shows that NHP, primates and small domestic
ungulates are the mammals that share the most virus species with humans; when
corrected for the number of species and by the respective sampling/research
methods, monkeys, rodents and bats Bats are the most important reservoirs for
zoonotic agents. Moreover, if we focus on known viruses and correct for the number
of species and sampling per taxonomic order, chiropterans appear to potentially
harbor three and six time more different virus species than rodents and NHP,
respectively. Also Rodent and Chiropteran are one of the most species richness
among the vertebrate orders, they harbor a variety of viruses that can be potentially
infectious for human. Moreover, apes share a so close relationship by nature with
human, i.e. > 90% of genomic identity, that they theoretically can easily exchange
pathogens and pass such “thin” inter species barrier form NHP to Human Primates.

There is no more terra incognita on Earth. Humans, by migratory habits, profes-
sional or recreation occupations explored already the entire natural environments on
the planet, stepping into the immense variety of its ecosystems. While the vast ocean
is still open for discovery, zoonotic risk is not out of the scope. As an example,
humans are more likely to interact with pinnipeds, than with any other marine
mammals and a newly described influenza from seals may potentially infect humans
(White 2013). Influenza B virus as well as measles can be shared by human and seals
Seals. Also it is well documented that transmission occurs from human to animals
like Coxiella burneti found infecting seals in Alaska. Moreover, Streptococcus
agalactiae, a member of human gastrointestinal normal flora, is known to infect
sea mammals as well as other marine fauna including fishes (!) among others
(Delannoy et al. 2013; Duncan et al. 2012).
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Understanding the fundamentals of virus emergence from an animal reservoir and
its transmission to humans – but also from one animal species to another – as well as
mastering the territories at risk with regard to their environments – including
biological and physical environmental components (i.e. increase of the human
population, climate change and exceptional weather or natural events) – are essential
for controlling and preventing zoonoses and potentially emerging zoonoses.

Viruses will continue to pass the species barrier without geographical borders and
acquire new abilities to survive within new hosts without losing their intrinsic
pathogenic potential.

More than 60% of 335 emerging infectious diseases identified since 1940 have a
zoonotic origin. Among them more than two third are from wildlife animal (Jones
et al. 2008). Furthermore, specific territories or domains of emergence, within a given
environment, where people, livestock and wildlife encounter each other, have been
identified and characterized. An analysis of all documented events has led to develop a
spatial and temporal approach for a better understanding of dynamic risk factors
(so-called drivers) associated with disease emergence (Souris et al. 2010). By under-
standing these variable drivers of different scales (e.g. from molecular to spatial,
including environmental factors) using computing assisted analysis and mathematical
models we might finally be able to predict and hopefully prevent emerging zoonotic
infections (Morse et al. 2012). Obviously, theoretical models will have always to be
sustained by accurate survey networks coupled with multidisciplinary research. Sev-
eral of these drivers have to be carefully monitored, e.g. human expansion and its
propensity to invade animal territories (i.e. protected area), the emergence of new
pathogens from the natural fauna, ecological and environmental conditions, human
and animal behaviors, socioeconomic changes, etc.

Biodiversity plays a role in both directions, favoring the risk of exposure to new
potentially pathogenic agents and protecting the host against unknown microbes. On
one hand, biodiversity exists for the microorganisms as well as for all the other
animals, such increasing the variety of potential human pathogens that have not yet
“jumped” from animals to humans. On the other hand, the biodiversity of the human
major histocompatibility complex, MCH, helps to prevent infection by new patho-
gens. Eventually, new pathogens may adapt to a new human host (humanization) and
ultimately resist to disappearance (i.e. drug resistance) (Maillard and Gonzalez 2006).

Climate change Climate change and societal behavior favor the encounters of
hosts, vectors and pathogens that never “met” before: Human and animal
populations are highly reacting to climate change (e.g.: mosquitoes) and move or
expand towards new territories. Human density, i.e. risk of encounter/transmission
from animals to humans, and changes in behavior (pets, hunting) are the driver of
emerging zoonoses.

Survey and networking, connected to research, molecular biology and/or virus
discovery are the strategic key to predict and prevent the emergence of new zoonoses
as well as the next pandemic zoonosis (Gonzalez et al. 2011). Moreover technolog-
ical advances in molecular diagnostics, mathematical modeling, communication,
and informatics enable a targeted global surveillance of emerging and previously
unknown infections in both human beings and other species (Morse et al. 2012).
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Abstract

Mycobacterium avium ssp. paratuberculosis (MAP) is an acid-fast bacterium,
which causes paratuberculosis, an infectious enteric disease of ruminants, also
called Johne’s disease (JD). Since the publication by Thomas Kennedy Dalziel in
the year 1913, MAP has been discussed as probable causative agent of Morbus
Crohn (syn. Crohn’s disease (CD)), an inflammatory disease of the human
intestinal tract. Here, we describe the history, etiology, diagnosis, clinical, and
epidemiological aspects of paratuberculosis and CD to elucidate the role of MAP
in the pathogenesis of CD. The theory still remains open for controversial
discussion and future studies are needed to find a final conclusion. At the
moment, however, there is not enough evidence to convincingly demonstrate
that MAP is the etiological agent for CD.

Keywords

Mycobacterium avium subsp. paratuberculosis · Crohn’s disease · Johne’s
disease · Zoonotic potential

53.1 Introduction

Morbus Crohn (syn. Crohn’s disease (CD)) is an inflammatory disease that has the
potential to involve any part of the human intestinal tract anywhere from the mouth
to the anus. The disease is generally located at the terminal ileum and the proximal
colon. A linkage between CD and Mycobacterium avium ssp. paratuberculosis
(MAP) is discussed since the publication by Thomas Kennedy Dalziel in the year
1913 (Dalziel 1989).

53.2 Johne’s Disease/Paratuberculosis

Paratuberculosis, also called Johne’s disease (JD) is an infectious disease of rumi-
nants caused by MAP. Paratuberculosis can be found worldwide. Only Sweden and
some states in Australia are proven to be free of this disease (Spickler 2007). Norway
as well has no known cases since 2015 (Whittington et al. 2019).

Primary susceptible species are cattle, sheep, goats, deer including wild ruminant
species, and other ruminants like camels (Kennedy and Benedictus 2001; Tiwari
et al. 2006). The host range of JD is wide. Infections of nonruminants, like wild
rabbits, foxes, stoats (a weasel species), mandrills, or macaques, and even bird
species, like dows, gulls, and sparrows, are described (Beard et al. 2001; McClure
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et al. 1987; Zwick et al. 2002; Waddell et al. 2016). Calves inoculated with MAP
from a free-living rabbit developed typical histological lesions consistent with JD,
demonstrating that wild animals other than ruminants may also contribute to the
spread of the disease. But the main source of infection for calves is the exposure to
feces of infected mature cattle (Beard et al. 2001).

53.3 History

Since the middle of the nineteenth century, both the clinical signs and pathological
anatomy of paratuberculosis are known as chronic enteritis with marked transfor-
mation of the intestinal mucosa. Johne and Frothingham demonstrated acid-fast
bacilli in altered tissues and described for the first time this disease as a singular
case of tuberculosis in cattle (Johne and Frothingham 1895).

Due to the different biological properties of the infectious agent and due to the
different pathological patterns, Bang proposed in the year 1906 to separate the illness
from tuberculosis. Since then, bovine paratuberculosis is classified as a separate
disease (Bang 1906).

In 1910/1912, Twort published the isolation and cultivation of the infectious
agent for the first time. Finally, in 1933 the experimental infection of cattle with
MAP succeeded. By that, the Henle-Koch postulates were fulfilled. Since then, it is
proven that MAP is the monocausal agent of bovine paratuberculosis (Twort and
Ingram 1912).

53.4 Etiology

53.4.1 Infectious Agent

MAP belongs to the Mycobacteriaceae, a family of gram-positive bacteria, which
comprises more than 100 species. They proliferate intracellularly and are character-
ized by their acid-stability and lipid-enriched cell wall. The subspecies MAP is
clearly distinct from other pathogens of the family likeMycobacterium tuberculosis,
the infectious agent of tuberculosis, orMycobacterium leprae, the infectious agent of
leprosy. MAP is a mycobacterial subspecies with a slow replication rate and a
generation time of over 20 hours. Its cultural growth in vitro is dependent on the
addition of mycobactin, an iron chelator, that most other mycobacteria produce on
their own and are therefore able to replicate outside of their host (Rowe and Grant
2006; Barclay and Ratledge 1983). MAP is a subspecies member of the M. avium
complex (MAC), a complex of several phenotypically and serologically extremely
similar mycobacteria, comprising of MAP,Mycobacterium avium ssp. avium,Myco-
bacterium avium ssp. silvaticum, Mycobacterium avium ssp. hominissuis, and
Mycobacterium intracellulare (Busatto 2019). While members of the MAC typically
cause disease in immunocompromised hosts, MAP has been elucidated as causative
agent of JD even in immunocompetent ruminants (Behr and Kapur 2008).
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53.4.2 Pathogenesis of Johne’s Disease

MAP can be transmitted directly, most commonly fecal-orally or orally by colostrum,
but infections by the intrauterine route or semen are also reported (Uzoigwe et al. 2007).

The vast majority of animals (ca. 85%) is infected within the first days of their
life, 5% during the first year and 10% in utero. Commonly, the infection starts in the
first 30 days of life; later on, an increasing age-resistance is acquired. Calves are
mainly infected orally by fecally contaminated dugs or by colostrum, while older
animals tend to get infected by contaminated food, water or pastures (McAloon et al.
2019; Richardson et al. 2019). Even the possibility of airborne transmission via
bioaerosols and dust is being discussed (Eisenberg et al. 2011).

After oral ingestion, MAP is taken up by M cells of the Peyer’s patches, mainly in
the ileum, or enterocytes and transported into the submucosa (Bermudez Luiz et al.
2010; Momotani et al. 1988). Additionally, MAP weakens the tight junctions and
therefore the integrity of the intestinal barrier, leading to paracellular introduction of
more MAP into the submucosa (Bannantine John et al. 2013). There the organism is
phagocytized by resident macrophages and persists in their phagosomes, thereby
emitting interleukin-1β (IL-1 β), which leads to more macrophages being lured to the
entry point and more MAP being phagocytized (Lamont et al. 2012a). By inhibiting
the formation of an phagolysosome, MAP are able to persist and even proliferate in
these macrophages (Lindsay Sweet et al. 2010). Furthermore, MAP decreases
pro-inflammatory immune response by suppressing expression of interferon
gamma (IFNγ), and tumor necrosis factor (TNF) (Khare et al. 2012).

Histologically, MAP infection can be divided into two major forms, the tubercu-
loid or paucibacillary form and the lepromatous or pluribacillary form (Clarke 1997).

The tuberculoid form is dominated by a cellular (Th1) immune response and
therefore IFNγ-mediated activation of macrophages (Chiodini et al. 1984). The
intensity of the IFNγ response is crucial for determining the further course of disease.
In an infection experiment, Begg et al. (2018) demonstrated a direct correlation
between IFNγ response and severity of histopathological lesions, with even single
cases of apparent elimination of MAP and remission of lesions in animals with high
IFNγ levels (Begg et al. 2018). Due to the histopathological features of CD, which
closely resemble those found in animals with the paucibacillary form of JD, it has
been suggested that the two diseases may share the same etiology (Collins et al.
2000; Grant 2003; Greenstein 2003; Moss et al. 1992).

As the infection progresses, a shift from cell-mediated Th1 immunity to a
humoral Th2 response can be observed (Stabel 2000; Koets et al. 2015).

The resulting lepromatous form is characterized by the production of large amounts
of antibodies, while cell-mediated immunity seems to decrease (Stabel et al. 2011).
This humoral response, however, is not protective against the progression of disease
and leads to a quick spread of the infectious agent and manifestation of the clinical
disease (Manning and Collins 2001). The clinical disease is characterized by a profuse
and intractable diarrhea that ends up in severe weight loss and death.

The incubation time is reported to range from 2 to 10 years (Chiodini et al. 1984).
The disease develops chronically and intermittently. Over a very long period,

infected animals show no signs of illness. Therefore, JD usually stays undetected for
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a long time. However, the spreading of bacteria starts before the onset of clinical
symptoms.

Hence, mainly animals in a late subclinical stage play an important role in the
propagation of paratuberculosis. Whitlock and Buergelt described that one animal with
clinical symptoms represents only the tip of an iceberg. Every cow with symptoms
may indicate 15–25 more affected animals in the herd (Whitlock and Buergelt 1996).

Furthermore, the intermittent spread is another cornerstone of the maintenance of
MAP in the herd. While one clinically affected cow releases up to ten million
infectious particles per gram feces (Whitlock et al. 2005), the excretion dose of a
subclinically diseased cow ranges between 10 and 100 infectious agents per gram.

The infection dose is reported to be 10,000 agents for the infection of one calf
(Gerlach 2002).

53.4.3 Time Line of Paratuberculosis in Cattle

The course of disease can be divided into four phases of different immunology,
clinical signs, and pathomorphology (Whitlock and Buergelt 1996):

1. The silent early stage of infection
2. The subclinical stage
3. The clinical stage
4. The advanced clinical stage

53.4.3.1 The Silent Early Stage of Infection
In this stage, there is no detectable spread of the agent by feces. The only viable way
to diagnose an infection in this stage is by histological investigation of tissue
samples, as any detection of MAP-DNA or cultivation of viable MAP could also
be the product of “passive shedding” after MAP had been introduced orally and are
shed in the feces without infecting the animal (Begg et al. 2018).

The animal shows no signs of disease. When examining the tissue, acid-fast
bacilli can be seen histologically in intestinal lymph nodes or intestinal sections and
MAP can be cultivated (Whitlock and Buergelt 1996).

53.4.3.2 The Subclinical Stage
The intracellular proliferation of the pathogen in macrophages ultimately results in
cell death and release of the agent into surrounding tissues and the gut lumen. As
soon as the MAP cells are liberated, the humoral immune response is initiated. Acid-
fast bacilli can (intermittently) be detected in the feces (Coussens 2001; Sweeney
et al. 1992).

The animal still shows no signs of disease. Stages 1 and 2 correspond to the
incubation time of the disease and can range between 2 and 10 years (Chiodini et al.
1984).

Pathomorphologically, a moderate hypertrophy of the mucosa and an enlarge-
ment of the mesenterial lymph nodes are accompanied by infiltration of epithelioid
and Langhans giant cells and foamy macrophages containing phagocytized acid-fast
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bacilli. In some cases, diagnosis via a measurable immune response – either humoral
or cell mediated – can be possible (Whitlock and Buergelt 1996). Intermittent fecal
shedding of MAP in this stage is possible, but due to its sporadic nature and the low
prevalence of anti-MAP antibodies in the herd, many infected (and shedding)
animals will likely remain undetected and therefore pose the biggest risk factor in
transmission of the disease (Begg et al. 2018; McKenna et al. 2006). Additionally,
those subclinical animals are responsible for a great part of the considerable eco-
nomic losses due to Johne’s disease in form of long-term decreased milk production
and slow growth rates of subclinical infected animals on top of the more obvious
losses due to culling of sick animals (Tiwari et al. 2006; Bates et al. 2018; Raizman
et al. 2009).

53.4.3.3 The Clinical Stage/Advanced Clinical Stage
Initial clinical signs follow the subclinical stage. The first apparent sign is gradual
weight loss. Congruent with the weight loss, the manure consistency becomes more
fluid. The clinical symptoms can be seen for months with intermittent times of
amelioration. Later, clinically affected animals become increasingly lethargic,
weak, and emaciated. “Water-hose” or “pipe-stream” diarrhea, hypoproteinemia,
and intermandibular edema (bottle jaw) characterize the advanced stage of the
disease (Tiwari et al. 2006).

Morphological changes in JD include chronic inflammation involving all layers
of the intestinal wall (transmural involvement), thickening of involved segments,
with narrowing of the lumen, linear ulceration of the mucosa, and a submucosal
edema with elevation of the surviving mucosa, producing a characteristic cobble-
stone appearance.

A clinical or advanced clinical stage inevitably leads to the death of the diseased
animal (Eslami et al. 2019).

53.5 Therapy and Vaccination

Animals in early stages of the disease sometimes show remission and/or elimination
of the infectious agent and the respective histopathological lesions (Begg et al.
2018). It is not possible to cure MAP infected, animals in a clinical state of disease.
Antibiotics, although showing growth inhibition in vitro, do not lead to permanent
treatment success in animals. A short-term alleviation of clinical symptoms by use of
various antibiotics or antihistamines has been described in the literature but eventu-
ally all clinical cases and with the death of the diseased animal (Eslami et al. 2019).
The MAP excretion, however, could not be prevented. Therefore, treating clinically
ill animals not only leads to unnecessary suffering but also poses a severe threat to
the rest of the herd, if strict isolation cannot be guaranteed.

In Germany, no vaccine is currently approved. However, in principle vaccinations
are possible. The first vaccine was developed in 1926. Many authors describe the use
of vaccines in terms of advantages and disadvantages.
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The excretion of the pathogen and thus the spread of infection can be reduced by
vaccination. Available vaccines, based on whole, killed, or live-attenuated bacteria,
however, will not protect against infection and disease, and the use of serological
methods for animal disease control in vaccinated herds is no longer suitable.
Furthermore, interference with the tuberculin skin test used for the control of bovine
tuberculosis is described (Bastida and Juste 2011; Juste 2012; Patton 2011; Rosseels
and Huygen 2008). As this interference can lead to false-positive results in the
tuberculosis skin tests, vaccination against paratuberculosis is prohibited in many
countries (OIE 2021).

53.6 MAP in Milk and Dairy Products

53.6.1 Tenacity and Ability to Survive

Mycobacteria are characterized by having a thick, waxy cell wall that grants them
remarkable resistance to environmental influences, disinfectants, and even anti-
microbial chemotherapy (Chiaradia et al. 2017). This multilayered cell wall
contains large amounts of long chained fatty acids (mycolic acids), responsible
for its hydrophobic nature as well as glycopeptidolipids, which function as
pathogenic factors for members of the Mycobacterium avium complex (Busatto
2019; Chiaradia et al. 2017). This unique tenacity leads to an eminent survivabil-
ity of MAP in the environment. MAP have been described to survive long time
periods in manure, on contaminated pastures, and, after being flushed away by
rain, in rivers or other bodies of water (Richardson et al. 2019; Pickup et al. 2005;
Pickup et al. 2006; Whittington et al. 2005). This survivability in water and
resistance to established measures of drinking water decontamination leads to
the possibility of MAP reaching the domestic water supply (Rhodes et al. 2014;
Sousa et al. 2021).

53.6.2 MAP in Milk

One of the most discussed routes of human exposure to viable MAP is via dairy
products from raw or even pasteurized milk (Todd Kuenstner et al. 2017). In
principle, there are two possibilities for MAP to get into raw milk: either by direct
shedding over the mammary gland of infected animals or indirectly through fecal
contamination (Gerrard et al. 2018; Michael and Mullan 2019). In terms of numbers,
however, the quantitative relation of fecal contamination to direct shedding is
estimated to be 90–10% (Rani et al. 2019).

As growth of MAP is dependent on the presence of mycobactin as a siderophore
for iron uptake, it is unlikely that MAP will multiply in milk. This, however, does not
rule out milk as a possible means of transmission. In fact, MAP have been shown to
change the lipid profile of their cell walls and express more proteins connected to cell
invasion after being incubated in milk (Alonso-Hearn et al. 2009). Moreover,
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significant changes in the MAP proteome after incubation in milk were described,
including upregulation of proteins associated with stress response and immune
evasion (Kleinwort et al. 2021). This can be interpreted as MAP sensing milk as a
hostile environment and inducing respective counteractions (Kleinwort et al. 2021).
Whether these counteractions, however, lead to an increased survivability of MAP in
milk needs to be further elucidated.

Pasteurization of milk is generally considered a reliable method to protect
consumers from bacterial pathogens in milk (Juffs and Deeth 2007). In the dairy
industry, different heating methods are used. According to the international dairy
foods association, the most important one is the high-temperature, short-time
(HTST) pasteurized milk process (72–75 �C, 15–30 s), as dairy products are
mainly produced on the bases of HTST milk (International Dairy Foods Associa-
tion n.d.).

Despite this measure, there have been several reports of MAP in pasteurized milk
products, leading to the discussion if MAP could be able to survive pasteurization
(Gerrard et al. 2018; Chiodini and Hermon-Taylor 1993; Grant et al. 1999; Paolicchi
et al. 2012).

To investigate the thermal resistance of MAP in milk, numerous experimental
investigations were performed. After the UHT process, no surviving MAP were
found in milk (Büttner et al. 2006).

In HTST-treated milk, experimentally infected with 102–103 colony-forming
units (CFU)/ml of milk, viable MAP could be detected. However, there was a
reduction of microbial count to five orders of magnitude. This corresponds to a
reduction of 99.999%. After experimental contamination of milk with lower
bacterial counts (10 CFU/ml), no viable pathogen could be detected (Büttner
et al. 2006).

For interpretation of these data, it is important to consider which methodology of
thermal inactivation was applied. In terms: was the experiment conducted with
commercial-type pasteurizers with continuous turbulent flow for heat distribution
comparable to the ones used in the dairy industry? This has been neglected in many
studies and could be the cause of conflicting results (Grant et al. 1996; Meylan et al.
1996; Robertson et al. 2012). Some studies, which were conducted under industrial
standards, describe an inactivation of MAP (Lynch et al. 2007; Rademaker Jan et al.
2007). Other studies, however, describe a survival of MAP under these circum-
stances (Grant Irene et al. 2002).

Several mechanisms for this survivability have been discussed, including
clumping of MAP cells, inhomogeneous distribution, or intracellular localization
in milk as well as the formation of heat resistant, spore-like forms (Gerrard et al.
2018; Lamont et al. 2012b; Grant Irene et al. 2005). Additionally, other factors like
post-pasteurization contamination of the milk or malfunction of technical facilities
could be reasons for the presence of viable MAP in retail milk and dairy products
(Robertson et al. 2017). Independently of MAP being able to survive pasteurization
or not, the repeated detection of viable MAP in pasteurized milk, even if in small
numbers, leads to the possibility of human consumption of viable MAP (Michael
and Mullan 2019).
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53.6.3 MAP in Other Milk Products

Only limited data are available on the occurrence of MAP in raw milk cheeses:
experimental production of cheese from artificially contaminated raw milk showed
that MAP are also greatly reduced during the ripening process (Donaghy et al. 2004;
Spahr and Schafroth 2001; Sung and Collins 2000). Besides from cheese, viable
MAP have also been cultivated from calf’s milk replacers and powdered infant
formula (Botsaris et al. 2016; Ikonomopoulos et al. 2005; Khol et al. 2017).

53.6.4 MAP in Retail Milk

To address the occurrence of MAP in HTST-treated milk from the market field,
studies in the USA (Ellingson et al. 2005), Great Britain (GB) (Grant 2003), and
Ireland (O’Reilly Ciara et al. 2004) were conducted. MAP in low numbers and
frequency have been detected in the USA and UK: In the UK, 67 out of 567 tested
packages (11.6%) contained MAP-DNA, whereas viable MAP could only be culti-
vated from ten samples (1.7%). In the USA, 2.8% out of 702 examined packs were
positive in MAP culture. In an Irish study, which was published in 2004, no viable
MAP were cultured in any of the 357 examined milk cartons. However, MAP-DNA
was detected in 35 (9.8%) of respective samples. In the Irish study, 56% of the
investigated manufacturing firms treated the milk at least at 75 �C for 25 s.

53.7 Detection Methods for MAP in Food and Environment

For microbiological diagnosis of MAP, direct and indirect methods are distin-
guished. While the first detect the agent or parts of the agent itself, the latter are
based on specific immune responses that occur after contact with the pathogen
(exposure, infection, immunization).

53.7.1 Indirect Detection of MAP in Serum or Milk

Probably the most efficient way to ensure MAP-free foods is by removing
MAP-shedding animals from the production chain. For the diagnosis of MAP in
animals, the detection of MAP-specific antibodies by ELISA or similar methods is a
popular method due to its fast turnaround time, low price, and ease of use (Slana et al.
2008). This method can be employed with either serum or milk samples. A detection of
MAP-specific antibodies in cattle is an indicator for more or less recent contact to the
infectious agent. It is, however, not possible to conclude active shedding of MAP from
serological positivity. The most eminent problem with this detection method is that the
humoral immune response against MAP is intermittent; therefore, bacterial shedding
and presence of detectable antibodies do not necessarily correlate (Begg et al. 2018).
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The test performance of antibody detection tests varies, depending on the used
antigens. Most tests use MAP whole-cell extract, lipoarabinomannan, or MAP
surface proteins (Karuppusamy et al. 2019).

In Germany, several different commercial ELISA assays are licensed for the
detection of paratuberculosis-specific antibodies. The sensitivity of these methods,
however, is also very limited, with none of the tests reaching a sensitivity above 60%
(Friedrich Löffler Institute Germany 2021).

As mentioned above, the early stages of bovine paratuberculosis are characterized
predominantly by a cell-mediated immune response. Therefore, antibody detection
will most likely render those animals as false negative, which is why detection
methods for cell-mediated immunity are more advised.

There are two tests for detection of a cell-mediated immunity: the gamma
interferon release assay for blood samples and the skin test for delayed-type hyper-
sensitivity. Cell-mediated immunity is typically the predominant form of immune
response in early stages of infection and decreases over the course of ongoing
disease development. In clinical cases, it may not be detectable at all (OIE 2021).
In addition to being challenging in their interpretation due to lacking established
cutoff values, these tests do struggle with specificity. MAP and other members of the
Mycobacterium avium complex share an extraordinary similarity and are often times
not distinguishable by phenotype or serological measures (Busatto 2019). Therefore,
many animals may be sensitized to environmental mycobacteria or members of the
Mycobacterium avium complex and therefore yield ambiguous results due to cross-
reactivity.

According to the OIE manual both, the gamma interferon release assay and the
skin test, have limited value in the field at present, and further research is needed
with respect to the interpretation criteria (OIE 2021).

Because of the limited sensitivity, antibody tests are useful to determine the health
status in a herd but are not an adequate tool for determining the disease in individual
animals, unless typical clinical signs are observable.

53.7.2 Direct Detection of MAP

The gold standard for the diagnosis of paratuberculosis is the cultural detection of the
pathogen (OIE 2021). It is considered as 100% specific, but regarding its sensitivity,
it has to deal with several difficulties:

MAP is an extremely slow-growing organism and very difficult to cultivate. Not
only is it dependent on the addition of an iron chelator, like mycobactin, but also on
chemical decontamination of the examined material (i.e., with hexadecylpyridinium
chloride), in order to prevent overgrowth of MAP cultures with nonspecific bacterial
flora (OIE 2021; FLI 2020). This decontamination step markedly decreases the
sensitivity of culture methods (Gao et al. 2005).

For the detection of MAP in food, however, the long incubation period is the most
pivotal factor, as detection can require an incubation period of up to 18 weeks in
primary culture (Whan et al. 2005; Cocito et al. 1994). At this time, examined food
has either already been consumed or been taken out of stock, regardless of the culture
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results. A positive result, however, is proof for the presence of living reproductive
MAP in the animal or the food product.

In case of massive shedding, MAP can be detected directly in the feces by light
microscopy after Ziehl-Neelsen staining, if large numbers of MAP cells with intact
cell walls are present in the sample. MAP isolated from humans, however, can show
a cell-wall-deficient phenotype that would not be detectable by Ziehl-Neelsen
staining (Sechi et al. 2005).

Another, more sensitive, method for the direct detection of MAP is PCR (Michael
and Mullan 2019). This method detects MAP by amplification of MAP-specific
DNA sequences. At this time, there are six licensed real-time PCR assays for the
detection of MAP in Germany (https://www.fli.de/de/institute/institut-fuer-
molekulare-pathogenese-imp/referenzlabore/nrl-fuer-paratuberkulose/ (last accessed
November 2021)). Probably the most popular of those target sequences is the
insertion sequence 900 (IS900). It is highly abundant in the MAP genome and is
therefore the most sensitive target for MAP-specific PCRs (Möbius et al. 2008). It
has, however, been shown that IS900 can also occur in other mycobacteria, limiting
its usefulness in regard to specificity (Englund et al. 2002). Alternative target
sequences to IS900 are f57, ISMav2, and ISMap02. F57 is a single copy target,
which offers far more specificity but, due to its single copy nature, a lower sensitivity
than IS900 (Möbius et al. 2008; Poupart et al. 1993). Its high sensitivity makes PCR
a useful tool in the detection of infected, MAP-shedding animals. However, its
sensitivity largely depends on the quality of the extracted DNA and therefore on
the extraction method (Park et al. 2014). Moreover, for the detection of MAP in
food, the PCR method has to cope with some additional limitations: In milk, for
example, PCR is often times inhibited by high concentrations of calcium ions or fat,
leading to diminished sensitivities. Additionally, PCR is not able to differentiate
between viable, infectious MAP cells, and DNA originating from dead MAP cells
that have been killed, i.e., during pasteurization (Slana et al. 2008).

This limitation can be circumvented by detection methods using bacterio-
phages. Phage-based methods for the detection of MAP all rely on the D29
bacteriophage (Grant 2021). This phage infects viable bacterial cells of several
mycobacteria, is multiplied there, and causes the cell to burst, which again leads to
the release of progeny phage generations. The final detection step then mostly
consists on the detection of the released host DNA in combination with detection
of the progeny phages via plaque assay or ELISA. A big advantage of this method
is the selectivity for viable mycobacteria, ensuring that all of the detected
MAP-DNA heirs from viable, infectious MAP cells. For a feasible application in
complex matrices like milk or feces, however, sample preparation methods like
immunomagnetic or peptide-mediated magnetic separation (PMS) are needed
(Grant 2021).

Those magnetic separation methods separate MAP from accompanying nontarget
bacteria and inhibitory substances and concentrate the target bacteria into a smaller
volume (Husakova et al. 2017). Various types of MAP-binding molecules have been
utilized in those methods, including mono- and polyclonal antibodies, MAP-binding
peptides, derived from phage display, or plant lectins (Husakova et al. 2017; O’Brien
et al. 2016; Stratmann et al. 2002; Hobmaier et al. 2019).
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In 2019, Butot et al. published a direct comparison of the three direct detection
methods in raw milk, heat-treated milk, and powdered milk In this comparison, the
achieved sensitivities for each method were 94% (IS900 qPCR), 76% (f57 qPCR),
83% (culture), and 40% (PMS-phage) (Butot et al. 2019). It has to be mentioned,
however, that the examined samples in this study were artificially spiked with MAP,
which were previously de-clumped by filtration. Therefore, the sensitivity results are
probably not transferable to the performance in naturally contaminated samples
(which is likely to be markedly lower). For a systematic comparison of different
methods under laboratory conditions, however, this procedure is necessary and
reasonable.

In summary, at present there are various diagnostic methods suitable for the
detection of animals with JD in a progressive stage. Nevertheless, in spite of intense
research, they still have considerable sensitivity problems. A reliable diagnosis of
the early stages of the disease is still missing. The fact that MAP is shed intermit-
tently in feces and milk leads to postmortem screening attempts, like testing of
lymph nodes in the slaughterhouse, as mesenteric lymph nodes are generally
accepted to be the main locus of MAP colonization (Munster et al. 2011).

In conclusion, the time-consuming culture is still presumed to be the most
significant tool to identify MAP (OIE 2021).

53.8 Crohn’s Disease

CD is a chronic, relapsing inflammatory bowel disease (IBD) affecting the human
gastrointestinal tract with preference for the terminal ileum and colon but possible
involvement of all its other parts (Baumgart and Sandborn 2012). All age groups and
both genders can be affected, with the main peak for disease onset being between the
ages of 17 and 40 years (Thia et al. 2010). Patients are often febrile and suffer from
painful abdominal cramps and chronic diarrhea; their stool is bloody or mucous. The
Montreal classification was established to categorize the different phenotypic behav-
ior of CD, with the majority of patients being affected by the non-stricturing
non-penetrating phenotype and the remainder by the more aggressive stricturing or
penetrating phenotypes, which are characterized by gut stenoses or fistulas, respec-
tively (Satsangi et al. 2006). The etiology of the disease is unknown, but genome-
wide association studies have identified an enormous amount of susceptibility loci
(Franke et al. 2010; Jostins et al. 2012). Besides a genetic susceptibility to the
disease, environmental factors also play a very important role in its development.
Awhole lot of such lifestyle factors have been found to be associated with CD, e.g., a
reduction in women breastfeeding, air pollution, tobacco use, increased hygiene
conditions, or the consumption of Western diet. Interestingly, CD is frequently
triggered or exacerbated after an infectious gastroenteritis (Garcia Rodriguez et al.
2006). In an animal model, a virus infection was able to induce a CD-like phenotype
in genetically susceptible individuals (Cadwell et al. 2010). It has been tempting to
speculate from the first discovery of CD up to now that a pathogen might be the
etiological agent for the development of CD.
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53.8.1 Theories and Attempted Methods to Elucidate the Role
of MAP in CD

As early as 1913, Thomas Kennedy Dalziel suggested that the histological characters
of CD and JD are so similar as to justify the proposition that they might be the same,
even though, as he also stated, the absence of the acid-fast bacillus would suggest a
clear distinction (Dalziel 1989). Since then, there have been many attempts to
verify the hypothesis of MAP being an etiological agent for CD, using different
approaches like immunohistochemistry, attempts to cultivate the bacterium, exper-
iments to transmit CD to animals, serological tests, molecular methods, and treat-
ment programs of CD with antimycobacterial antibiotics.

53.8.2 Microbiological Approach

It is amazing that up to now, no final conclusion about the role of MAP in CD could
be drawn. The reason for this most probably lies in the elusive behavior of MAP in
the human body. Histological immunostaining of resected granuloma tissue of CD
patients against MAP antigen could up to now in most cases only confirm the
primary statement of Dalziel that the acid-fast bacillus is absent, even though it
has been performed repeatedly by several work groups (Van Kruiningen 2011). In
contrast, Jeyanathan et al. (2007) reported mycobacteria in 59% (10/17) of paraffin-
embedded surgical resections of CD patients by acid-fast staining combined with
in-situ hybridization for ribosomal RNA. In control patients, mycobacteria were only
detected in 14% (5/35) of the samples (Jeyanathan et al. 2007). It is important to
mention, however, that the methods in respective study are not able to differentiate
between members of the Mycobacterium avium complex. Therefore, the identity of
MAP cannot be completely assured (Jeyanathan et al. 2007). MAP has been
described in humans to also exist in a cell-wall-deficient spheroplastic form, making
acid-fast staining an insufficient measure to completely exclude the presence of
MAP (Sechi et al. 2005). In the aforementioned study, results of acid-fast staining
and in situ hybridization were not always concordant. A considerable amount of
samples (9/52) showed positive results for in situ hybridization but were negative for
acid-fast staining (Jeyanathan et al. 2007).

Cultural growth of MAP requires extremely long culture times, special selective
cultural media, and experienced lab personnel (Turenne et al. 2007). Cultivation of
MAP spheroplasts additionally requires specific culture media and conditions and
poses a major obstacle for many researchers (Agrawal et al. 2021). This extremely
difficult cultivation complicates comparison of results between different laboratories
and makes determination of the real proportion of MAP-positive specimens chal-
lenging. Additionally, because of the difficult handling procedures, laboratory cross-
contamination in mycobacterial laboratories is not rare, which should always be
regarded when interpreting mycobacterial culture results (Van Kruiningen 2011).
This might, in some cases, explain the discrepancies between different studies,
where, in a few smaller studies, MAP could be detected in very small patient
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collectives, while it was undetectable in major study groups. MAP was detected in
breast milk samples of two patients with CD, but not in 5 controls (Naser et al.
2000a); in another study, it could be cultivated from four out of ten biopsies of
children with early onset of CD but not in two ulcerative colitis or four non-IBD
patients (Kirkwood et al. 2009). The group of Naser also reported the detection of
MAP from blood samples of CD patients; however, there was also growth of MAP in
samples from ulcerative colitis and healthy patients (Naser et al. 2004). Conversely,
in a major culturing attempt on IBD samples from 191 patients, including 79 CD
patients, from the USA and Denmark, not one of 3985 cultures had been positive
(Collins et al. 2000).

53.8.3 Serological Approach

Alternative to culture, many studies compare antibody titers against MAP in serum
of CD patients and controls. In this context, different capture antigens in the assays
with expectably different specificity for MAP antibodies were used (Van Kruiningen
2011). The results gained by these antibody measurements were often inconclusive.
In some cases, there were significantly higher antibody responses for CD than for
control patients (Collins et al. 2000; Naser et al. 2000b); in other studies, no
significant differences could be found (Bernstein et al. 2004; Cho et al. 1986;
Kobayashi et al. 1988). This sometimes even occurred when using the identical
test in different countries (Collins et al. 2000). As atypical mycobacteria comprise a
huge group of different species, with many of them existing ubiquitously in the
environment, e.g., in tap water or in the soil, and with probably also a considerable
amount of still undiscovered species, it is tempting to speculate that cross-reactivity
of MAP-“specific” antibodies toward antigens of different atypical mycobacteria is
highly probable (Osterstock et al. 2007). Therefore, it is very difficult to interpret the
meaning of positive serological test results regarding their specificity for previous or
present MAP colonization, infection, or immunity.

53.8.4 Molecular Biological Approach

Comparably, an enormous amount of studies has been published with a focus on
MAP-DNA detection in intestinal tissue, granulomas, or peripheral blood mononu-
clear cells (PBMC). In most studies, the main target gene was the IS element IS900,
which has been postulated to be specific for MAP. Most of these studies were based
on classical PCR or nested PCR on biopsies, buffy coat of blood, or PBMC
(Kirkwood et al. 2009; Naser et al. 2004; Autschbach et al. 2005; Bernstein et al.
2003; Bull et al. 2003; Juste et al. 2009; Suenaga et al. 1995); one study used laser-
microdissected tissue (Ryan et al. 2002), and another performed in situ labeling on
paraffin-embedded tissues (Hulten et al. 2001). Also – similar to the serological
analyses – there were many conflicting results between these studies, with some
studies showing a significantly higher presence of IS900 DNA in CD samples and

1628 B. Hobmaier et al.



others showing no difference to controls. However, a meta-analysis of NAT-based
techniques detected an association between MAP and CD (Abubakar et al. 2008).
Given that the IS900 element would be exclusively present in MAP and therefore
indeed highly specific, then one possible explanation might be a variable sensitivity
of the applied NAT in the study-specific analyzed tissues. Alternatively, as NAT are
extremely sensitive methods, sample contamination could be a major issue in some
of these studies. Even the water used during endoscopy for taking the biopsies could
be contaminated with mycobacteria (Van Kruiningen 2011). Moreover, it becomes
increasingly clear that IS900 is indeed also present in other mycobacteria species; it
could be detected by NAT in mycobacterial isolates related to M. cookii,
M. scrofulaceum, and the M. avium-intracellulare complex (Englund et al. 2002;
Van Kruiningen 2011; Cousins et al. 1999; Motiwala et al. 2004), which questions
the specificity of the IS900 PCR method and heightens the contamination risk. This
may shift the focus of IS900 PCR away from being a screening tool, to a measure for
exclusion of infection.

53.8.5 Current Data Situation

A recent meta-analysis investigated data about correlation of MAP with CD,
performed by culture, as well as by PCR (Patterson et al. 2021a). It is based on a
collection of studies described in a review article by Naser et al. (Naser et al. 2014).
Regarding cultural methods, 1795 patients were examined (820 with CD and
975 controls). MAP culture was positive for 31.41% of CD patients and 4.95% of
controls, suggesting a strong correlation between MAP and CD. For PCR analysis
(IS900), 3528 patients were involved (2012 CD patients and 1516 controls).
MAP-DNAwas detected in 28.83% of CD patients as opposed to 12.99% in controls
(Patterson et al. 2021a).

The authors conclude that, despite the difficulties of detecting MAP, “. . .there is
no denying, that Crohn’s disease and Mycobacterium avium subspecies para-
tuberculosis are, at the very least, related to each other” (Patterson et al. 2021a).

However, when investigating the association of MAP detection with CD, it is
important to keep in mind that, even if MAP is detected in a majority of CD cases,
this could be either due to a causative relationship or due to CD patients being more
prone to become colonized with MAP (Liverani et al. 2014).

53.8.6 Infection Experiments

According to Koch’s third postulate, if an organism is causative for a disease, it must
be able to cause this disease, if introduced into a susceptible host (Koch 1882;
Loeffler 1884). This, however, is not applicable in some diseases. In leprosy, for
example, the isolation of the bacterial agent with subsequent cultivation is not
practicable. In tuberculosis, the number of infected people worldwide is estimated
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to be about 2 billion. However, only 5–10% of infected people will develop a clinical
disease in their lifetime (WHO 2020).

The isolation of MAP from CD patients and subsequent inoculation into a
susceptible host have been attempted several times. Up to now, all inoculation
experiments of animals with triturated intestinal material from CD patients were
unsuccessful in induction of a JD-like infection, even though also susceptible
animals, like goats or rabbits, were infected (Van Kruiningen 2011).

It is important in this case to consider that MAP, in animals, is present in its cell
walled form, whereas in humans, it might be present in a cell-wall-deficient form. For
infection experiments, it is therefore crucial to cultivate MAP up until the formation of
a cell wall (Agrawal et al. 2021). The lack of such a readily available human isolate of
a cell-wall-deficient form from infected Crohn’s tissue, which can be introduced into
an animal, together with the lack of a reliable method to re-isolate the cell-wall-
deficient MAP from this animal, is a substantial barrier for a conclusive resolution
of the question, if Koch’s postulates can be seen as fulfilled (Agrawal et al. 2021).

53.8.7 Therapeutical Approach

As MAP obviously is the sole causative pathogen in cattle with JD, but very elusive
and highly debated in humans, other researchers tried to demonstrate the implication
of MAP or mycobacteria in CD indirectly by studying the effect of antimycobacterial
antibiotic therapy on CD patients.

A recent meta-analysis of studies on this topic identified 36 clinical trial studies
with a total of 3346 patients. Twelve of those 36 studies reported remission, whereas
24 “only” reported a clinical response (Patterson et al. 2021b). The authors come to
the conclusion that “. . .the odds of a Crohn’s Disease patient getting better is higher
among those who take antibiotics. . .” (Patterson et al. 2021b).

This result, however, should not be seen as the ultimate proof for the role of MAP
in CD. The application of antibiotics can influence many factors other than MAP,
e.g., by their antiphlogistic effects on the immune system or maybe by elimination of
other unknown causative bacteria or even sometimes by their curative effect on an
existing but unrecognized gut tuberculosis. Even more problematic for this approach
is the actual possibility that MAP disease might not even be curable by antibiotics, as
it is the case with its hypothetical animal counterpart JD.

Another notable phenomenon in antibiotic trials is that not all antimycobacterial
drugs seem to have the same extent of positive effects. So why do some therapeutics,
despite being efficacious against mycobacteria, have lower effects in CD patients? A
possible explanation for this may be the target of those drugs. In CD patients, a good
proportion of MAP is present as cell-wall-deficient spheroplasts. Therapeutics
targeting the cell wall or mycolic acid synthesis are not expected to have as much
of a therapeutic effect in those cases as opposed to drugs targeting ribosomal
function (Monif 2018).

In contrast to the apparent improvement of symptoms under antimycobacterial
treatment stands the circumstance that no deterioration can be seen under
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immnosuppressive treatment, as seen in other mycobacterial diseases like Mycobac-
terium tuberculosis (MTB) infection (Solovic et al. 2010). One difference, however,
between MTB and MAP is the invasive character of MTB, whereas MAP (in CD)
relies more on inducing a pro-inflammatory immune response (Agrawal et al. 2021).
Furthermore, some immunomodulatory drugs, which are also used in therapy of CD,
have been reported for successful antimycobacterial treatment (Chowdhry et al.
2016).

53.8.8 Epidemiological Approach

If MAP infection really were an etiological agent for CD, one would imagine that
CD more often afflicts cattle farmers who are exposed to animals with JD than
farmers with healthy animals. However, studies from the USA and UK could not
show a higher prevalence of CD in farmers handling JD animals (Jones et al. 2006;
Qual et al. 2010). A few restrictions, however, have to be added to this conclusion:
First and foremost, the assumption that CD prevalence would be higher in
populations with higher exposure to MAP is only applicable, if MAP is the only
etiologic agent of CD. If the pathogenesis of CD, however, is a multifactorial event
(e.g., a genetic disposition or other risk factors that alter the susceptibility to MAP
infection), relying solely on the frequency of contact to the bacterial agent will yield
lower correlation than in the case of a monocausal disease. Additionally, in the case
of MAP, it is difficult to determine a suitable, nonexposed control group, as MAP is
widespread in the environment and food supply and exposure to MAP can therefore
not easily be ruled out (Agrawal et al. 2021).

Another point to consider is that MAP infections in susceptible species seem to be
very age dependent, occurring mainly at a very young age with symptoms develop-
ing several years later in an adolescent or adult age (Windsor and Whittington 2010).
Therefore, studies that correlate MAP exposure and CD prevalence should take that
into account.

One epidemiological detail, which is often presented by supporters of the causa-
tion theory, is that the prevalence of CD is increasing. This is untypical for classic
autoimmune diseases like rheumatoid arthritis or multiple sclerosis and suggests the
involvement of an environmental factor in the pathogenesis (Molodecky et al. 2012).

53.8.9 Breastfeeding and the Hruska Postulate

The Hruska postulate describes a theory that has become more and more popular in
the scientific community when discussing MAP involvement in the genesis of CD. It
is based on the observation that breastfeeding seems to significantly reduce the risk
of developing CD (Barclay et al. 2009; Thompson et al. 2000).

The Hruska postulate states that pathogenesis of CD is the consequence of two
distinct interactions between MAP and the immune system (Monif 2018; Monif
2015):

53 Bovine Paratuberculosis and Human Crohn’s Disease: Is There a. . . 1631



1. Infectious challenge with MAP in absence of acquired immunity
2. Loss of immune tolerance to MAP antigens and formation of an immunological

memory

The theory suggests that MAP exposure of newborn children who lack a com-
petent acquired immune system leads to a continuous replication of MAP. This
replication then has to be brought under control by innate immunity, which is
followed by loss of immunological tolerance toward MAPs antigenic array, as the
pro-inflammatory response is being fixated in the immunologic memory.

This conclusion is supported by similar phenomena, which can be observed with
organisms like Rubella sp., Herpes simplex or Mycobacterium tuberculosis. Those
organisms are mainly contained by cellular immunity, but if acquired immunity is
absent, the reactions are markedly exaggerated in comparison to when acquired
immunity is present (Monif 2018).

So how does breastfeeding and economic status play into this? As mentioned
above, a pivotal element for the development of CD is exposure to MAP before
acquired immunity can develop properly. Since viable MAP have repeatedly been
reported to be present in retail milk, municipal water supplies, and even powdered
infant formula, theory supporters suspect those products to be the main vessel for
MAP exposure in neonates (Hruska and Pavlik 2014). Therefore, breastfeeding is an
effective measure to postpone this exposure until competence of the acquired
immune system is present. The very low incidence of CD in economically stressed
population supports this theory, as breastfeeding is far more common there than in
wealthier communities (Monif 2021).

53.9 Conclusions

In conclusion, the scientific community is still divided into supporters and critics
for a possible role of MAP in CD. While the supporters bring forward the
detection of MAP in blood, intestine, and even milk samples of human CD
patients, the opponents still miss the final convincing evidence that the presence
of MAP in the human body can really initiate CD. One of the main arguments of
critics still stands fast, namely, that in all of recorded medical and veterinary
medical history, there are no published accounts of the transmission of JD to
humans (Van Kruiningen 2011). Data from a meta-analysis of CD genome-wide
association scans detected considerable overlap between susceptibility loci for
IBD and mycobacterial infection (Jostins et al. 2012), which could indeed mean
that mycobacteria are involved in the development of IBD or that the associated
changes in these susceptibility loci necessary for mycobacterial control somehow
auto-induce autoimmune processes with subsequent pathogen-free granuloma
formation. Therefore, the theory remains open for controversial discussion, and
future studies will hopefully lead to a final conclusion. At the moment, however,
there is not enough evidence to convincingly demonstrate that MAP is a possible
etiological agent for CD.
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53.10 Cross-References

▶ Important Zoonotic Diseases of Cattle and Their Prevention Measures
▶Zoonotic Diseases of Swine: Food-Borne and Occupational Aspects of Infection
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Abstract

Clostridium spp., anaerobic spore-forming bacteria, are not commonly counted
among the classical zoonotic agents. They are regularly found in the environment,
e.g., in soil, dust, or sludge, and also in the intestine of healthy humans and
animals without causing any symptoms. Botulism is a typical intoxication,
normally caused by the ingestion of contaminated food or animal feeding stuff
or in rare cases by the bacterial contamination of deep wounds. Based on the
classical foodborne transmission route, the European Union classified botulism as
a zoonotic intoxication. During the last few years, some scientists thought to have

A notorious and underestimated class of (potentially) zoonotic agents?

U. Messelhäusser (*)
Bavarian Health and Food Safety Authority (LGL), Oberschleißheim, Germany
e-mail: ute.messelhaeusser@lgl.bayern.de

© Springer Nature Switzerland AG 2023
A. Sing (ed.), Zoonoses: Infections Affecting Humans and Animals,
https://doi.org/10.1007/978-3-031-27164-9_44

1643



indications for a zoonotic transmission of an infective form of botulism, so-called
chronic botulism. However, there is no resilient evidence for this theory. The
transmission routes for Clostridium (C.) perfringens resemble those of
Botulinum-neurotoxin (BoNT)-producing clostridia. Normally the ingestion of
food highly contaminated with spores of C. perfringens causes a self-limiting
watery diarrhea, whereas the contamination of deep wounds can lead to a
clostridial myositis/myonecrosis. Even if C. perfringens normally do not rank
among the classical zoonotic agents, at least the toxicoinfection via food fulfills
the criteria of a zoonosis. An infection with Clostridioides difficile can result in
heavy diarrhea in humans and is supposed to infect also animals, but the impor-
tance of a transmission via food or the classical way of zoonotic infection, the
direct transmission between human and animal, is still unclear. However, scien-
tific data suggest that the zoonotic potential of the organism might be higher than
thought until now. Therefore, the contact with food or animals, carrying
Clostridioides difficile, could be one source of human colonization known also
from other antibiotic-resistant bacteria.

Keywords

BoNT · Clostridium perfringens · Clostridiodes difficile

54.1 Botulinum-Neurotoxin (BoNT)-Producing Clostridia

54.1.1 Botulinum-Neurotoxin (BoNT)-Producing Clostridia: The
Organisms and the Toxins

Botulinum-neurotoxin (BoNT)-producing clostridia are a strictly anaerobic, spore-
forming, rod-shaped, gram-positive bacteria mainly occurring in the soil of both
terrestrial and aquatic environments. Spores of the organisms can also be found in
the intestine of healthy humans and animals. The term “BoNT-producing clostridia”
comprises four genetically and physiologically different groups of bacteria, which
are connected through their ability to produce Botulinum-neurotoxin (BoNT).
Therefore, for some years the scientific world does not speak of “Clostridium
botulinum” any longer, but of “Botulinum-neurotoxin-producing clostridia.” BoNT
exists in seven different confirmed antigenic types (BoNT/A to BoNT/G), of which
BoNT/E and BoNT/F are known to be toxic for humans, BoNT/C and BoNT/D
mainly for different animals, and BoNT/A and BoNT/B for both animals and
humans. The toxicity of BoNT/G is largely unknown so far. In 2013 a possible
eighth antigenic type (BoNT/H) was described, but the terminology for this type is
not yet consistent in scientific literature. In different reports the novel BoNT is
referred to as “BoNT/H,” “BoNT/FA,” or BoNT/HA” (Peck et al. 2017). In addition
at least the seven confirmed antigenic types are subdivided into a different amount of
subtypes, e.g., BoNT/A in the subtypes BoNT/A1 to A8 and BoNT/B in the sub-
types BoNT/B1 to B8 (Peck et al. 2017). This huge amount of genetic and
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subsequently immunological variations of the BoNT complicates the development
and use of in vitro diagnostics like ELISA-based methods. Therefore, the mouse
bioassay is still the “gold standard” detecting BoNT in human samples especially
serum.

BoNT/A, B, E, and F are simply constructed polypeptides, consisting of a
100 KDa “heavy” chain and a 50 kDa “light “chain linked through a disulfide
bond. The light chain is a zinc-containing endopeptidase, which blocks the release
of acetylcholine. This is the reason of the atonic paralysis, the classical symptom of
BoNT intoxication. BoNT is one of the most lethal biological toxins; the lethal dose
for a healthy adult person is as low as 0.1–1 μg.

The formation of neurotoxin occurs under strict anaerobic conditions after ger-
mination of the spores in the last growth phase and the toxin is released after lysis of
the bacterium. Growth and toxin production can take place in nearly every food
matrix or tissue except those with a low pH < 4.6 or low aw < 0.94 (EFSA 2005).
The temperature for optimal growth and toxin formation differs between the groups
of BoNT-producing clostridia, and proteolytic strains are normally not able to grow
and produce toxin below 10 �C. In contrast non-proteolytic strains, also called
“psychotrophic” strains, can grow at temperatures as low as 3 �C (Graham et al.
1997). BoNT belongs to the group of heat-labile toxins; normal cooking tempera-
tures can destroy (pre)formed toxin, but not the spores. Spores are safely eliminated
using a temperature-time combination of 3 min at 121 �C for proteolytic strains or of
10 min at 90 �C for non-proteolytic strains (ACMSF 1992).

54.1.2 The Four “Classical” Forms of Botulism

54.1.2.1 Foodborne Botulism
Foodborne botulism is the most common form of botulism in animals and humans.
Illness is caused by ingestion of food or animal feeding stuff like silage containing
(pre)formed toxin. In both animals and humans the classical symptoms of botulism
are atonic paralysis of extremities and at an advanced state respiratory paralysis. In
humans intoxication manifests itself after 12–48 h first with the classical symptoms
of a foodborne illness like nausea, vomiting, and acute abdominal pain followed by
double vision, dysphagia, and atonic paralysis of extremities. Without early treat-
ment (antitoxin therapy and artificial respiration, sometimes over months), botulism
mostly leads to death. In cattle and horses the first symptoms are an atonic paralysis
of the mastication muscles with prolapse of the tongue also followed by atonic
paralysis of the extremities. Death occurs as a result of respiratory paralysis. Poultry
and waterfowl show after an incubation time of a few hours to 3 days paralysis of the
wings and weakness and death within 10 days; waterfowl drown with clear senso-
rium. Foodborne botulism can also be acquired by minks and ferrets. Dogs, cats, and
pigs are much less susceptible to the toxin; foodborne botulism is rarely described in
these animals.

Sources of human foodborne botulism are insufficiently heated, mostly home-
made and canned foods, such as meat, sausages, and vegetables, or cured meat
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products with low salt concentrations. In animals foodborne botulism mainly occurs
in cases of deficient ensiling or of contamination of hay or silage with cadavers. Via
cadavers the spores and the toxin can also reach the environment. Waterfowl is
mostly poisoned in the summer months by ingestion of toxin-containing slurry.

54.1.2.2 Wound Botulism
In rare cases spores of BoNT-producing clostridia can contaminate deep wounds,
e.g., through drug abuse or iatrogenic contamination. The spores can germinate
under anaerobic conditions, grow, and produce the toxin directly in the tissue. Four
to 14 days after the entry of the spores the affected person shows the classical
symptoms of botulism as described above.

54.1.2.3 Infant Botulism (Infant Intestinal Toxemia Botulism)
Infant botulism is a toxicoinfection in children under 6 months and in rare cases
also of older children up to 12 months of age. Spores of BoNT-producing
clostridia are ingested with contaminated food, e.g., honey or infant formula, or
from the environment. Due to a less developed and diversified intestinal micro-
flora, the spores can colonize and germinate in the large intestine of the infant. The
produced toxin leads to the classical botulism symptoms, which are preceded at
first by constipation, weakness, and poor feeding. Later a typical atonic paralysis
occurs. Fortunately, today the toxicoinfection leads only in very rare cases to the
death of the patient. Normally, treated patients recover fully from infant botulism
(Arnon 1995).

54.1.2.4 Infective Botulism (Adult and Toddler Intestinal Toxemia
Botulism)

Approximately a dozen cases of intestinal toxemia botulism have been described in
toddlers and adults so far. In most cases there are predisposing factors, which
negatively affect the intestinal microflora and allow spores of BoNT-producing
clostridia to colonize an adult intestine. Possible factors can be a longstanding
treatment with broad-spectrum antibiotics and illnesses, which affect the intestinal
anatomy and physiology, e.g., inflammatory bowel diseases, vagotomy, or consid-
erable decreased intestinal motility (Arnon 1995). The patients develop the classical
symptoms of botulism described above. Importantly, intestinal toxemia botulism
without the typical atonic paralysis has not been described in the scientific literature
so far.

In the veterinary literature a similar disease is reported, the equine grass sickness.
The disease results in a partial or complete paralysis of the gastrointestinal tract and
normally ends with the death of the horse (Hunter et al. 1999). However, a link
between equine grass sickness and BoNT has not been scientifically verified until
now. In recent times the scientific community assumed that equine grass sickness
could be more likely a pasture mycotoxicosis than an infective botulism (McGorum
et al. 2021).
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54.1.2.5 “Chronic or Visceral Botulism”
Since the mid-1990s some veterinary research groups postulate – besides the
classical forms of botulism – the existence of a chronic disease entity in cattle called
“chronic” or “visceral botulism” (Böhnel et al. 2001). This disease is said to
originate from the ingestion of spores of BoNT-producing clostridia from the feed
or the environment. The path of infection and intoxication is compared by these
research groups to the adult intestinal toxemia botulism; however, the chronic form
of botulism would not lead to an acute and life-threatening intoxication, but to a
chronic intake of minimal dose rates of BoNT. This chronic contamination is
hypothesized to cause unspecific symptoms in the individual cow, e.g., apathy,
indigestion, edemas, chronic lameness, and sudden unexpected death (Böhnel
et al. 2001). On farms affected by this so-called “chronic botulism,” the groups
claim that the milk yield and the fertility rate decrease significantly (Krüger et al.
2014). Medical symptoms simultaneously and coincidentally found among a few
farmers on affected farms such as weakness of the extremities and dysfunction of
vegetative nerve system, e.g., pupillary motoric, were claimed by one medical
research group to be linked to a chronic intake of BoNT (Dressler and Saberi
2009; Rodloff and Krüger 2012). The story of a new, emerging zoonotic disease,
the “chronic” or “visceral botulism,” which affects farmers, veterinarians, and cattle
and can be transmitted, alternating between humans and animals, was born. Until
today, more than 20 years later, scientifically sound evidence for the existence of a
chronic form of botulism and also for the transmission of spores or vegetative cells of
BoNT-producing clostridia between humans and animals in terms of a zoonosis is
still missing. The discussion found an (preliminary) end with the results of two
extensive scientific studies on dairy farms in two different regions in Germany
neither detecting BoNT in fecal samples nor showing differences of shedding of
spores of BoNT-producing clostridia between case and control animals (Seyboldt
et al. 2015; Fohler et al. 2016; Dietsche et al. 2017).

54.1.2.6 Occurrence of Botulism Cases
In summary, botulism can be classified as a classical foodborne zoonosis transmit-
ted via food from healthy animals, shedding spores of BoNT-producing clostridia
(Rasetti-Escargueil et al. 2019). In contrast to other zoonotic illnesses, the trans-
mission of the spores occurs only very rarely and in cases of subsequent toxin
production in the contaminated food to a disease in humans. In Europe the
confirmed case rate of human botulism constantly ranges between 0.02 and 0.03
cases per 100,000 population. The most frequent reported form of botulism in
Europe is foodborne botulism; infant botulism and wound botulism are only seen
in single cases (ECDC 2013). This main foodborne transmission route in Europe is
one of the reasons why the European Union classified botulism as a bacterial
zoonotic intoxication which has to be monitored in the different member states
depending on the epidemiological situation according to Annex I B no. 1 of
Directive 2003/99/EC (EU 2003).

In the USA the CDC reported for the year 2018 231 confirmed human botulism
cases, of which 104 (70%) cases were due to infant botulism (CDC 2021).

54 Clostridia: Botulinum-Neurotoxin (BoNT)-Producing Clostridia,. . . 1647



54.2 Clostridium perfringens

54.2.1 Clostridium perfringens: Much More than a Bacterial
Contamination of Food

Clostridium (C.) perfringens was first described by Welch and Nutall in 1892 and
assigned to the genus Bacillus. After a change in nomenclature the bacterium was
named after its discoverer “Clostridium welchii,” until it get its present name
“Clostridium perfringens.” The name “perfringens” (Latin for “disrupt”) is derived
from one of the clinical pictures caused by C. perfringens so-called “gas gangrene.”
Concerning the morphology C. perfringens is similar to other clostridia, but in
contrast to BoNT-producing clostridia, the organism is less susceptible against
oxygen and can therefore survive and grow under not strictly anaerobic conditions.

According to the ability of producing four “major toxins” and a number of “minor
toxins,” the species C. perfringens is subdivided into different toxinotypes. In 2018
the old scheme of five toxinotypes A to E was revised and extended to seven
toxinotypes A to G with six major toxins (Rood et al. 2018). The scheme comprises
toxinotypes causing illness exclusively in different animals (B, E, and G), exclu-
sively in humans (F), and in both humans and animals (A, C, D) (EFSA 2005).
Relevant for humans is the new toxinotype F carrying the cpa gene (encoding the
alpha toxin) and the cpe gene (encoding the enterotoxin) but also the toxinotypes A,
C, and D. Strains of toxinotype F are responsible for foodborne toxicoinfections and
antibiotic-associated diarrhea, while the toxinotypes C and D are associated mainly
with necrotic enteritis. Toxinotype A carrying the cpa gene (encoding the alpha
toxin) is responsible for the classical illness first associated with C. perfringens
so-called “gas gangrene” (myonecrosis).

In veterinary diagnostics, it is distinguished between two different disease com-
plexes caused by C. perfringens:

• Necrotizing enteritis in young animals (e.g., lamb dysentery [type B] or necro-
tizing enteritis in suckling piglets [type C])

• Enterotoxemia, e.g., also in older animals, after a sudden change in feed, over-
feeding, and too little raw fiber (“protein disease”)

In veterinary medicine, the term “enterotoxemia” refers to peracute diseases in
which toxin formation takes place in the intestine, is absorbed, and enters the
bloodstream. Furthermore, C. perfringens, along with other animal pathogens Clos-
tridium spp., plays an important role in gas edema diseases and can cause necrotizing
mastitis in ruminants. The symptoms and the development of the different diseases
in animals are very similar in comparison to human diseases caused by
C. perfringens described below (EFSA 2005).

54.2.1.1 Foodborne Toxicoinfections
The C. perfringens enterotoxin (CpE) is produced during sporulation mainly in the
ileum but also in other parts of the intestine. The enterotoxin binds on the epithelial
cells in the intestine, destroys the intestinal villi, and results in a desquamation of the
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cell membranes. As a consequence, the adsorption of electrolytes and water from the
intestine is blocked and this results in the predominant AAD symptom of a
C. perfringens toxicoinfection, a watery diarrhea. Besides C. perfringens type F
also strains of C. perfringens type C and D can carry the cpe gene that is responsible
for the production of CpE.

C. perfringens can grow under completely anaerobic conditions, e.g., in oxygen-
free canned food but also with a rest amount of oxygen at the bottom of big pots of
stew and soups (preferable with meat), and cause the so-called “toxicoinfections.” In
contrast to an intoxication, the bacterial pathogens produce in this case the toxin not
directly in the food but after sporulation in the human intestine. C. perfringens
toxicoinfections occur mainly in (mass) catering facilities, in canteens, or on buffets,
where food is kept warm over a longer period under inadequate temperature condi-
tions. Mostly self-limiting symptoms of a foodborne C. perfringens toxicoinfection,
especially watery diarrhea, arise after 8–24 h and last not more than 24–48 h.

54.2.1.2 Sporadic and Antibiotic-Associated Diarrhea
Besides foodborne toxicoinfection, C. perfringens type F can also cause sporadic and
antibiotic-associated diarrhea (AAD) similar to Clostridioides difficile. A worldwide
systematic review showed that in AAD cases the prevalence of C. perfringens was
14.9% behind Clostridioides difficile (19.6%) and Klebsiella oxytoca (27.0%)
(Motamedi et al. 2021). A necessary precondition for developing an antibiotic-associated
diarrhea caused by C. perfringens type F is an intensive treatment with broad-spectrum
antibiotics. This can lead to the destruction of the normal intestinal flora and an
uncontrolled growth and toxin productions of C. perfringens type F in the intestine.

54.2.1.3 Enteritis Necroticans
Between 1946 and 1948 a new epidemic disease was observed in different cities in
the northern part of Germany. Because of progress and symptoms, the disease was
called “enteritis necroticans.” Researchers described the disease in the way that
healthy adults developed, few hours after consumption of canned meat, game or
fish abdominal pain and diarrhea. In some cases symptoms were slight and self-
limiting, but in other cases the patients developed bloody diarrhea with serious
abdominal pain and died of dehydration and cardiovascular failure or of intestinal
obstruction (Hobbs et al. 1953; Kreft et al. 2000). In fecal samples of patients and at
autopsies, huge amounts of C. perfringens type C with the ability to produce beta
toxin were detected. Additionally the spores of the isolates were characterized by a
very high heat resistance. Therefore, the spores survived the heat treatment of the
preservation process. Meanwhile enteritis necroticans is very rare in Europe, but in
crisis areas, it can occur again at any time because one of the predisposing factors
responsible for the occurrence of this disease is malnutrition. Malnutrition can lead
i.a. to an inadequate production of trypsin, which enables the effect of the beta toxin
formed in the intestine.

54.2.1.4 Gas Gangrene
The classical illness first associated with C. perfringens was not diarrhea but
myonecrosis so-called “gas gangrene.” The cause of gas gangrene is
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C. perfringens spores from the environment getting into deep wounds, where the
spores germinate and multiply in this anaerobic environment. According to the
current state of science, the symptoms underlying such an infection process can
essentially be assigned to two pathogenicity factors formed by C. perfringens
type A, alpha and theta toxin. The alpha toxin (phospholipase C), a lecithinase,
splits the lecithin present in the membrane into phosphorylcholine and
diacylglycerol. Theta toxin (perfringolysin O) is a cytolysin that leads to complete
hemolysis of red blood cells (Harris et al. 1991). Like most anaerobes,
C. perfringens is one of the gas-forming microorganisms. When the wound is
palpated, gas formation can sometimes be perceived as a characteristic “crackling.”
Without treatment the patient may develop septic shock and dies within hours due to
multiorgan failure (Di Fazio et al. 2022).

54.2.2 Clostridium perfringens: Only an Environmental
Contamination or a Zoonotic Agent?

C. perfringens exists, like other clostridia, in a form of spores ubiquitous in the
environment and can be found in higher amounts in soil and dust. Therefore, it can
be assumed that C. perfringens spores are part of the normal flora in soil. Further-
more C. perfringens is found regularly in feces of healthy humans and animals in
higher concentrations (around 104–106 cfu/g feces). Considering C. perfringens as
a normal part of the intestinal flora, human fecal samples are not routinely tested
for C. perfringens in case of diarrhea or other intestinal illnesses. So C. perfringens
is not counted to the obligate pathogenic organisms, but depending on the subtype
or strain-specific ability to produce different major or minor toxins, it has the
potential to cause the entire spectrum from mild self-limiting to severe life-
threatening diseases. As a normal inhabitant of the human or animal intestine
C. perfringens can be transmitted directly or indirectly (via food) between humans
and animals causing under special circumstances also illnesses. Therefore,
C. perfringens meet, like the other (potentially) pathogenic clostridia, all criteria
of a (bacterial) zoonotic agent as defined by the European Union in Directive 2003/
99/EC (EU 2003).

54.3 Clostridioides difficile

54.3.1 Clostridioides difficile: The Causative Agent of Nosocomial
Pseudomembranous Colitis in Humans

Clostridioides (C.) difficile is also a gram-positive, rod-sharped, strictly anaerobic
bacterium, which was first described as “Clostridium difficile” by Hall and O’Toole
in 1935 as part of the microbial intestinal flora of infants (Hall and O’Toole 1935).
The species was assigned to the new genus “Clostridioides,” which means “similar
to clostridia,” and renamed in August 2016 based on 16S rRNA gene sequence
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analysis (Lawson et al. 2016). C. difficile is counted to the group of facultative
pathogenic bacteria, because it can be detected also in the intestine of healthy
persons without any characteristic symptoms. Predominantly the organism causes
nosocomial disease linked to antibiotic treatment; however, there are also
community-acquired C. difficile infections without any correlation to hospitalization.
The pathogenicity of C. difficile is based on the ability to produce different toxins, an
enterotoxin A, a cytotoxin B, and in some strains (ribotype 027) also a binary toxin,
which is linked to more severe symptoms (Schroeder 2005).

Usually a C. difficile infection (CDI) develops after an intensive therapy with
broad-spectrum antibiotics, which destroy the normal microbial intestinal flora. In
such a situation C. difficile spores can colonize the intestine, germinate, and over-
grow the remaining normal microbial flora. The severity of the symptoms depends
on the immune status of the patient and can vary from mild diarrhea to a pseudo-
membranous colitis with a case fatality rate of 6–30%. For a long period it was
assumed that most patients who develop severe symptoms like a pseudomembranous
colitis are infected in the hospital and that only a small part carries the causative
organism already before hospitalization (Schroeder 2005). However, recent studies
showed that by using, e.g., whole-genome sequencing, according to genetic corre-
lation only a substantially low number of isolates suggested a hospital-acquired
transmission. In a high number of cases alternative environmental reservoirs besides
the hospital have to be taken into account (Eyre et al. 2013; Lim et al. 2021).
Therefore, it can be assumed that C. difficile is a zoonotic agent, which also can be
transmitted via animals, food, or the environment to humans. However, these new
findings are not in contradiction with the fact that hygienic deficiencies in hospitals
and healthcare facilities can also cause transmission of C. difficile between patients
and lead to outbreaks with a major number of deaths, especially if hypervirulent
strains of increasing importance such as ribotype 027 are involved.

54.3.2 C. difficile in Animals, Food, and the Environment

Like different potentially pathogenic clostridia, e.g., BoNT-producing clostridia and
C. perfringens, C. difficile is ubiquitous in the environment and can be found more or
less frequently in soil, dust, and water but also in compost and biogas plants
(Fröschle et al. 2015; Le Maréchal et al. 2020; Rodriguez Diaz et al. 2018). The
exposure of C. difficile in the environment arises most probably from animal (and
human) feces, because the mammalian gastrointestinal tract is known as the primary
reservoir of C. difficile. Similar to C. perfringens the C. difficile strains can colonize
the mammalian gastrointestinal tract without causing any symptoms (Knight and
Riley 2019).

The prevalence of C. difficile in farm animals differs depending on the age of the
animals investigated, but also on the geographic region/country and relating thereto
the different veterinary and agricultural practices (Knight and Riley 2019). In
general the prevalence of C. difficile decreases with the age of the animals. In calves,
for example, detection rates up to 56.4% are reported, whereas the detection rates in
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cows vary between 0.6% and 12.9% (Knight and Riley 2019). In piglets and pigs the
prevalence seems to be in general higher, rising up to 100% (Lim et al. 2019). The
relevance of C. difficile as a pathogenic agent in animals in general is not completely
clarified until now. It is known that C. difficile can be isolated from feces of foals,
piglets, dogs, or cats with clinical signs of diarrhea (Schneeberg et al. 2013; Songer
2010), but also from healthy animals (Rodriguez-Palacios et al. 2013). It seems that
C. difficile cause clinical signs of disease mostly in young animals; in older ones a
colonization without any clinical signs (like a commensal) is reported. This is also
known from other zoonotic agents and from potentially pathogenic clostridia like
C. perfringens.

Via farm animals C. difficile is also entering the food chain and can be detected in
different processed and non-processed food of animal origin (de Boer et al. 2011).
But also in food of non-animal origin C. difficile is found regularly with remarkable
differences in the detection rates in Europe and North America (3–8%) on one side
and Australia (20–56%) on the other side (Knight and Riley 2019).

54.3.3 C. difficile: A Prime Example for the One Health Approach

Summarizing the current state of scientific knowledge, the zoonotic potential of
C. difficile is unquestionable and there is no point of discussion any longer. Normally
an indirect zoonotic transmission between animals and humans via food or the
environment can be assumed, but also a direct zoonotic transmission between pigs
and pig farmer is reported (Knetsch et al. 2014, 2018). Against the background of an
increasing number of community-acquired C. difficile infections in healthy people
without the classical risk factors for CDI (e.g., old age, prolonged hospital stay, a
recent surgical procedure) and the ubiquitous occurrence of C. difficile, a One Health
approach for long-term management of this zoonosis should be taken into
account (Lim et al., 2019). Based on the ubiquitous nature of this spore-performing
organism, it seems to be impossible to prevent humans getting in contact with
C. difficile. However, for normal immunocompetent persons this contact can lead
to an asymptomatic colonization, but usually not to a symptomatic infection. There-
fore, it is important to investigate more in depth the predisposing factors for
community-acquired CDI, especially the question what has to be happened to
change the status of C. difficile in the mammalian gastrointestinal tract from “com-
mensal” (colonization) to “pathogen” (infection)? (Lim et al., 2019). Active sentinel
surveillance in the State of New York over a period of 6 months showed, for
example, that 76% of patients with a community-acquired CDI had used antimicro-
bial drugs within 12 weeks before infection. Strong evidence that certain kinds of
food or animal exposure were involved was not found (Dumyati et al. 2012). But the
use of antimicrobial substances cannot be the only major risk factor for a
community-acquired CDI. Therefore, in future it is necessary to identify further
predisposing factors to develop prevention strategies especially for severe and life-
threatening progressions of disease not only in intensive care or healthcare units with
critically ill persons but also in the community.
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which require an understanding of the socio-economic impact to develop, prior-
itize, and advocate for proportionate mitigation actions.

A full assessment of the socio-economic impacts of zoonotic diseases from a
societal perspective can be challenging. Recognizing pathways for burden and loss
and selecting appropriate tools, frameworks and data, form the foundation for that
assessment. The value-add of this investment in understanding zoonotic impacts is
the ability to recognize where the balance lies between costs of mitigation actions
and avoidance of losses due to ill-health and poor animal welfare. This balance may
equate to a wider economic efficiency view, which includes investments in
research, education, and coordination that allows people and livestock keepers
improved access to zoonotic disease mitigation options.

This chapter presents the case for better use of socio-economic impact
assessments to improve our understanding of the burden and subsequent control
of zoonoses.

Keywords

Zoonoses · Economic assessment · Burden of disease · Food systems · Impact

55.1 Introduction

The initial successes in the control of infectious diseases in animals were the control and
eradication of rinderpest and contagious bovine pleuropneumonia in Europe in the late
1800s (Fisher 1998). The distribution of livestock diseases began to change more
rapidly in the 1960s and 1970s as European and North American countries and Japan
began to make serious inroads into the control of a range of both transboundary and
endemic animal diseases. This was achieved through significant investments in human
skills, building on previous investments in veterinary organizations, education, and
infrastructure from the mid-nineteenth century onwards. With the establishment of the
World Organisation for Animal Health (WOAH, formerly OIE) in 1924, an important
foundation was created for standard setting in animal health. Moreover, WOAH helped
to build capacity for national veterinary services with their Performance of Veterinary
Services (PVS) Pathway.

In human health, attempts to manage diseases affecting societies appear to have
been in place in Europe as early as the 1500s and addressed the problems caused by
the plague (Harrison 2004). The period of enlightenment expanded the knowledge of
causal agents of disease (Hays 2009), and there were breakthroughs in the control of
diseases such as smallpox with the use of vaccines, ultimately leading to the official
eradication of the disease in 1979 (Harrison 2004). In terms of overall service
delivery, much work has gone into the management of human health, with most
countries recognizing the need for coordinated health services. This culminated in
the recognition of the need for the International Health Regulations in 2005. These
initiatives have been prompted largely by disease shocks and the core contagious
diseases that spread between humans.
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While both animal and human health sectors have strengthened their capacity to
tackle major diseases, the use of collaborative approaches across sectors in the
prevention and control of zoonoses using a One Health perspective has also been
expanding. At the heart of long-standing policies and research approaches for
endemic zoonotic and foodborne diseases, the recognition of One Health has
been accelerated by its central place in global health efforts to tackle antimicrobial
resistance (AMR) and by recent crises linked to emerging pathogens, most notably
avian influenza virus, Middle East respiratory syndrome–related coronavirus
(MERS), and the COVID-19 pandemic. Also driving the recognition of One
Health is a better understanding of the burden of zoonoses and other health issues
arising at the interface of the health of animals, humans, and the ecosystems they
share. A systems thinking approach, such as that expounded by the One Health
concept, allows for the recognition and capture of disease impacts across sectors
and fosters an umbrella under which multiple species’ health and welfare can be
monitored in the context of disease, control programs, and overall influence on
food systems.

The heightened awareness of problems with salmonella in the 1980s, followed
by the emergence of bovine spongiform encephalopathy (BSE), drew attention
towards the insidious nature of zoonoses in the food system. A rise in challenges
surrounding the management of highly pathogenic avian influenza (HPAI) in
poultry systems, the re-emergence of the pandemic form of H1N1 from pigs, and
a range of coronaviruses associated with wild and domesticated animals further
brought zoonoses into stark focus. Concurrent to these major zoonotic disease
threats, changing patterns in foodborne diseases have driven a change in food
security and investment, with campylobacter being a pathogen of greatest signif-
icance. These disease shifts reflect the increasing complexity of our food systems
and have led to investments in rigorous and organized programs that employ
epidemiology and economics research to assist in decision-making. Similar to
the disease and response processes of the major diseases in animals and humans,
major foodborne diseases have created a need to invest and further investigate the
impact of zoonoses in global food systems.

The economic impact of zoonoses in food systems is dependent on epidemiolog-
ical parameters such as incidence, mortality, and morbidity effects in animals, the
effects on human health and welfare, and the efforts to respond to the disease across
relevant species groupings. Further impacts include food security, nutritional avail-
ability, and environmental management (Häsler et al. 2017; Rushton et al. 2018),
while knock-on impacts due to food scares, trade restrictions, labor shortages, and
value chain bottlenecks can drive significant negative effects on food security both in
the short and long term (Chapot et al. 2021). We review how zoonoses impact food
system sectors in the context of an increasingly complex value chain, address the
economic concepts behind the balance between losses due to direct costs of disease
and expenditures in reaction to disease presence, and identify possible economic
tools and frameworks to assess the burden of zoonoses and the value of interventions
to tackle them.
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55.2 Context

The increasing complexity of livestock production systems and their associated
value chains is underpinned by changes in political and institutional environments.
From the late 1940s to the 1970s, state action was accepted as pivotal in economic
and agricultural development. However, during the 1980s, there was a change in
thinking that positioned the market as the primary way to organize economic
activity, supported by a minimal role for the state. Different elements of these
changes in public policy have had varying impacts on zoonoses management and
public health in general. The 1970s saw the emergence of a perceived problem of
government and its role in society as a major organizer and contributor to society.
The 1980s saw the rise in deregulation of economic activity and the privatization of
state-owned companies and services. This change also applied to veterinary services
in many countries and was particularly contentious in Africa (Leonard 2000, 2004).
Pressure on public budgets and an increasing role for the private sector saw the
privatization of many former governmental veterinary services and activities. The
public health systems suffered less, but zoonoses control often fell between weak-
ened veterinary systems and relatively powerful human health institutions and
agencies with a focus on diseases and health problems that largely affect people.

In addition to the changes in the public funding of health infrastructure, global
food systems have evolved in response to growth and change in demand and dietary
preferences, creating more difficulties in the management of pathogens.

55.2.1 Changing Context of the Food Systems That Feed Us

Over a period of around 200 years, the world has moved from relatively simple
livestock value chains to increasingly complex ones. The pace of this change has
accelerated in the livestock sector with the increasing use of intensive systems where
animals are housed and fed defined diets and no longer allowed to scavenge or graze.
In the case of poultry, this has been particularly dramatic. Scavenge-based systems
for poultry production were common and used mainly local resources, with the
household consumption of products and infrequent sale to local markets (see Fig. 1).
The presence of these systems in a local environment allowed people to observe the

Fig. 1 Scavenge-based poultry system
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health of the animals, and it is also probable that they witnessed the slaughter of the
animals. The information on production and processing allowed people to make
individual judgments of how best to prepare and eat their food while also limiting the
distance of the value chain.

In the complex food value chains that are now dominant in many parts of the
world, primary production has complex relationships with consumers through pro-
cessing and marketing companies. The links in the chain are maintained by mid-
dlemen, transport companies, and finance groups. Where the value chains become
integrated, that is, owned and controlled by one company, the middlemen disappear.
In addition, consumer demands have become more sophisticated, with demand
rising for processed food and an expectation to purchase foods with zero risk of
food-borne diseases (Rushton 2009a). For the intensive poultry systems that are
increasingly dominant in the provision of meat across the world, the system is
global. Day-old birds and feed are produced in different parts of the world, and the
fattening of birds and their slaughter take place some distance from the families that
ultimately consume the meat (see Fig. 2). These systems do not allow an individual
to gain much direct insight into, or information on, the origin of the meat eaten.
Instead, the consumer is given that information through labeling and/or systems of
trust on the quality and food safety of the product, for example, through having
trusted relationships with a supplier.

The changes in the livestock food systems have been gradual, though there have been
jumps associated with major technological changes. These have come at different points
in the food system. For example, the ability to freeze meat allowed the slaughter and
transport of carcasses from distant places to points of consumption. These changes have
also been stimulated by the social and economic shifts in society, the growth of human
populations, and the greater proportion of people found in urban, rather than rural areas
(Wahba Tadros et al. 2021). The urban-based populations require food to be produced
and processed for them, driving food systems globally to become more technologically
and economically efficient to provide relatively cheap food in comparison to other goods
in society. Overall, this has driven a reduction in the need for labor in primary

ti

Fig. 2 A schematic diagram of the complex intensive poultry food systems (Rushton 2009a)
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production. In the case of livestock, this has meant that animals are managed in larger
herds or flocks with a greater animal to human ratio in stewardship. These changes have
engendered a shift in the economic activity of the food system, which is now predom-
inantly found in the processing, catering, and retailing areas where food preparation that
would have traditionally been done in the home is now carried out by third parties. The
shape of the food system in many countries worldwide in terms of numbers of people is
therefore like a pyramid with a large number of consumers being supplied with animal
source proteins produced by fewer and fewer farmers who are selling to complex food
processing, retailing, and catering companies (see Fig. 3). There are still countries where
very many farmers supply food to the system (e.g., dairy producers in India), but the
trend overall, in particularly in higher income economies, is one of fewer farmers
supplying to an increasingly large consumer base.

In the UK, out of the estimated 4.3 million people employed in the agri-food
sector in 2018, it is estimated that only 11% were engaged directly in farming. While
processing and manufacturing employees accounted for about the same number of
employees as farming, most people in the food system were employed in retailing
and hospitality. The UK agri-food sector contributed £121 billion or 9.4% to the
National Gross Value Added (GVA) in 2018 (Hasnain et al. 2020). This food system
relies on imports from other countries and feeds, daily, more than 67 million people.
In short, never have so many been fed by so few. While primary production still
employs a majority of people in many African and several Asian and Latin American
nations (World Bank 2021), similar patterns of consolidation limit the economic
impact and international reach of the majority of small-scale producers.

The length, breadth, and density of current food system value chains, and the
additional complexity brought on by the resulting increase in number of people and
links in the supply chain, suggests that the presence of infectious diseases, including

National
Production
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Epidemiology & Disease Control 

Production

Fig. 3 A schematic diagram of the food systems (Rushton et al. 2012)
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zoonoses, will have wider and more far-reaching impacts on a greater number and
variety of stakeholders, sectors, and people. This alone brings new and complex
challenges to disease control. Aside from controlling disease within food production
systems, lengthy international value chains are also at risk of disruption from external
major crises, including disease outbreaks. A recent example of this is given by the early
response to the COVID-19 pandemic-imposed travel restrictions limiting the movement
of people and goods between countries (Patterson et al. 2020). These restrictions limited
travel for migrant field workers, international shipment of foods and inputs such as
livestock feeds, and consumer access to goods. In places reliant on international trade for
agricultural inputs, production was slowed or halted. For example, the day-old-chicks,
feed, feed additives, and vaccines required as imported inputs in the commercial
Ethiopian poultry sector were inaccessible during the early months of the COVID-19
pandemic, causing massive disruption across poultry production systems (Ethiopia-
Netherlands Trade for Agricultural Growth, 2020). A telephone survey of commercial
poultry producers and stakeholders in Ethiopia found that, in the first few months of the
the pandemic in 2020 production rates fell by 92% for feed, 68% for day-old chicks,
100% for pullets, and 87% for broilers totalling losses of ETB 226,485,788 (approxi-
mately USD $ 5,186,072). production of feed, day old chicks, pullets, and broilers each
fell more than 60%, resulting in significant economic losses for the surveyed producers.
Globally, chicken meat systems were disrupted, because of their complex interconnec-
tion and dependencies and the ripple effects in the system stemming from disruptions in
the hospitality sector, movement restrictions, closure of markets, and negative behaviors
such as panic buying or avoidance of products due to food scares (Chapot et al. 2021).

Reduction in the overall number of primary producers and increases in food
processing, catering, and retail sectors have also led to an emphasis on quantity over
quality to feed a growing global population and keep the price of food low. Fewer
international producers are taking up larger portions of the global market share in
grains and livestock (Howard 2017). Several transnational corporations wield strong
industry influence yet have minimal societal name recognition (Swinburn et al. 2019).
Reduction in genetic diversity of livestock breeds and crops has reduced the resilience
of plants and livestock to disease (Bennett et al. 2018; Khoury et al. 2014), and in
some cases, modern, high yield crop strains have lost the high micronutrient content
found in wild progenitor strains (Velu et al. 2019). Researchers are now working to
retain and rebuild that lost diversity to maintain average productivity while improving
resilience to threats wrought by climate change (drought, flood, and shifting patterns of
disease) (Wolfe and Ceccarelli 2020). Modern food systems are often increasingly
inequitable on an international scale. Global food demands from countries with greater
economic influence can drive economic and environmental externalities related to
unsustainable modes of food production that fall disproportionately on communities
with less power in the global market (Gonzalez 2010).

The background of food system change is a necessary component of a socio-
economic assessment of zoonotic diseases. The food system dictates the costs of
production and the price of food, while the public and private rules that govern the
food system impact how zoonoses are managed.
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55.2.2 Classification of Zoonoses

Zoonoses have been defined as diseases and infections that are naturally transmis-
sible between vertebrate animals and humans (WHO 2021a). This group of diseases
is generally classified according to the zoonotic agent itself and the route of disease
transmission from animals to humans (Karesh et al. 2012; Lloyd-Smith et al. 2009).
This classification offers a means to group zoonoses into diseases that are mainly
transmitted to humans through food consumption, such as salmonellosis or
campylobacteriosis; those that are mainly transmitted to humans through means
other than food, for example, vectors, direct contact, or proximity to infected
animals, such as avian influenza, and zoonoses with multiple routes of transmission,
such as brucellosis (transmitted through food or direct contact with infected animals)
and Rift Valley fever (conferred either through direct contact with an infected animal
or the bite of an infected mosquito) (EFSA 2013).

While foodborne zoonoses are particularly important in terms of direct eco-
nomic ramifications for the food sector, indirect costs of zoonoses transmitted by
means other than food can also produce a significant impact on the food industry
(McLeod et al. 2006; Rassy and Smith 2012). The designation of a disease as a
zoonosis comes with wide-reaching social and political ramifications when con-
sidering ownership and leadership of control and management strategies, and
while a One Health perspective on disease management has gained considerable
traction in recent years, economic ramifications are still often sector-specific.
Further, the designation of a disease as a zoonosis is not without ambiguity. A
disease such as rabies, which is transmitted to humans through the bite of an
infected dog in 99% of global cases, is a clear example of a zoonosis (WHO
2021b). Ambiguity around the appropriateness of the designation of a disease as a
zoonosis arises however when human-to-human spread becomes the dominant
route of transmission; these diseases (including COVID-19) have been labeled as
“infectious disease of probable animal origin” (Haider et al. 2020). Independent of
the designation, these pathogens can result in a significant direct and indirect
economic impact on animal-source food value chains (Rassy and Smith 2012) –
as seen in the case of (H1N1)pdm09 virus.

Zooanthroponosis, or “reverse zoonosis,” defined as the human transmission of a
disease to animals, must also be regarded as a threat to food systems and the wider
economy (Messenger et al. 2014). In the case of COVID-19, its ability to act as a
reverse zoonosis has resulted in devasting impacts on select animal populations,
most notably, the mass culling of mink in 2020 following human-to-mink transmis-
sion of SARS-CoV-2. For instance, porcine cysticercosis (Taenia solium), though
rightfully designated a zoonotic disease given that humans can become infected
through eating undercooked pork, should also be regarded as a zooanthroponotic
pathogen when considering that humans are the only definitive host (García et al.
2003), while pigs serve as an intermediate. While it could be argued that increased
hygiene and sanitation in the human sector might aid in the reduction of transmis-
sion, the pork industry is often held largely responsible for disease prevention from a
meat inspection standpoint and frequently shoulders heavy economic losses when
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cysts are discovered during the butchering process (Carabin and Traoré 2014).
Zooanthroponotic disease transmission can also have negative impacts on conser-
vation initiatives with recent reports of neurocysticercosis (T. solium) detected in a
wild Bengal tiger and suspected human to elephant spillover of Mycobacterium
tuberculosis (Miller et al. 2019).

55.3 Understanding the Burden of Zoonoses

The impact of zoonotic diseases results in losses at the human-animal-environment
interface and within each of those sectors, individually. Furthermore, the pattern of
loss across each sector is widely influenced, both directly and indirectly, by the
impacts in other sectors (Grace et al. 2012; Keusch et al. 2009). This is illustrated by
the decades-long international battle to control and eradicate brucellosis (see Box 1),
a disease with significant direct and indirect costs across livestock and public health.

55.3.1 Pathways for Burden

55.3.1.1 Public Health
The burden of diseases on public health can be seen through a health-related
viewpoint, primarily by the assessment of changes in epidemiological parameters,
such as prevalence or incidence of disease in the population or mortality rates.
Additionally, in human health, the impact of both mortality and morbidity rates
can be combined using metrics such as the disability-adjusted life years (DALYs) or
quality-adjusted life years (QALYs). From a socio-economic perspective, impact
also includes the value of the resources that are utilized as a result of disease,
including health sector costs (e.g., visit a physician, laboratory or treatment
expenses, or control and surveillance and disease control programs) and the value
of decreased or lost productivity by the patient, as well as intangible costs (e.g.,
psychological costs due to pain or suffering).

The indirect effects mentioned above, stemming from disruptions to food and
nutrition security, carry important weight as well, but are more difficult to measure
due to their more distal and multistep effects on public health. Consequently, the
direct effects on human health can be seen as a minimum burden caused by
foodborne disease. In countries where there are no substitution possibilities for
foods potentially contaminated with pathogens, consumers may put themselves at
risk for foodborne disease when consuming the food due to the lack of alternatives,
or they may increase the risk of malnutrition by excluding nutritious foods from their
diets. Foodborne disease leading to diarrhea reduces appetite and/or the absorption
of nutrients in the body. Malnutrition impairs the immune response and predisposes
affected people to infection thereby creating a vicious cycle of malnutrition and
infectious disease (Ibrahim et al. 2017).
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Box 1 Economic Impact of Zoonoses – Brucellosis
Brucellosis is a highly transmissible disease of livestock, wildlife, and humans
causing significant economic losses in livestock due to reduced milk and meat
production caused by poor fertility. A 2015 study in India estimated that the
livestock industry suffers a median loss of USD $ 3.4 billion in revenue due to
brucellosis (Singh et al. 2015). Humans are typically infected via direct contact
with infected animals and their products, such as during husbandry, at slaugh-
terhouses, or by drinking unpasteurized milk. In humans, brucellosis infection
can cause a recurring undulating fever and joint pain, leading to significant
loss of work. In India, annual median losses due to human brucellosis were
estimated at USD $10.46 million/year (Singh et al. 2018). Brucellosis also
significantly threatens food security by reducing milk output and fertility rates.
In 2002, the FAO estimated that eradication of brucellosis in Sub-Saharan
Africa (SSA) would have resulted in generation of approximately 371,000
additional tons of meat and 616,000 additional tons of milk in the region
(Mangen et al. 2002). Many species of Brucella infect livestock, the most
important being B. abortus, which mainly infects cattle, and B. melitensis,
which mainly impacts small ruminants (Corbel 2006). B. melitensis causes
more human cases and more severe disease than B. abortus. While vaccines
for use in animals exist for both B. abortus and B. melitensis, they have
different safety and effectiveness profiles that contribute to the historical
difficulty in controlling B. melitensis as compared to B. abortus (Corbel
1997). B. abortus is more prevalent among livestock, but has proven easier
to control than B. melitensis, with more countries reaching bovine brucellosis-
free status than ovine/caprine brucellosis-free status (Corbel 2006).

Concerted efforts to eradicate or minimize brucellosis began in the early
1900s, but these actions have largely only been accessible to countries with the
structural organization and money necessary to sustain vaccination and sur-
veillance for decades. Vaccination, test-and-slaughter, and hybrid campaigns
have each been employed with varying levels of success, but this success was
contingent on strong, high-level implementation over many years (Zhang et al.
2018). In the US, efforts to eradicate bovine brucellosis cost USD $3.5 billion
over 63 years (Dadar et al. 2021), and pockets of brucellosis persist among
wildlife in the Greater Yellowstone Ecosystem. Government mistrust, insuffi-
cient capital or infrastructure, and social and religious concerns, such as
reluctance to cull animals or pasteurize milk, can hamper or totally inhibit
control efforts. Nevertheless, if these barriers can be overcome, mass vacci-
nation may be more cost-effective than reactive measures even for developing
countries (Zhang et al. 2018). In Mongolia, mass vaccination of small rumi-
nants and cattle against brucellosis was predicted to generate a net positive
impact of USD $ 18.3 million (Roth et al. 2003).

(continued)
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Box 1 (continued)
Significant trade barriers exist between brucellosis free and brucellosis

endemic areas, designated according to OIE guidelines in compliance with
the Sanitary and Phytosanitary Agreement of the World Trade Organization
(Franc et al. 2018). Other organizations such as the European Union apply
additional rules surrounding international surveillance and trade. Consistent
risk assessment and monitoring is required to maintain brucellosis free status.
In 2010, Great Britain was EU certified as “Officially Brucellosis Free” (OBF),
while the Republic of Ireland was not. A risk assessment for import of
breeding cattle from Ireland to GB identified a high risk of importing brucel-
losis. Indeed, in 2003 36 infected heifers were imported into GB from the
Republic of Ireland, 10 years after the last reported case of bovine brucellosis
in the UK (Jones et al. 2004). For countries with high incidence of brucellosis,
animals to be exported must be isolated and tested for disease prior to
movement (OIE 2018), making export more costly for producers (Peck and
Bruce 2017). Replacement of depopulation policies with quarantine policies
cost producers in the USD $ 94,000 for a 400-head herd. However, little work
has been done to quantify the overall economic impact of lost trade due to
brucellosis status of herds or countries. Investment in veterinary capacity-
building can help some nations attain improved brucellosis status, and there-
fore improved trade prospects (Rossiter and Hammadi 2009). Relaxing restric-
tions on international trade of low-risk processed meats could also improve
equitability of market access for producers in areas endemic for brucellosis.

The true extent of the economic and health impacts of brucellosis on
livestock and humans is unknown. Underreporting and poor surveillance,
lack of capacity, and mistrust of government intervention all contribute to
the persistence of the disease and our inability to quantify it in low and middle-
income countries in particular (Franc et al. 2018).

55.3.1.2 Animal Health and Production
The presence of zoonoses in food-producing animals may be associated with losses
due to morbidity and mortality, which can lead to a reduction in expected output
(e.g., decreased milk yield, lowered body weight) and an increase in expenditures in
treatment costs (Bennett and IJpelaar 2005).

Morbidity and mortality of animals due to zoonotic diseases also carry other
losses related to the wider social, cultural, and economic value of animals and their
health and welfare. Animals can be a source of income and employment, provide
draught power and fertilizer, serve as a means of transport, particularly in
low-income settings, and serve as guardians of livestock and households and
companions to people (Meslin 2006; Torgerson 2013). They also act as a form of
insurance and social status. Losses of domestic animals can therefore represent an
important socio-economic impact in affected communities. For low-income families
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or those with limited wealth, an unexpected loss in earnings may inhibit their ability
to seek healthcare when needed (Eckhardt et al. 2018). Among rural households in
Kenya that held livestock, the number of cattle owned increased the likelihood of
healthcare-seeking when family members fell ill (Thumbi et al. 2015). Zoonoses
may also lead to the erosion of the health benefits due to animal interaction, animal
ownership, and the human-animal or human-nature bond. More broadly, social value
impact that can also be associated with zoonoses, including effects on health equity,
may also be significant.

To counteract these losses in the animal health sector, and the potential impact on
public health, another economic cost accrues from efforts to prevent, control, or
eradicate a disease. In high-income countries, these impacts can be enormous,
dwarfing the production losses due to disease. Examples illustrating this are pro-
vided by control and prevention measures carried out to tackle some zoonotic events,
such as brucellosis (see Box 1), BSE (see Box 2), HPAI (see Box 3), or bovine TB,
where control and surveillance activities were estimated to cost GBP £74–99
million/year in the UK (Torgerson and Torgerson 2008).

55.3.1.3 Ecosystem Health
Impacts on the ecosystem can either lead to production losses (e.g., when pollinators
such as bees are affected by disease in turn causing harvest losses) or the reduction of
ecosystem services to people. For example, if an area cannot be accessed anymore,
because of a risk of zoonotic disease transmission, a value loss occurs to people in
that they cannot use the area as they usually would.

Land-use change, habitat fragmentation, deforestation, and alteration of biodiverse
natural ecosystems for agriculture and infrastructure expansion have long been asso-
ciated with risks to human health (Myers et al. 2013). While such landscape alterations
may offer an opportunity for improved nutrition and livelihoods, there is a growing
need to account for the value of natural capital stocks and ecosystem services that are
provided by intact, biodiverse environments and consider how disruption and frag-
mentation through unsustainable practices may impact these wider services.

Box 2 Economic Impact of Zoonoses – BSE
The impact of the BSE crisis has been the subject of numerous assessments in
several of the countries affected (reviewed by World Bank 2010). The disease
has led to important direct and indirect losses. Before the link between BSE in
cattle to Creutzfeldt–Jakob disease (CJD) in humans was established, the
disease losses were mainly linked to the loss in value of infected carcasses
and to the costs of establishing control measures, namely the disposal of
specified risk material (Atkinson 1999). The establishment of the link between
the two diseases meant the additional emergence of important indirect costs
linked to market impacts, including the contraction in domestic demand of
beef products, loss of export markets and a fall of beef cattle prices (Atkinson

(continued)
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Box 2 (continued)
1999). Beef consumption and domestic prices of cattle, beef and beef products
were reported to have substantial drop-offs in many countries (Probst et al.
2013; Serra 2011).

To respond to the crisis, a series of preventive and control measures have
been implemented in the countries affected. In the UK, the estimation of the
costs associated with control and regulation compliance in the years of 1996/
1997 indicated additional costs of around GBP £25–50 million, to which
added costs associated with slaughtering and culling of GBP £220 million
(Atkinson 1999). In Germany, the total costs associated with prevention,
control and surveillance of BSE were estimated to range between EUR €1.8
and 2.0 billion, with approximately 54% of the costs being incurred by the
extension of the feed ban for animal protein to all farmed livestock and 21% to
active surveillance (Probst et al. 2013). An analysis of the cost-effectiveness of
these measures in the Netherlands, indicated a cost of EUR €4.3–17.7 million,
from 2002 to 2005, per life year saved (Benedictus et al. 2009).

Exports were also strongly impacted by trade restrictions put in place. For
the UK, the export market of beef and trade in live calves, worth GBP £670
million in 1995, was lost with the trade ban imposed in 1996 (Atkinson 1999).
These losses associated to a loss in output from beef and associated products,
were balanced across the economy through a shift in consumption to substitute
products (Wigle et al. 2007). In Europe, for example, poultry, pork, vegetables
and milk products benefited from the BSE crisis (Benedictus et al. 2009). In
May 2003 the Canadian government reported the detection of a single case of
bovine spongiform encephalopathy in a national cattle population of nearly
13.5 million animals. This led to 40 countries banning the import of a large
range of live animals and livestock products from Canada. Mitura and Di
Piétro (2004) estimated that the impact of the international livestock trade ban
was significant for Canada. In 2003, Canadian farm cash receipts from cattle
and calves were estimated at CAD $5.2 billion, a sharp drop of CAD $2.5
billion (33%) from 2002. At farm-level it was estimated that on average a
family farm with an unincorporated beef unit would have lost CAD $20,000.
The more wide-ranging impact of the trade ban was the movement of cattle
from Mexico to the USA to fill the demand for store cattle that would have
come from Canada. While this has created a positive impact for cattle pro-
ducers in Mexico, it has meant that beef prices in Mexico have risen affecting
Mexican consumers, and that the USA is potentially importing animals from
areas with low tuberculosis status (Ayala and Velasco 2005). Later in 2003 the
USA also declared the discovery of a single animal with BSE (out of an
estimated cattle population of 96 millionc) which led to 53 countries banning
the imports of American beef. Coffey et al. (2005) estimated that the losses
associated with this trade ban were between USD $3.2 and 4.7 billion. These

(continued)
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Box 2 (continued)
authors also estimated that BSE has had considerable costs in terms of
increased needs for surveillance at a farm and slaughterhouse level. On an
international level the use of BSE cases in Canada and USA as a trade barrier
can have a negative impact on disease reporting. Livestock exporting coun-
tries, whose economies have far less ability to absorb rapid changes in export
demand for livestock products, are unlikely to report minor levels of animal
disease where there is a risk of exaggerated and rapid trade bans.

Estimations of losses on the public health sector are not as readily available
in the literature as for the animal health sector and food chain. An estimate
from the UK points to running costs associated to staff time and expert
committees of GBP £2.5 million, in 1988–1996. The cost of patient care for
CJD patients were considered too uncertain to be quantified (Phillips 2000).

Zoonotic diseases have a correlative relationship with biodiverse ecosystems. For
instance, human-dominated landscapes and unsustainable land management prac-
tices are associated with higher zoonotic pathogen diversity and prevalence, while
conversely, healthy biodiverse ecosystems and sustainable farming practices are
associated with increased human health and decreased pathogen diversity and host
prevalence (Gibb et al. 2020). Heightened mixing between domestic animals,
humans, and wildlife, particularly at the borders of urban settlements or industrial
production settings, can lead to increased transmission of zoonotic disease from
domesticated animals to wildlife and negatively impact native ecosystem structures,
further threatening endangered wildlife species (Mathews 2009; Reaser et al. 2021).
This impacts species conservation initiatives both directly and indirectly through
knock-on effects in the wider food and biodiverse functional chain.

“Natural capital” places value on naturally occurring resources such as soil,
water, air, geological formations, and biodiversity and positions them as assets to
health and the wider economy. These resources are the stocks from which benefits
flow to human health, welfare, and the world economy (i.e., ecosystem services). In
2011, these services were given an estimated global value of between USD $125 and
$145 trillion, annually (Costanza et al. 2014). Measuring the economic value of
naturally occurring systems that facilitate human health and welfare through water
filtration, nutrient cycling, erosion control, pollination, and climate regulation is a
relatively new practice and does not yet adequately consider the substantial impact
that global natural ecosystems have on human health and disease prevention.
However, a recent model estimated that the cost of implementation over 10 years
of a suite of preventive measures to prevent the next major zoonotic spillover event
and pandemic would total merely 2% of the estimated USD $5 trillion global cost of
the COVID-19 pandemic. Such actions, including reducing deforestation, routine
disease surveillance of domestic and wild animals, and halting the illegal wildlife
trade, would also have ancillary environmental benefits in reducing CO2 emissions
(Dobson et al. 2020). While many studies focus on ecosystem services for human
health, it should not be forgotten that the same services sustain animals and enable
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livestock production around the globe. With livestock being the predominant bio-
mass on the planet (followed by humans), it is important to promote ecosystem
health for the benefit of people, animals, plants, and the planet as a whole. Striving
for a socio-ecological equilibrium that facilitates the health of multiple populations
in the long term sits at the core of modern One Health agendas.

Understanding the value of the relationship between health and the environment
is vital to assessing the full impact of zoonotic diseases on society, and when we
consider biodiversity of pivotal impact in the prevention of zoonotic disease emer-
gence and potential pandemics, this value serves to contextualize intact ecosystems
within the context of the global economy.

55.3.1.4 Trade and Travel
The presence and risks of zoonoses can have substantial impacts on consumption
patterns and/or trade and travel restrictions imposed as a consequence of zoonotic
disease outbreaks can be extensive and last beyond the duration of an outbreak,
depending on the risk perception of trade partners and tourists.

Box 3 Economic Impact of Zoonoses – Highly Pathogenic Avian Influenza in Chile
In 2002, Chile reported for the first time an outbreak of HPAI. This was also
the first isolation of avian influenza virus in South America (Lupiani and
Reddy 2009). The poultry industry in the country produced, at that time,
400,000 tons/year of fresh poultry meat, with exports, mainly to Mexico and
the European Union, following an increasing trend (USD $69 million in 2001,
$44 million in 2002 and $72 million in 2003) (Orozco 2005). Following the
outbreak, the access to export markets was closed (Orozco 2005).

As a response, the national authorities have put in place a series of
mitigation measures, including stamping out of affected farms, setting up of
surveillance, pre-diagnosis quarantine, depopulation, movement control, and
increased biosecurity and to regain access to the export markets as soon as
possible, a zooning strategy was adopted (Max et al. 2007; Orozco 2005). The
culling of the two infected farms to stamp out the disease resulted in the
destruction of 560,000 breeding chicken and turkeys (Rojas 2009). Within
7 months, Chile was declared free from HPAI (Max et al. 2007).

The initial financial impact of the disease was calculated by Verdugo et al.,
(2006, cited Rojas 2009) to be USD $31.7 million, with costs largely borne by
the private sector. An economic impact assessment of HPAI in Chile has been
estimated that over the whole economy losses reached USD $250 million
(Wright 2004).

The example of the severe acute respiratory syndrome (SARS) epidemic demon-
strated the economic impacts of travel restrictions affecting tourism and its contri-
bution to reductions in Gross domestic product (GDP) growth in some countries,
through reductions on service exports, particularly tourism-related exports (Keusch
et al. 2009; Xiaoqin Fan 2003). For China, Taiwan, Hong Kong, and Singapore, this
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impact has been estimated to be USD $13 million, or 0.5–1.1% of the GDP (Keusch
et al. 2009). The 1994 plague outbreak in India also led to economic losses due to
internal and external travel restrictions (Keusch et al. 2009). The H1N1 emergence in
Mexico resulted in a reduction of almost a million overseas visitors and losses of
around USD $2.8 billion for the country’s economy (Rassy and Smith 2012). More
recently, and as mentioned earlier, the ongoing COVID-19 pandemic-imposed travel
restrictions limiting the movement of people and goods between countries have also
impacted the trade of animal and animal products.

Losses due to changes in consumption patterns and trade disruption can also be
highly visible. In the European Union, and following the BSE food scare, more than
half of the surveyed consumers were fearful of BSE and unsure as to whether beef
was safe for consumption (Bánáti 2011) (see Box 2). This has led to important
losses, particularly via trade bans that in 2003 cost CAD $2.5 billion (Mitura and Di
Piétro 2004) and cost the USD $3.2–4.7 billion (Coffey et al. 2005). While BSE has
led to a significant drop in consumption and a market shock, other scares have been
relatively short-lived with consumption returning to previous levels, but disrupting
the food system which caused some businesses to go bankrupt and led to the loss of
employment and/or restructuring of the industry.

Product recalls have become an important component of the food system as value
chains have lengthened. Of the recent major food recall incidents, many have been
related to E. coli including beef in the USA in 1997 (McKenzie and Thomsen 2001) and
salmonella (Roos n.d.). In Europe, the costs of a recall are strongly related to the
traceability systems in place. If traceability is poor, then large amounts of products
have to be recalled that are likely to be unaffected by the problem. However, the
development and implementation of improved traceability systems are onerous and
costly. New technologies are emerging, such as blockchain, that may improve trace-
ability by improving transparency and data privacy, reducing manual errors, and
increasing the efficiency and speed of identifying contaminated products (Feng et al.
2020). Increasingly advanced traceability systems are a positive step towards food safety
and consumer awareness and autonomy. However, the use of advanced traceability
technology requires a high degree of collaboration and trust as well as consensus on and
implementation of international standards and regulations. As with all cutting-edge
technologies, uneven adoption across countries and economies due to lack of resources
or infrastructure could limit access of small-scale producers to international markets.
Traceability is yet another issue that must be considered in terms of impact not just on
food safety, but across domains of equity in a globalized food system.

55.3.2 Assessing the Burden of Zoonoses and the Value of
Mitigation Actions

Bringing together the burden of zoonotic diseases across the domains of health of
people, animals, and the environment is a large task. Its assessment requires an
adequate representation of the complexity of loss across species, sectors, and society.

1674 S. Babo Martins et al.



This in turn requires knowledge of disease levels, morbidity, and mortality of the
disease in people and their animals and an assessment of the impacts of the pathogen
and its mitigation and transmission patterns in the environment. As such, while some
estimates have incorporated aspects of animal and human costs (Bennett and IJpelaar
2005; Budke et al. 2006; Charypkhan et al. 2019; Choudhury et al. 2013), metrics
and tools available to measure economic impacts tend to be specific to each sector
and difficult to translate across fields, with the different components of impact often
considered individually rather than in an integrated way (Grace et al. 2012).

In the field of public health, DALY is one of the most commonly used health gap
summary measures and became the key metric for quantifying burden of disease,
being used to measure the global burden of disease estimates regularly produced by
the World Health Organization (WHO 2021c) and The Global Burden of Disease
program (GBD). The DALY captures the loss of life due to reduced life expectancy
and reduced quality of life while alive due to impediments in what people can do
when affected by a health issue (Murray and Lopez 1996). This framework is
relatively simple in its concept, yet complex in its application requiring data and
information on disease levels, morbidity, and mortality. The DALY avoids the need
to place an economic value on early death and only estimates the disutility to the
individual of being ill, not capturing the medical direct and indirect costs of illness to
the individual or society. However, the DALY can be used to compare the costs of
averting a DALY through a mitigation action.

In health economics, cost burden is commonly assessed using cost-of-illness studies,
which cover both the direct and indirect costs of disease and place a monetary value on
these costs. There are two aspects in this assessment (Rushton et al. 1999; Rushton
2009b): (i) the expenditure on health care interventions, and mitigation actions such as
surveillance, control, and prevention measures – in human health economics referred to
as direct costs; and (ii) the loss in health that leads to increased mortality and reduced
ability to work in the case of people and generate goods and services in the case of
animals – in human health economics referred to as indirect costs.

When assessing morbidity and mortality in animals due to zoonotic disease, units
of physical losses (e.g., number of animals that died, number of animals suffering
from milk loss, rate of milk loss) can be combined with data on production (e.g.,
milk yield) and/or market prices (e.g., market value of the animal, milk price).
Illustrations of how such losses can be calculated can, for example, be found in
Mcdermott et al. (2013) and Herrera et al. (2008). Generally, morbidity and mortality
in animals are measurable in monetary units. Frequently used tools include cost-
analysis, incorporating the losses mentioned above (Bennett and IJpelaar 2005), and
decision tree analysis, which might model different scenarios of production (Carabin
et al. 2005; Choudhury et al. 2013). An overview of various techniques suitable to
assess the economics of animal disease can be found in Rushton et al. (1999).

There have been attempts to mirror burden estimates for animal diseases, but
significant important conceptual difficulties arise (reviewed in Torgerson et al.
2018). In livestock health as the majority of these animals are maintained for
economic purposes, the direct and indirect costs can be valued at market prices.
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Even where the goods and services these animals generate do not have markets, it
is possible to impute a value by estimating what it would cost to generate such
goods and services in alternative ways, for example, the use of a tractor rather than
oxen for ploughing or the use of artificial fertilizer rather than manure. In addition,
it is possible to use contingency or willingness-to-pay valuations. Despite these
differences in human and animal health burden estimations, there is still a need to
look at the Global Burden of Animal Diseases (GBADs), yet the approach is
different from human health. There needs to be an understanding of the gap in
production – the difference between current levels of output and input use with the
health status as it stands, versus a situation where the animals would have no
disease, adequate nutrition and water, and no risks of injury, accidents, or preda-
tion. This gap has been termed an Animal Health Loss Envelope (Rushton et al.
2021; Torgerson and Shaw 2021) and is the basis for the estimation of the burden
of diseases in livestock.

Willingness-to-pay and the contingent valuation approach have also been used to
attribute value to ecosystem services and in animal health to attribute a value to food
safety or animal welfare. The concept of “willingness to pay” (WTP) is based on the
assumption that the maximum amount an individual is willing to pay for a commodity
reflects the value it has for this person. Miller and Unnevehr (2001), for example,
conducted a household survey to investigate consumers’WTP for enhanced pork meat
safety. They found that roughly 80% of the consumers were willing to pay at least
USD $0.10 more per pound of certified safer pork. Another study used a hypothetical
market scenario in the UK to investigate people’s WTP to support legislation to phase
out the use of battery cages in egg production in the EU by 2005 (Bennett 1998). The
survey showed a mean WTP of £0.43 increase in price per dozen eggs (with a market
price of around £1.40 per dozen), purporting to indicate the value respondents
attributed to improved animal welfare. The main criticism of the WTP approach is
that it does not give reliable valuations, since the choices are often hypothetical and
people tend to overestimate their willingness to pay. Another drawback is that
nonusers of a good or service might find it difficult to attribute a value to it because
their knowledge of it is very limited. WTP methodologies have had inconsistent
success in the valuation of ecosystem services such as water filtration or conservation
of a species (Dasgupta 2021). In these instances, people were found at times to vary
their answers when asked a question differently or standardize their perceived value of
preserving a species regardless of the total number of animals at risk.

As mentioned before, various outbreaks of zoonotic disease in the past have
shown that food safety scares can alarm consumers to the extent that they reject
consuming certain products. Such a reduction in demand caused by a loss in
consumer confidence can lead to a reduction in market prices. Similarly, zoonotic
disease outbreaks can lead to movement or export bans, which impact the quantity of
products placed on the market and consequently affects prices. The value of these
changes in supply and demand can be assessed using surplus models to measure
producer, processor, and consumers surplus changes, as illustrated for avian influ-
enza outbreaks in South East Asia and the United States, respectively (Hall et al.
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2006; Paarlberg et al. 2007), and BSE (Weerahewa et al. 2007). Furthermore, there is
a wide range of different methods available to assess food and nutrition security
indicators; a review has been published by Pangaribowo et al. (2013).

When attempting to more holistically assess the effects of disease in different
sectors, it can be challenging to capture and effectively pinpoint burden across public
health, animal health, and the environment. Recently, Morel et al. (2020) have
carefully explained how to incorporate all the data needed for a comprehensive
socio-economic assessment of AMR in terms of the cost burden and have placed this
under the One Health approach. New methods have also been developed in terms of
metrics. The recently developed zDALY metric is an adjusted indicator to estimate
the burden of zoonotic diseases that enables DALYs associated with human ill health
to be combined with a component measuring losses in animals (Torgerson et al.
2018). This component, termed the animal loss equivalent (ALE), allows for the
conversion of losses due to animal disease to an equivalent metric using a local gross
national income per capita deflator. The examples of the use of this metric show the
importance of measuring both the burden of disease in humans and animals and the
actual impact of the losses felt by the population (Torgerson et al. 2018). Other
authors suggested a method to monetize the human health benefits derived from
zoonotic disease reduction using the annualized value of statistical life to form a
“combined” monetary burden (Herrera-Araujo et al. 2020).

Determining the absolute levels of direct and indirect costs of this zoonotic
disease burden is necessary yet not sufficient in defining proportionate levels of
mitigation actions. The reason is that for every increase in direct costs, there should
be an impact on indirect costs as the expenditure on mitigation is aimed at avoiding
the losses of health and productivity. A priori, the effectiveness of mitigation actions
will be diminished as more money is spent and will reach a point where the
incremental levels of indirect costs avoidance will reduce. From an economic
perspective, incremental expenditure on mitigation actions should cease when the
last dollar spent returns a dollar of avoided health loss.

To assess disease mitigation strategies from an economic perspective, commonly
used tools are cost-benefit analyses and cost-effectiveness analysis. Cost-benefit
analyses compare the total discounted benefits of a project in monetary units with
its total discounted costs and recommend the implementation of the project if the
benefits exceed the costs. It includes the definition of the useful life of the project, the
estimate in physical units of benefits (losses avoided) and costs (mitigation resources
used), translation of the physical units into economic values, the conversion of future
values into present values by discounting, and finally the calculation of the net
benefit (net present value ¼ total discounted costs – total discounted benefits).
Benefit-cost ratios as choice criteria can be misleading when multiple options are
compared, and some authors recommend using the net present value instead of the
benefit-cost ratio (Howe et al. 2013; McInerney 1991; Tisdell 1995). In any assess-
ment of this nature, it is therefore important to review all measures of project worth,
namely, the net present value, the benefit-cost ratio, and internal rate of return and
timing permitting an examination of the estimation of the benefit and cost streams.
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A similar basic principle is seen in cost-effectiveness analysis, which is com-
monly used to assess human health interventions but has been less applied to animal
health decision-making problems (Babo Martins and Rushton 2014). Cost-effective-
ness analysis aims to assess the effect of a program in nonmonetary units in relation
to its cost. In human health economics, the effect often refers to the avoidance of
illness or death, but the outcome of any objective can – in theory – be measured in
various technical terms, for example, reduction of CO2 emissions or detection of
cases of disease. However, the value of the effect in question must reflect a
(nonmonetary or monetary) value so that it can be interpreted for decisions on
resource allocation. A special case to cost-effectiveness analysis is the least-cost
analysis where two or more programs or projects achieve the same effect. The
economic assessment then aims to identify the cheaper option.

Importantly, all these fundamental concepts explained above only provide an
estimation of the economic efficiency (optimal balance, acceptable combination, and
least-cost option) of technically feasible ways of dealing with zoonotic disease.
Some authors have proposed frameworks that take into account wider issues,
including risk management options and the understanding of the factors impacting
those options (Grace et al. 2012; Narrod et al. 2012). It is the case of the framework
proposed by Narrod et al. (2012), consisting of a modified risk analysis framework to
enhance the reduction of zoonotic disease burden, including the analysis outputs of
animal and human disease transmission models and economic impact models.

55.4 Conclusions

Economics provides several tools and frameworks that can be used in the measure-
ment of the impacts of disease and to aid in informing resource allocation for
zoonotic disease mitigation. However, the measurement of the impact of zoonotic
diseases presents several challenges. The impacts of zoonoses are felt in multiple
sectors, in multiple links of increasingly complex value chains, and the interface
between sectors and jurisdictions. These multiple dimensions are generally complex
to capture as a whole, with many studies focusing on impact assessments per sector
and failing to capture the entire realm of effects.

In addition to the need for addressing impacts in a wider context, aspects such as
unused human, financial and capital capacity in the food system, reduced confi-
dence in the marketplace, particularly for export markets, and important lags
created in terms of confidence and investment – often taking years to recover
capacities, skills, and markets – should be incorporated in future, more refined,
impact assessments of zoonoses.

Data availability and quality to populate assessments represent a further chal-
lenge. Underreporting of cases of zoonotic disease, particularly in low-income
settings are, for example, believed to be contributing to the underestimation of the
burden of these diseases in the human and animal populations, therefore influencing
disease mitigation decisions and contributing to the perpetuation of their impact.
However, the use of big data and participatory approaches including citizen science
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could improve access to reporting and data availability in the future. The changing
context of our food systems should also be considered, including how we as a
society move towards a sustainable food system, ensuring that, using a systems
approach and stakeholder engagement, gains in one sector or region do not saddle
those in other sectors or regions with unmitigated negative consequences.
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Abstract

Poor people have greater exposure to zoonoses through livestock keeping; living
in agricultural communities; greater exposure to peri-domestic and wild animals;
and less access to clean water and sanitation. Although their consumption of
animal source products is low, the quality of these products is poor.

In addition to human health burdens, zoonoses reduce livestock productivity
and are important barriers to trade in livestock products, as well as causing more
difficulty to quantify harms such as spillover to wildlife populations. These
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additional impacts also contribute to poverty in developing countries. However,
the relation between poverty and zoonoses is complicated.

Assessing the impacts of zoonoses helps prioritize management. Among the
most important zoonoses in developing countries are leptospirosis, cysticercosis,
brucellosis, tuberculosis, and rabies and zoonoses causing foodborne disease. The
COVID-19 pandemic also showed how lack of resilience leads to greater vulner-
ability of poor people to emerging zoonoses of high economic impact.

Investment and innovation are urgently needed to tackle zoonoses in devel-
oping countries where they currently impose massive burdens on human, animal,
and ecosystem health.

Keywords

Zoonoses · Low- and middle-income countries · Poverty

56.1 Introduction

This chapter focuses on links between poverty and zoonoses in low- and middle-
income countries (LMICs) and highlights recent developments in our understanding of
these links. We first provide a typology of zoonoses according to their epidemiology
and next present evidence that the burden of endemic zoonoses falls mainly on the
poor, because of greater exposure risk. We describe the endemic zoonoses of greatest
impact on poor people. We then discuss how emerging zoonoses can have more
harmful impacts on the poor even if health and economic impacts are less, using
evidence from the COVID pandemic. We, last, summarize major advances in
approaches to understanding and managing the zoonoses of poverty in the last decade.

56.2 Poverty and Endemic Zoonoses

56.2.1 Zoonoses

“The poor you will always have with you” says the Christian Bible, and while wealth
disparities are inevitable, are poverty and disease inevitability linked? Over decades
and centuries, there has been a positive trend of global reduction in infectious diseases,
especially those associated with environmental conditions and food systems as fewer
people were directly exposed to the conditions favoring the transmission of disease.
However, at the start of the twenty-first century, many people, particularly those in
poor, remote, and rural communities, continue to be vulnerable to the avoidable
diseases they contract as a result of direct and indirect contact with animals.

Zoonoses are diseases transmissible between animals (livestock and wildlife) and
humans. Around 60% of all human diseases and around 75% of emerging infectious
diseases are zoonotic (Woolhouse et al. 2005). The first section of the chapter
provides an overview of zoonoses and poverty, and the second section provides
more details on zoonoses, which have been identified as priorities in poor countries.
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Zoonoses threaten human health and well-being in different ways.

• Endemic zoonoses are continually present to a greater or lesser degree in certain
animal and human populations. Examples are cysticercosis, brucellosis, bovine
tuberculosis, leptospirosis, and foodborne zoonoses. They have mainly been
eradicated from wealthy countries but remain common in poor populations.
Most at risk are people in LMICs in frequent contact with animals, and perhaps
as a result, endemic zoonoses have been neglected by the international donor,
standard setting, and research communities.

• Outbreak or epidemic zoonoses typically occur intermittently. Examples are
anthrax, rabies, Rift Valley fever, and leishmaniasis. Endemic zoonoses may
also occur as outbreaks in naïve populations or when triggered by events such
as climate changes, flooding, waning immunity, or concomitant hunger or dis-
ease. The overall health impact of epidemic zoonoses is much less than endemic
zoonoses, but because they can “shock” systems they reduce resilience. Most are
absent from or controlled in HICs, and the burden largely falls on poor rural
communities in LMICs. Outbreaks may result in slaughter bans or movement
restrictions that have impacts on the wider community including people who are
not in contact with livestock. Donors and decision-makers are concerned over
epidemic zoonoses because of the risks they pose to trade and economies.

• Emerging zoonoses are those that newly appear in a population or have existed
previously but are now rapidly increasing in incidence or geographical range.
They are relatively rare, around 300 events in the last 70 years (Grace et al.
2012b). Most are of minimal impact, but some such as COVID-19 have changed
the way civilizations operate. Especially if transmission shifts from animal-to-
human to human-to-human, people in HICs and LMICs are both at risk. Donors
and decision-makers are often concerned about emerging diseases, because of
their potentially large impacts on global human health and economies.

Zoonoses do not just threaten human health; they also reduce livestock productivity
and impose costs on domestic and international trade (McDermott et al. 2013). Some
zoonoses impose a large morbidity and mortality burden in the livestock host (e.g.,
brucellosis). In other cases, disease impacts in animals may be few (e.g., salmonellosis
in chicken), but there may be high costs for the food sector from inspection and
intermittent food recalls. Other costs of zoonoses may be more difficult to quantify,
for example, the cost of lost biodiversity when animal diseases spill over to wildlife
(as when rabies in Ethiopia threatens survival of the Ethiopian wolf, the rarest canid in
the world). The environmental impacts are often overlooked, but in the past deforesta-
tion and insecticides such as DDT have been used to reduce tsetse fly abundance and
hence human African trypanosomiasis with lasting impacts on the ecosystem.

56.2.2 Poverty Context

Poverty can be defined as a pronounced deprivation in well-being. No single
indicator exists to measure all dimensions of poverty simultaneously; however,
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internationally comparable metrics, such as the “extreme poverty” threshold (less
than $2.15 per person per day at 2017 purchasing power parity), are useful for spatial
and temporal comparisons. Since 1990, the number of people in extreme poverty
was declining, a trend temporarily interrupted by COVID-19 (World Bank 2022).
However, the geography of poverty is shifting. While in 1990, 36% of the world
lived in extreme poverty and 80% of these were in Asia, by 2030 7% of the world
will be in extreme poverty but 85% of these will be in sub-Saharan Africa (Kharas
and Dooley 2022).

Livestock keepers, especially pastoralists, are overrepresented among the poor and
the poorest of the poor (Grace et al. 2017). The reasons for this are complex: Many
livestock-keepers live in rural or remote areas, most are underserved, and many keep
livestock because they are poor, rather than to escape poverty (Perry and Grace 2009).

56.2.3 Poverty and Zoonoses

Globally, the greatest burden of infectious disease is borne by poor countries. Since
1990, when systematic efforts first started to estimate the global health burden of
disease, estimates have become more granular and precise (Murray 2022). Burden of
disease is calculated using the disability-adjusted life year (DALY) which combines
years of life lost due to premature mortality and years of life lost due to time lived in
states of less than full health.

However, global burden of disease (GBD) estimates have some challenges in
assessing zoonoses. First, zoonoses (especially in poor countries) are widely
underreported, and underreporting is relatively greater for zoonoses than for non-
zoonotic diseases of comparable prevalence (Schelling et al. 2007). Second, no
burden estimates exist for several priority zoonoses (di Bari et al. 2022). Third, the
GBD is organized around diseases and not pathogens, so assumptions need to be
made about the proportion of a disease that is due to zoonotic pathogens, for
example, tuberculosis is one category in the GBD, but the proportion that is due to
zoonotic diseases is not estimated.

Even with these assumptions, it is clear that poor countries bear the greatest
burdens of zoonotic disease (Grace et al. 2012a). The burden of endemic zoonoses
falls mainly on the poor and causes at least ten million DALYs annually (di Bari et al.
2022). The great majority of the global foodborne disease burden (33 million
DALYs) falls on LMICs, and most of the responsible pathogens are zoonotic
(Havelaar et al. 2015). These estimates do not include the burden due to
HIV-AIDS (48 million DALYs) (Wu et al. 2021) or COVID-19 (42 million
DALYs) which are emerging zoonoses (Fan et al. 2021). Moreover, zoonoses
make a substantial contribution (25%) to the estimated 420 million DALYs lost
from all infectious diseases (GBD 2020).

We next discuss why people in poor countries may be more vulnerable to
zoonotic infections, and why the most poor may be the most vulnerable. There are
several reasons why poor people might bear a greater burden of zoonoses. First, they
may be exposed to higher levels of pathogens; second, they may be more vulnerable
to disease; and third, they may be less able to prevent or treat zoonoses. Finally, even
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if they are equally or less vulnerable to disease, the impacts of disease may be
relatively greater because of the lower resilience of the poor. This is especially the
case for high-impact emerging zoonoses such as COVID-19.

56.2.4 Poverty and Exposure to Zoonoses

This section focuses on the first and most obvious reason poor people are more at
risk, which is because they have much greater exposure to pathogens harbored by
animals responsible for endemic and epidemic zoonoses.

• Poor people are much more likely to keep or be in contact with animals than rich
people. Poorer households are more likely to keep small ruminants and richer
households to keep large ruminants. Poultry keeping tends to be evenly distributed
across wealth groups. However, poorer people are more likely to keep livestock in
the house or close at hand and biosecurity and hygiene practices may be lower.

• Within poor countries, the poorest of the poor often keep less livestock. However,
the less poor may keep more livestock than the relatively better off. A 12-country
study supports this, finding that on average, around 68% of rural households in
the bottom 40% as regards expenditure kept some farm animal compared to
65–58% of those in the top 40%; in urban areas, 22–26% of the poor kept
livestock, and 8–12% of the well-off (Pica-Ciamarra et al. 2011). Consumption
of bushmeat is also much more common in developing countries.

• Because of poor sanitation and waste disposal, there is greater contact with peri-
domestic animals such as bats and rodents in poor communities. There are also
large numbers of community-owned dogs and cats, which are often semi-
scavenging though they may return to one household at night. Poor people are
also more exposed to vectors, both through work in agriculture and because they
are unable to afford bed nets and other prevention measures.

• Foodborne transmission is a common route for exposure to zoonoses. Overall,
livestock consumption is much lower in poor countries than in rich countries. The
better off in poor countries have higher consumption of meat, milk, fish, and eggs
which are indirect routes for zoonoses transmission and so would be more at risk
from infection through this route than poor people. Studies in developing coun-
tries typically find that food contains high levels of pathogens; often the majority
of samples will exceed international standards (Grace 2015). Waterborne trans-
mission is important from some zoonoses, notably Cryptosporidium parvum,
Escherichia coli O157, Salmonella, Campylobacter, and Taenia solium). Because
poverty is strongly linked to lack of access to clean water, the poor are more at
risk by transmission through this pathway.

56.2.5 Poverty and Greater Vulnerability to Zoonoses

People in poor countries may be more biologically vulnerable to endemic and
epidemic zoonoses. Compared to rich countries, the proportion of infants, pregnant
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or lactating women, and immune-suppressed people is higher. Moreover, high levels
of malnutrition and high exposure to toxins (especially mycotoxins) increase vul-
nerability to infection.

In addition, private and public health services are often under-resourced and
underperforming. Common problems include lack of diagnostic facilities; lack of
trained personnel; lack of appropriate drugs; high prevalence of fake drugs; and
expenses associated with obtaining treatment.

Unlike endemic and epidemic zoonoses which are transmitted by contact with
domestic livestock, emerging zoonoses are most serious when they evolve to be
transmitted between humans. This was how the Spanish flu, which killed more than
40 million people, is believed to have emerged, and was also the origin of HIV-AIDS,
and more recently COVID. Once a disease has become pandemic, the victim profile
changes and is more dependent on transmission modalities, virulence properties, immu-
nological status, and treatment and prevention options. For example, the Spanish flu
caused greater mortality among younger people, perhaps because older people had some
immunity from a previous flu pandemic (Russian flu in 1889–1890) (Gagnon et al.
2013). Because of its transmission through bodily fluids, certain populations are more at
risk of HIV-AIDS: In 2021, at-risk groups (sex workers and their clients, men who have
sex with men, and people who inject drugs) and their sexual partners accounted for 70%
of HIV infections globally (UNAIDs 2023). In the case of COVID-19, LMICs seem to
have caused less mortality in LMICs, possibly because of younger age population, fewer
comorbidities, cross-immunity from other coronaviruses, and climate conditions
(Okonji et al. 2021; Pedersen et al. 2022).

However, while the direct health impacts of emerging zoonoses may be no worse,
or even less in LMICs, the indirect livelihood and economic effects may be more
severe. Movement restrictions, travel bans, and curfews may prevent opportunities
to earn income, purchase food, or access health services for marginalized people.

Although poor people are at greater risk from zoonoses as a result of their greater
contact with animals or their lack of resources and hence greater vulnerability,
animals and animal source food also bring many benefits. Livestock support liveli-
hoods through generating income, provide nutrient-rich food for household con-
sumption, are assets that can guarantee risks or be monetized to pay for routine or
unexpected expenses, may provide manure for soil fertility, fuel, and building
materials, may provide power (ploughing, transport), and often have cultural value
and provide psychosocial benefits. Livestock can even directly reduce risk of human
illness. Zooprophylaxis, the diversion of disease carrying insects from humans to
animals, may reduce transmission of diseases such as malaria (Asale et al. 2017).

56.3 Zoonoses of Poverty

56.3.1 Most Important Zoonoses in Poor Countries

In recent years, several prioritization exercises have been developed for zoonoses
and animal health, although most did not focus on poor countries. These were
summarized by Grace et al. (2012b), finding, in declining order of importance:
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• First place: Salmonellosis
• Joint second place: Leptospirosis ¼ rabies
• Joint fourth place: Campylobacteriosis ¼ tuberculosis ¼ West Nile virus

infection ¼ toxoplasmosis
• Joint eighth place: Listeriosis ¼ anthrax ¼ echinococcosis ¼ E. coli

infection ¼ BSE ¼ botulism
• Joint 14th place: Cryptosporidiosis ¼ Japanese encephalitis ¼ Q fever ¼ Rift

Valley fever ¼ tetanus

The same study identified 56 priority zoonoses from five different credible
sources. These 56 zoonoses were then ranked by five criteria: human mortality;
human morbidity; livestock sector impacts; amenability to intervention; and risk of
emergence. This produced a short-listing of 12 zoonoses, which were responsible for
an estimated 2.2 million human deaths and 2.4 billion cases of illness each year.
Total 9 of the 13 top-ranked zoonoses were considered to have high impact on
livestock, all have a wildlife interface, and all were amenable to agriculture-based
interventions (Table 1).

Another study was carried out for the World Organisation for Animal Health
(WOAH) in the WOAH African region on priority diseases (Grace et al. 2015).
Questionnaires were sent to the Veterinary Authorities of the 54 OIE Member
Countries in Africa. In all, 34 countries responded. As regards zoonoses in general,
rabies was most commonly the first priority (44%) followed by anthrax (15%), and
then zoonotic influenza, Rift Valley fever, and bovine tuberculosis tied (9% each).

Table 1 Top zoonoses from a literature-based study

Disease
Wildlife
interface

Deaths human
annual

Affected humans
annual

Gastrointestinal
(zoonotic)

Important 1,500,000 2,333,000,000

Leptospirosis Very important 123,000 1,700,000

Tuberculosis (zoonotic) Some
importance

100,000 554,500

Rabies Important 70,000 70,000

Cysticercosis Some
importance

50,000 50,000,000

Leishmaniasis Important 47,000 2,000,000

Brucellosis Some
importance

25,000 500,000

Echinococcosis Important 18,000 300,000

Toxoplasmosis Important 10,000 2,000,000

Q fever Important 3000 3,500,000

Trypanosomosis
(zoonotic)

Important 2500 15,000

Anthrax Some
importance

1250 11,000

Grace et al. (2012b)
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The remaining countries selected brucellosis (n ¼ 2), leptospirosis, or salmonellosis
(n ¼ 1). When asked more specifically about the priority emerging zoonoses, avian
influenza was selected by 44% of respondents, followed by Rift Valley fever (25%)
and Ebola (11%). A few other diseases were selected (anthrax, brucellosis, bovine
tuberculosis, monkey pox, and trypanosomosis). Among priority foodborne dis-
eases, two-thirds reported salmonellosis, 11% bovine tuberculosis, and 7%
colibacillosis, anthrax, or cysticercosis; the remaining country reported brucellosis.

The last decade has seen dozens of zoonoses prioritization exercises conducted at a
national level, summarized in Table 2. Most (n¼ 22) used the methodology developed
by the US Centres for Disease Control and Prevention (CDC), and the One Health
Zoonotic Disease Prioritization (OHZDP) Tool, while eight used their own methods.

While these prioritizations were done at different times, and covered different
countries, for different purposes, the agreement is striking. The most important
zoonoses are the classical zoonoses (rabies, anthrax, brucellosis, leptospirosis,
and tuberculosis), foodborne (dominated by salmonellosis, cysticercosis, and
campylobacteriosis), viral hemorrhagic fevers (especially Ebola and Rift Valley
fever), and emerging (avian influenzas). All of these studies were conducted
before the COVID pandemic starting around 2020, but COVID would undoubt-
edly be near the top of a current list of zoonoses. This shows the need to consider
“Disease X” in prioritization and preparedness, that is, a disease currently not

Table 2 The top diseases as ranked by prioritization exercises in 30 countries

Asian
(n ¼ 13)

African
(n ¼ 17)

All
(n ¼
30)

Zoonotic influenza/HPAI 12 16 28

Rabies 13 14 27

Anthrax 8 12 20

VHFa (any of Ebola, Marburg, Lassa, yellow fever, Crimean-
Congo hemorrhagic fever [CCHF], and RVF)

4 14 18

Brucellosis 8 7 15

Zoonotic tuberculosis 2 8 10

Foodborne bacteria 3 4 7

Trypanosomiasis NA 5 5

Leptospirosis 5 0 5

Q fever 1 0 1

Plague 1 0 1

Streptococcus suis 1 0 1

Echinococcus 1 0 1

Trichinella 1 0 1

Nipah virus 1 NA 1

Dengue 0 1 1

Mpox NA 1 1
aVHF covered different viruses for different countries; here the count is for any mention of any VHF
NA: disease is currently geographically limited to one region (Source: authors)
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known but with the potential of being at least as important as current priorities
(Van Kerkhove et al. 2021). This results in a short list of ten top zoonoses which
will be considered in more depth in the next section. That a small number of
zoonoses are considered responsible for the great majority of the problem is
compatible with the Pareto principle which states roughly 80% of consequences
come from 20% of causes. This phenomenon is commonly observed in disease
rankings (Grace et al. 2012b).

56.3.2 Top 11 Zoonoses in Poor Countries

In the last section of the chapter, we consider some of the priority zoonoses in greater
depth.

56.3.2.1 Classical Zoonoses
Rabies: Rabies is one of the most feared of all zoonoses. It is a disease of poor and
vulnerable communities where deaths are often unreported: More than 95% of
human deaths occur in Africa and Asia. Dogs are the most important reservoir, but
many domestic and wild animals can be affected. Where rabies is common, it can be
of minor importance as a cause of mortality in livestock.

Anthrax: Anthrax is endemic in sub-Saharan Africa and many parts of Asia. It is
highly lethal to ruminants, but in humans the most typical manifestation are skin
lesions (malignant pustule). However, if spores are inhaled or ingested, death may
result. Anthrax is not common in most developing countries, but some areas are
prone to outbreaks where localized losses can be high.

Brucellosis: The most important species of Brucella are zoonotic: B. abortus,
responsible for bovine brucellosis; B. melitensis, the main etiologic agent of ovine
and caprine brucellosis and an increasing cause of cattle brucellosis; and B. suis,
causing pig brucellosis. The main risks for people are occupational (contact with
livestock) and consumption of dairy products. In some areas, brucellosis may be
maintained in reservoir wild animal hosts (African buffaloes and North American
bison); in other cases, disease spills over to wildlife and, if eliminated in cattle,
brucellosis will die out in wildlife. Brucellosis is an important disease of livestock in
developing countries because of the impacts on animal fertility and reproduction as
well as the public health impacts.

Leptospirosis: Leptospirosis is an infectious disease caused by pathogenic organ-
isms belonging to the genus Leptospira. There are many serovars (>250), but
typically only around 10–20 are found in a given region. Serovars can be grouped
into 25 serogroups. Infected animals often become carriers. Wild animals are
affected and can be important reservoir hosts. Although the impact of leptospirosis
on animal production has not been quantified, it may be an important cause of
disease, particularly abortions, in animals in developing countries. Evidence is
especially strong for swine production in Asia. There are occupational risks to
dairy farmers, milkers, and abattoir workers in these settings.
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Tuberculosis: Worldwide and historically, most human tuberculosis (TB) is
caused by Mycobacterium tuberculosis (which probably gave rise to cattle TB).
M. bovis is responsible for cattle tuberculosis. It affects a wide range of animals and
is responsible for zoonotic TB in humans. In West Africa,M. africanum causes up to
half of human tuberculosis. Atypical mycobacteria are found in the soil and envi-
ronment and can infect both people and animals. Tuberculosis is an important cause
of reduced productivity in livestock but is believed to make only a small contribution
to the global TB burden (Müller et al. 2013). However, it can be a more serious
problem in some high-risk communities (especially cattle-keepers in Africa).

56.3.2.2 Foodborne Zoonoses
Nontyphoidal salmonellosis (NTS): NTS is one of the most frequently isolated
foodborne pathogens. Livestock (cattle, swine, and poultry) are the main reservoirs
of NTS. Infections are characterized by nonbloody diarrhea, vomiting, nausea,
headache, abdominal cramps, and myalgias (hence often called “gastric flu”). Com-
plications can occur such as pancreatitis. Antibiotic-resistant strains have emerged
and are often of increased virulence.

Campylobacteriosis: Campylobacter species are widely distributed in most
warm-blooded animals. Infections are generally mild but can be fatal among very
young children, elderly, and immunosuppressed individuals. Although diarrhea is
the most common symptom, more severe symptoms such as bacteremia or flaccid
paralysis can occur. Subclinical infection has been associated with stunting in
children (too short for their age).

Cysticercosis: Cysticercosis is a systemic parasitic infestation caused by the pork
tapeworm (Taenia solium). Humans are at risk not from consumption of pork with
cysts but from consumption of tapeworm eggs shed by themselves or another human
carrier. The disease persists in poor, pig-keeping communities where pigs have
access to human feces. Cysticercosis is believed to be the most common cause of
adult-onset epilepsy in poor, pig-keeping communities. The disease is not an impor-
tant cause of illness in livestock but reduces the value of meat produced.

56.3.2.3 Viral Hemorrhagic Fevers
Ebola virus disease (EVD). Formerly known as Ebola hemorrhagic fever, EVD is a
severe, often fatal illness. It is transmitted to people from wild animals (the natural
reservoir is thought to be fruit bats) and spreads in the human population through direct
contact with the blood, secretions, organs or other bodily fluids of infected people, and
with contaminated surfaces and materials. Antibodies have also been detected in
livestock, but the implication is not known. Previously mainly confined to African
rainforests, more recently its range has increased and intense transmission has taken
place in urban areas.

Rift Valley fever (RVF): This is a viral disease most commonly seen in domes-
ticated animals in sub-Saharan Africa, such as cattle, buffalo, sheep, goats, and
camels. People can get RVF through contact with blood, body fluids, or tissues of
infected animals, or through bites from infected mosquitoes. Spread from person to
person has not been documented. Most symptoms in people are mild, but around
8–10% may develop hemorrhage, eye disease, or encephalitis.
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56.3.2.4 Emerging Zoonoses
Zoonotic influenzas: Zoonotic influenza refers to disease caused by animal influenza
viruses that cross the animal–human divide to infect people. Avian, swine, and other
zoonotic influenza virus infections in humans may cause disease ranging from mild
upper respiratory tract infection to death. A major concern is that zoonotic influenzas
may mutate to novel influenza with the ability to cause sustained human-to-human
transmission. Three worldwide (pandemic) outbreaks of influenza virus with avian
origins occurred in the twentieth century: in 1918, 1957, and 1968.

Coronavirus infection: Coronaviruses (CoV) are a family of RNA viruses that
typically cause mild respiratory disease in humans. In the twenty-first century, there
have been three major emergences capable of causing severe disease in humans.
Severe acute respiratory syndrome (SARS) was detected in China in 2003, Middle
East respiratory syndrome (MERS) in Saudi Arabia in 2011, and COVID also in
China in 2019. The reservoir host is likely bats, but spillover is associated with
intermediate hosts: civet cats in the case of SARS and camels in the case of MERS.

56.4 Conclusion

Livestock-keepers in developing countries are not all alike, and there are important
differences between isolated and neglected pastoralists in a declining and increas-
ingly climate insecure economy, and the rapidly growing urban centers with their
accompanying intensifying livestock systems. The most critical systems where
improved understanding on the prevalence, impact, and dynamics of zoonoses are
needed include the following: rapidly intensifying agricultural systems; urban sys-
tems; and systems where substantial land-use change is occurring especially irriga-
tion in arid areas, and farming on forest margins.

As the importance of zoonoses in poor countries is increasingly recognized, so is
the need to generate a stronger evidence-base on problems and solutions to support
decision-making. Information is needed on the impacts of zoonoses, the multiple
costs and benefits of control, and the sustainability, feasibility, and acceptability of
zoonoses management.

History in the developed world shows that the burden of zoonotic diseases can be
dramatically reduced. High zoonotic disease prevalence is both a cause and conse-
quence of poverty, and investment and innovation are urgently needed to tackle
zoonoses in developing countries where they currently impose massive burdens on
human, animal, and ecosystem health.

56.5 Cross-References

▶Brucellosis
▶Campylobacter: Animal Reservoirs, Human Infections, and Options for Control
▶Cryptosporidium and Cryptosporidiosis: Trickle or Treat?
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▶Crimean-Congo Hemorrhagic Fever Virus: An Emerging and Re-emerging Path-
ogen of Public Health Concern

▶Cystic and Alveolar Echinococcosis: Fraternal Twins Both in Search of Optimal
Treatment

▶Cysticercosis
▶Elimination of Rabies: A Missed Opportunity
▶Enterohemorrhagic E. coli (EHEC): Environmental-Vehicle-Human Interface
▶Human African Trypanosomiasis: The Smoldering Scourge of Africa
▶ Influenza from a One Health Perspective: Infection by a Highly Versatile Virus
▶Q Fever (Coxiella burnetii)
▶The Zoonotic Agent Salmonella
▶Toxoplasmosis: A Widespread Zoonosis Diversely Affecting Humans and
Animals
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