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CHAPTER 1

Microbiology of Bacillus cereus

Roberta Marrollo

Clinical Microbiology and Virology, Laboratory of Bacteriology and Mycology, Civic Hospital of Pescara,
Pescara, Italy

SUMMARY

The species Bacillus cereus belongs to the so-called B. cereus group, which
includes Gram-positive, acrobic or facultative, sporulating, rods that are almost
ubiquitous in the natural environment. The organism is a cause of food poi-
soning and severe and potentially lethal nonintestinal infections in humans.
When B. cereus is 1solated from a clinical sample it is usually hard to label it as
a pathogen or an innocent contaminant, so isolates must be carefully evalu-
ated case by case instead of being aprioristically dismissed as colonizers. In
fact, outside its notoriety in the etiology of food-related enteric tract diseases,
this bacterium may be involved in a multitude of clinical pictures, such as
anthrax-like pneumonias, fulminant bacteremias, devastating central nervous
system diseases, postsurgery wound infections, and primary pathologic pro-
cesses involving skin structures and mimicking clostridial gas gangrene, that
usually complicate traumatic events.

BACKGROUND

It 1s both fascinating and of concern to observe the evolving spectrum of
human diseases associated with Bacillus cereus, which, given its environmen-
tal ubiquity, has long been labeled as a mere contaminant when isolated
from clinical materials of human origin.'

The term “bacillus” means a “small rod,” while the word “cereus,” trans-
lated from Latin, stands for “wax-like.” This name in fact relies on the easily
recognizable phenotype of B. cereus that may be observed under a micro-
scope and, macroscopically, on blood-containing agar media, respectively.'

B. cereus is an aerobic or facultative, motile, sporulating organism that is
almost ubiquitously distributed in the natural environment. It is close, phe-
notypically as well as genetically (we mean based on 16S rRINA analysis), to
several other Bacillus species, especially its most famous relative Bacillus
anthracis’; these species are parts of the so-called B. cereus group (otherwise
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2 The Diverse Faces of Bacillus cereus

named as B. cereus sensu lato).>* In fact, it is well known today that such
above-mentioned B. cereus (sensu lato) is not indeed only one bacterium but
actually represents a wide group of microorganisms (that is, therefore, actu-
ally referred to as to the B. cereus group) that includes the eight species B.
cereus (sensu stricto), B. anthracis, Bacillus mycoides, Bacillus pseudomycoides, Bacil-
lus thuringiensis, Bacillus weihenstephanensis, Bacillus cytotoxicus, and Bacillus
toyonensis.>*

B. cereus group is therefore an informal term indicating a genetically
highly homogeneous subdivision within the genus Bacillus, comprising
the above-mentioned recognized species. The type strain of B. cereus sensu
stricto is the strain ATCC (American Type Culture Collection) 14579,
which was originally cultivated from the air in a cowshed more than one
century ago.”

The more, and unfortunately, famous and genetically close species we
mentioned previously, that is B. anthracis, is maybe the most deeply investi-
gated within the B. cereus group, and its notoriety relies on the fact that it is
known as the worrisome agent of a lethal animal and human disease, which
is worldwide called “anthrax”; by virtue of this particular pathogenicity, the
organism has in recent years emerged as a biological weapon, too.%’

B. thuringiensis is characterized by the ability to display insecticidal prop-
erties and is therefore commercially used as a biocontrol microbial agent
with the interesting potential to face crop insects.”>"

Discrimination between isolates of the B. cereus group is challenging and,
based on a mere phenotype observation, we may just aftirm that B. anthracis
can be distinguyished from B. cereus based on the absence of motility, while
B. mycoides and B. pseudomycoides can be both differentiated from B. cereus on
a phenotypical base by virtue of the rhizoidal shape of their colonies along
with fatty acid composition.®? Again, to confirm the difficulties in distin-
guishing B. cereus group species, it is known that although B. anthracis, B.
cereus, and B. thuringiensis may be recognized by examining their phenotypes
and pathological aspects, genome sequencing has shown their close related-
ness, and their 16S rRNA gene sequences have been found to share more
than 99% similarity.! Also, the B. cereus group organism that may be observed
on this book’s cover (on the reader’s left hand) was collected at our bacteriol-
ogy laboratory at the Pescara Civic Hospital, Italy,and identified as B. cereus/ B.
mycoides/ B. thuringiensis, by using matrix-assisted laser desorption ionization—
time of flight technology, and as B. cereus/ B. thuringiensis by virtue of 16S
rRINA gene sequencing, no deeper discrimination being possible with these
two methodologies. Moreover, it seems that the phylogenetic investigations
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based on chromosomal markers indeed show that there is no taxonomic
evidence that justifies separation of B. cereus and B. thuringiensis, whereas B.
anthracis can basically be referred to as a clone of B. cereus.!

Notably, however, the distinguishing traits between these species are
encoded by plasmid genes, rather than chromosomal sequences, which are
highly mobile genetic elements, even within the B. cereus group.' In this
context, B. thuringiensis possesses plasmids carrying cry genes that encode the
0-endotoxins, while B. anthracis harbors two large plasmids encoding the
two major pathogenic factors of this species, that is, pXO1 (encoding the
anthrax toxin complex) and pXO2 (encoding the capsule).! The role of
plasmids in the expression of virulence within the B. cereus group is also
documented by the finding that, in B. cereus, the genetic determinants of the
emetic toxin (cereulide), the ces genes, are located on a large plasmid as
well.! This plasmid was found to be almost exclusively carried by a single
monomorphic strain cluster of B. cereus (sensu stricto), although cereulide-
producing isolates have been reported to differ from the mentioned highly
homogeneous cluster in both genotypic and phenotypic characteristics.! As
a confirmation, multilocus sequence typing (MLST) identified cereulide-
producing strains that belonged to a phylogenetic cluster outside the major
monomorphic emetic one.! Moreover, two B. weihenstephanensis strains
were shown to produce cereulide and carry the cesB gene.! Emetic B. cereus
has been proposed to differ from nonemetic strains in phenotype properties
including hemolysis, starch hydrolysis, lecithinase activity, and temperature
range for growth.'

The dilemma in defining which are the species that form the B. cereus
group is then that the main pathogenic factors that may distinguish B. cereus
from B. thuringiensis and B. anthracis do not correlate with phylogeny, when
phylogeny studies rely on chromosomal markers. Of interest, an exception
is represented by a newly discovered cluster made of only three strains, thus
far, that includes the B. cereus strain NVH 391/98, responsible for three fatal
cases of diarrheal syndrome.! MLST and genomic sequencing revealed that
this group 1s far enough from the main B. cereus group cluster to warrant the
status of novel species, named “Bacillus cytotoxicus,” as informally proposed
for these strains.! These three isolates can grow at temperatures 6-8°C
higher than the mesophilic B. cereus strains; thus they are thermotolerant
representatives of the B. cereus group.! Conversely, it is known that the
species B. weihenstephanensis was created to distinguish psychrotolerant
B. cereus strains from mesophilic ones.! Several typing methods suggest that
B. weihenstephanensis groups in a separate clade within the B. cereus group,
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together with B. mycoides. However, it has been shown that psychrotolerant
B. cereus strains do not always conform to the B. weihenstephanensis species
criteria, and a genetic group including psychrotolerant B. cereus and B.
thuringiensis strains has been identified that is far from the B. weihenstepha-
nensis clade, based on phylogeny. Notably, the temperature tolerance limits
for B. cereus group strains do correlate with diverse phylogenetic clusters.'

Although B. cereus was originally labeled as a mesophilic organism that
grows between 10 and 50°C (optimum temperature is 35—40°C),!%-!!
increasing numbers of psychrotolerant strains have been described over the
past few decades; this led to the description of a novel, psychrotolerant spe-
cies within the group, the previously mentioned B. weihenstephanensis, which
has been known to be able to grow below 7°C but not at 43°C."> B. cereus
sensu stricto, in conclusion, includes therefore all strains of the B. cereus group
that cannot belong to any of the species mentioned other than B. cereus.
Unfortunately, owing to a lack of identification to a species level some-
where in the scientific articles, there is some confusion throughout the lit-
erature concerning the description of organisms as B. cereus sensu lato or B.
cereus sensu stricto; thus we may expect that features and clinical syndromes
reported in published works have been alternately linked to the former or
the latter. Keeping in mind such a microbiological issue, we will refer to B.
cereus sensu stricto by using the term B. cereus in this volume.

B. cereus, then, inhabits nature as a spore former and vegetative cell, while
it colonizes human tissues in a vegetative status.'>'* Spores may bear
extreme environmental conditions including heat, drying, freezing, and
radiation and behave as the infective agent for this microorganism. '3

Being in close relationship to B. anthracis, as said, the spore surface anti-
gens of B. cereus share epitopes with those of the former, as shown by cross-
agglutination.!> Spores are of particular concern in the food industry since
they can be refractory to pasteurization and y-radiation; also, their hydro-
phobic nature makes them adhere to surfaces, thus unfortunately support-
ing the role of this species as a famous contaminant in the food-processing

chain, at diverse and several levels.!®-!7

ECOLOGY

B. cereus may be found in various types of soils and sediments, as well as in
dust and plants.! Particularly, the natural reservoir for this organism in the
environment consists of decaying organic matter, along with fresh, river, and
marine waters; fomites; vegetables; and the gut of invertebrates, from which
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soil and food may become contaminated, leading to colonization of the
human enteric tract."!%!” Water contamination, particularly, suggests the
possibility that waters themselves may behave as a means by which B. cereus
is introduced into the food-processing chain.'

Nevertheless, spores are passively spread and are therefore found even
outside the above-mentioned natural habitats. It is thought that B. cereus
sensu lato is present in soils as spores that then germinate and grow under
certain conditions.! Germination of spores in fact occurs when these come
into contact with organic matter or are taken in by an insect or an animal.’
Hence, B. cereus shows a saprophytic life cycle in which spores germinate in
soil, with consequent production of vegetative bacilli, which can then spor-
ulate, thus continuing the life cycle itself.! Defecation by the host, or its
death, may release cells and spores into the soil, so vegetative cells sporulate
and survive until the following intake by a new host.!®2" Of further interest,
a multicellular phenotype characterized by a filamentous mode of growth
was described and proposed to be a means of translocation through the
soil.! A similar mode of growth has also been found in the intestine of
insects. !

It has also been proposed that such an existence of diverse morphologi-
cal modes may represent adaptations to diverse life cycles like the “normal”
life cycle as a symbiont or the less common pathogenic life cycle in which
rapid growth occurs.'

Given its almost ubiquitous distribution in food products (such as milk,
rice, and pasta), B. cereus is ingested in small amounts of cells, so the organism
transiently becomes a part of the human gut microbiota, although it is
unknown if isolation of B. cereus from stools is related to spore germination
or to growth of vegetative cells.!®?!

The ubiquitous low-level presence of B. cereus in feed, foods, and the
environment would ensure the organism a transient presence in the mam-
malian gut, including that of humans.!

Genomic data seem to suggest, however, that the metabolic capacity of
B. cereus type strain ATCC 14579 and B. anthracis is more adapted to pro-
teins as a nutrient source rather than carbohydrates and that, moreover,
genes on which the establishment within a host depends are conserved in
those strains.'

Nevertheless, B. cereus strain ATCC 14579, if compared to B. cereus strain
ATCC 10987, is able to metabolize a wider amount of carbohydrates than
what was originally thought on the basis of genomic analysis only. This
information supports the idea that, in addition to having a full life cycle in
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soils, where it is abundantly present, and growing in food products, B. cereus
is also adapted to a host-related lifestyle, as a pathogen or behaving as a part
of the gut microbiota.'

The possible adaptation of this organism to the animal intestine could
represent the basis for its proposed probiotic activity. Such a use cannot,
however, be uncritically labeled as safe for humans, as all B. cereus strains are
known to potentially produce at least one of the toxins related to the diar-
rheal syndrome. Nonetheless, certain strains that produce negligible quanti-
ties of toxin at 37 °C have been approved for the above-mentioned purpose
by the European Food Safety Authority (EFSA).!

PHENOTYPE

Organisms of the B. cereus group, exclusive of B. anthracis, show a variety of
morphological forms depending on the medium in which they grow.
B. cereus, particularly, is a large (1.0-1.2pm by 3.0-5.0 pm) Gram-positive
rod that grows on common agar plates. !

In body fluids (such as aspirate from the anterior chamber of the eye) or
broth cultures, B. cereus presents as straight or slightly curved slender rods,
with square ends, and is arranged singly or in short chains. Bacterial cells
from agar plates will be characterized instead by a more uniform rod-shaped
morphology with, typically, an oval or ellipsoidal central spore (most strains
are spore forming) that does not distort the bacillary form.'-??

As said, most strains produce endospores, and this occurs within a few
days of incubation on commonly used agar plates; such spores may be cen-
trally or paracentrally placed, but they never distend the cell.! Through
phase-contrast microscopy or techniques for spore staining, spore localiza-
tion and morphology are much used criteria that may support discrimina-
tion among the species of the genus Bacillus.'

Finally, in wet preparations of clinical fluids or broth cultures, the perit-
richous bacilli are found to be motile and to display a leisurely gait rather
than a strong motility.>>

B. cereus is usually referred to as a bacterium forming large, gray colo-
nies (3-8 mm in diameter) with a rather flat and “ground-glass” morphol-
ogy, frequently with irregular borders, and forming zones of f-hemolysis
around colonies, when growing on agar media; the size of this hemolytic
area is usually large, although it may vary based on growth conditions.!
More exactly, when grown aerobically on 5% sheep blood agar at 37 °C,
B. cereus colonies are dull gray colored; also, their aspect is opaque and a
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rough matted surface can be observed.?> Colony edges are irregular and
represent the configuration of bacterial swarming from the initial inocu-
lum, perhaps due to swarming motility.>> A f-hemolytic zone finally sur-
rounds the colony, as mentioned above, although some strains are
nonhemolytic.”>?* Sometimes smooth colonies develop either alone or in
the midst of rough ones. Notably, smears prepared from the frontal and
distal advancing perimeters of a mature colony may reveal two diverse
presentations. Smears from the distal edge show uniform rod-shaped
forms with prominent central spores together with chains of Gram-positive
rods, while those from the advancing edge are mostly made of masses of
entangled chains of bacilli traversing the microscopic field; in this case,
furthermore, absence of spore-containing bacilli may be appreciated. Per-
haps, while spreading forward from the inoculum site, the colony leaves
behind a trail of metabolic products that modify the pH and oxygen con-
tent in the growth medium, thus stimulating formation of spores. B. cereus
also grows under an anaerobic atmosphere and at 45 °C, and biochemical
identification may be achieved by combining the API 50 Carbohydrate
(50 CH) and the API 20 Enterobacteriaceae (API 20 E) kits (both from
bioMérieux, France).!-?>>!

Phase-contrast microscopy and spore staining, which allow one to visu-
alize spore localization and aspect, are used as criteria to discriminate among
the species of the genus Bacillus, as said.! Other commonly used phenotype-
based features that may be useful for identification are evaluation of motility,
observation of hemolysis, and studying carbohydrate fermentation (B. cereus
has been known not to ferment mannitol) and the very active lecithinase
(phospholipase) activity.! Again, diverse and several plating media are avail-
able for B. cereus isolation, detection, and enumeration from food samples,
including PEMBA (polymyxin—pyruvate—egg yolk—mannitol-bromothymol
blue agar) and MYP (mannitol-egg yolk—phenol red—polymyxin agar).!
Together with selective compounds like polymyxins, such media
performance relies on B. cereus lecithinase production (egg-yolk reaction
providing precipitate zones) and absence of fermentation of mannitol.!
More recently, a number of chromogenic media have been designed for
numerous food pathogens, including B. cereus, but conclusive identification
should be based on molecular assays.”> Methods for typing are discussed,
however, in a separate chapter of this volume.

As B. cereus may be responsible for gas gangrene-like infections similar to
those caused by the morphologically similar bacterium Clostridium petfringens,
it is more than once required in clinical practice to promptly distinguish
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between them. In such cases, an India ink preparation can show encapsulated
bacilli consistent with C. perfringens. Otherwise, lack of capsules is suggestive
of B. cereus or maybe a non-C. perfringens clostridial species, although antibi-
otic coverage for B. cereus is needed, for prudence, pending culture results.
Interestingly, the India ink test can be carried out directly with a tissue sample
from the infected wound.”

ANTIBIOTIC RESISTANCE

Usually, most B. cereus strains are resistant to penicillins and cephalospo-
rins owing to a Pf-lactamase production. Given its potential seriousness,
when a B. cereus infection is suspected prompt empirical treatment could
be necessary pending antibiotic susceptibility testing (AST), and the
choice must take into account such a common resistance trait involving
B-lactam drugs. Furthermore, lack of susceptibility to macrolides, tetra-

d,?%27 and the choice of a

cyclines, and carbapenems has been describe
proper treatment is finally complicated by the fact that the European
Committee for Antibiotic Susceptibility Testing (EUCAST), thus far, at
the time of writing, has not yet published any guidelines for performing
and interpreting AST with Bacillus spp.To address this issue, many inves-
tigators have undertaken in vitro susceptibility studies by using diverse
methodologies aiming at providing some recommendations for an
empirical antimicrobial approach. Nowadays, so, it seems that the drug
of choice for B. cereus infections is vancomycin, while resistance to peni-
cillin, ampicillin, cephalosporins (including broad-spectrum com-
pounds), and trimethoprim is constant. Ciprofloxacin has, however, been
shown to be greatly effective in the event of B. cereus wound infec-
tions,”® and daptomycin and linezolid are reported to exert an almost
uniform activity against this organism.

CONCLUDING CONSIDERATIONS

B. cereus has evolved a panoply of pathogenic attributes, including adhesins
and toxins, that make it able to enter and survive within the human host
and, under certain circumstances, to breach barriers and cause pathologic
processes in various anatomical compartments. These are discussed in a ded-
icated chapter, but it is important, here, to emphasize that the major hurdle,
when B. cereus is isolated in clinical materials, is the need to overcome its
nagging stigmata as a mere harmless contaminant, which is unfortunately



B. cereus Microbiology 9

still in vogue despite a globally ongoing evidence of diseases other than
those (probably the most famous ones, together with ocular infections)
involving the enteric tract.

Actually, outside the notoriety of B. cereus as an agent of food poisoning,
acknowledgment of the multitude of other severe infections it may cause,
such as fulminant bacteremias and devastating central nervous system
involvement, is lacking. Both clinicians and clinical microbiologists must
therefore seriously consider B. cereus isolates from clinical specimens before
aprioristically dismissing them as accidentally contaminating organisms,
especially when an underlying immunosuppression is present.

B. cereus, finally, by virtue of its exotoxin armamentarium, may be con-
sidered to be centrally situated between B. anthracis and, though an anaer-
obe, C. perfringens, thus representing a formidable link between these two
sporulating bacterial species. In fact, B. cereus can both acquire and carry B.
anthracis genes that are responsible for an anthrax-like pneumonia and,
through its exoenzyme profile, overlap with C. perfringens pathogenicity in
the event of gas gangrene-like skin syndromes.?>27-32

The debate surrounding classification of B. cereus group strains is not
exclusively of academic and taxonomic interest, therefore; conversely, it
does relate to issues concerning public health. In fact, for instance, B.
cereus isolates that carry B. anthracis virulence determinants have caused
cases of serious anthrax-like disease (see the dedicated chapter on B. cereus
airway infections).?? Again, while B. cereus is a well-known agent of food
poisoning, B. thuringiensis plays a role as a biological insecticide for crop
protection, as mentioned above.! Nevertheless, genes encoding the cyto-
toxins causing the diarrheal syndrome and other B. cereus infections are
usually chromosomally encoded, and are present in all species of the B.
cereus group, though silent in B. anthracis.>* Especially, B. thuringiensis and
B. cereus share similar distributions and expression of genes encoding
extracellular pathogenic factors, and the former has caused human infec-
tions similar to those caused by the second.’>*! Unfortunately, food poi-
soning caused by B. thuringiensis is probably underreported, given that
methods for identification of B. cereus group strains cannot discriminate
between B. cereus and B. thuringiensis.*>

It has been suggested that B. cereus, B. thuringiensis, and B. anthracis be
considered one species only, based on genetic evidence,* but there is no
consensus on this matter thus far. Such an ambiguous taxonomy of the
B. cereus group then reflects the difficulties encountered with species
classification within bacterial systematics, especially today, in the
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so-called genomic era. It is also clear that phylogenetic analyses within
the B. cereus group are furthermore complicated by extensive horizontal
transfer of mobile genetic elements between strains.** Nevertheless,
whereas the genome investigation suggests that the B. cereus group be
considered as one species, a good argument supporting current nomen-
clature 1s the principle that “medical organisms with defined clinical
symptoms may continue to bear names that may not necessarily agree
with their genomic relatedness so as to avoid unnecessary confusion
among microbiologists and nonmicrobiologists,”*
56a(5) in the Bacteriological Code.*°

About the B. cereus phenotype, it is interesting to note, finally, that inter-

as stated by rule

mediate types between B. cereus and B. weihenstephanensis may sometimes be
observed that are interpreted as a “snapshot” of ongoing thermal adaptation
inside the B. cereus group.*’-*

Phenotype may in fact not always reflect genotype; accordingly, and
historically, B. cereus, B. thuringiensis, B. anthracis, and B. mycoides were
described based on phenotype about one century ago, much earlier than
the discovery of DNA as carrying heritable information. At that time,
particularly, classification of bacteria was usually made on the basis of
their morphological and physiological features, habitats, and pathoge-
nicity for mammals or insects. Later, the large extent of synteny among
their genomes and other genotypical similarities led scientists to suggest
that the mentioned four species indeed represented a single taxon.”*’

In addition to the importance of Bacillus species as human pathogens
as well as for agricultural purposes (related to their biocontrol proper-
ties, which are discussed in a separate chapter), numerous strains that
have important economic relevance are used as probiotics, preventing
enteric disorders.* Among such strains, B. cereus var. toyoi (strain BCT-
7112T) has been used since 1975; in that year, in fact, it was officially
approved by the Japanese Ministry of Agriculture and Forestry as the
commercial product TOYOCERIN®. Spores of strain BCT-7112T have
found application in animal nutrition, particularly for poultry, swine,
cattle, and rabbits, along with aquaculture for over 30 years, in several
countries throughout the world.* In the European Community, TOYO-
CERIN® was first authorized by the European Commission in 1994 for
use in swine, thus becoming the first bacterium authorized as a feed
additive in the European Union; later, it was authorized for poultry,
cattle, and rabbits, too.* Original identification studies assigned strain
BCT-7112T to the species B. cereus; however, several phenotypic features



B. cereus Microbiology 11

can indeed differentiate it from the main phenotype of this species, so it

was labeled as a variant and named B. cereus var. foyoi.* Following inves-
tigations based on DNA-DNA hybridization have documented that this
organism might not be B. cereus after all, but actually represents a differ-

ent species of the group, that is, B. toyonensis.

4
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CHAPTER 2

Bacillus cereus Group Diagnostics:
Chromogenic Media and
Molecular Tools

Eugenio Pontieri

Department of Biotechnological and Applied Clinical Sciences, University of L’ Aquila, Italy

INTRODUCTION

In old publications, attention focused on the genus Bacillus gave a good idea
of the differences between the strains and species belonging to this genus.?37¢
Bacillus cereus was classified as a large-celled species of Group 1 (with a cell
width greater than 0.9 mm and whose spores do not appreciably swell the
sporangium). The genus Bacillus consists of Gram-positive, spore-forming,
highly heterogeneous bacteria, often strictly connected to animal or human
pathogenicity. Bacillus cereus is one of the most important members of the
genus, notably as a potential food pathogen; Bacillus anthracis was first identi-
fied by Koch in 1876 as a pathogenic bacterium in animals and humans
responsible for anthrax*’; and Bacillus thuringiensis is considered a biopesticide.
The high genetic relatedness among these three principal species has con-
tributed to the idea that they are a single species, B. cereus sensu lato
(s.1.).1215:38.48 Differences among B. cereus, B. anthracis, and B. thuringiensis
have been found by specific phenotypic characteristics and, in particular,
pathogenic properties.

Bacillus anthracis 1s the etiologic cause of anthrax, aftecting animals (primarily
herbivores) and humans, the spores of which could be used in bioterrorism.*!-4>
The bacterium fully virulent possesses two large plasmids, pX01 and pX02,
codifying respectively the subunits of the whole anthrax toxin and the poly-
y-D-glutamic capsule (uniquely proteinaceous among bacteria).

Bacillus cereus sensu stricto (s.s.) possesses enterotoxins able to confer the
emetic or diarrheic form of gastroenteritis.” These toxins have also been
detected in Bacillus spp. not belonging to the B. cereus group.®’°° A heat-
stable toxin related to the B. cereus emetic toxin cereulide has been found in
Paenibacillus tundrae by Rasimus et al.°! Strains or species belonging to the
The Diverse Faces of Bacillus cereus
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Bacillus genus can produce several enzymes contributing to food spoilage,

16

which may vary among strains of the same species.'® Human infections

have also been reported.®”-%
Bacillus thuringiensis, considered an insect pathogen,®’ has been utilized
commercially as an insect biopesticide, in particular for Lepidoptera, Diptera,

755 and is also used in control of the vectors for malaria and

and Coleoptera,
yellow fever.”’ The spores of this bacterium are associated with inclusions by
a large crystal protein of 130-140kDa as a protoxin, becoming a 60-kDa
O-endotoxin after ingestion in the gut of insects. The cry genes are located on
large transmissible plasmids. The formation of protein crystals during sporu-
lation can distinguish B. thuringiensis from B. cereus. A B. cereus bacterium that
is acrystalliferous but possessing the cry genes is considered a B. thuringiensis.
A case of pulmonary infection by B. thuringiensis has also been reported.*”
Other members of the group are Bacillus mycoides, Bacillus pseudomycoides,
and Bacillus weihenstephanensis, which seem to be of low pathogenic potential,
but are psychrotolerant, being able to grow under refrigerator conditions, and

of spoilage potential.>>-

Bacillus mycoides is recognized by the rhizoid growth
resembling a fungus on agar plates. Another member, Bacillus cytotoxicus, has
been recognized as a potential food-poisoning pathogen.?’

With the development of new and finer molecular techniques, especially
whole genome sequencing, new descriptions of “borderline” strains have
been reported, making it necessary to reconsider the nomenclature.?”#

Considering the pathogenic potential of the entire B. cereus group, it is
necessary to obtain a better understanding of the genomes belonging to the
group, by whole sequencing and gene analysis. An overview of classical and
molecular analysis, such as culture and chromogenic media and molecular
tools, will be provided in this chapter, focusing on their diversity, sensitivity,

and capacity to reveal toxic and nontoxic strains.

CULTURE AND CHROMOGENIC MEDIA

If not necessary, special handling processing is not required, but, obviously,
major cautions are due B. anthracis and in minor entity to B. cereus. A Gram
staining can be applied to specimens for a first view. This step can difterenti-
ate among the various species with respect to aspect and disposition of cells
and spores (Table 1).As reported in manuals of diagnostic microbiology (see
Ref. 80), the first medium to analyze the isolates may be 5% sheep blood
agar plates at 37 °C or other blood culture medium. In these plates, we can
observe the first differences among the Bacillus spp. because B. anthracis is
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Table 1 Characteristics of Bacillus cereus group species

Bacillus  Bacillus cereus  Bacillus Bacillus

Feature cereus var. mycoides thuringiensis  anthracis
Gram stain + + + +
Catalase + + + +

Egg yolk reaction + + * (+)
Mootility + - + _

Acid from mannitol - - - -
Hemolysis (sheep red + (+) + -

blood cells)
Rhizoid growth - + - -
Toxin crystals produced | — -
Glucose anaerobic

utilization
Reduction of nitrate
VP reaction
Tyrosine decomposition
Resistance to lysozyme

+ 4+ + o+

NCRIR
+ +
+

+ o+ 4+
ORI

*Voges-Proskaurer test.

+, positive; T, usually positive but occasionally may be negative; (+), often weakly positive; —, negative.
From Vanderzant C, Splittstoesser DF editors. Compendium of methods for the microbiological examination of
foods. 3rd ed. American Public Health Association; 1992.

nonhemolytic (Table 1), owing to a nonsense mutation in the pleiotropic
regulator gene (plcR).>7>

In his review, E.J. Bottone® reported the appearance at 37 °C of B. cereus
colonies on 5% blood sheep agar. They are dull gray and opaque with a
rough matted surface. Irregularity of colony perimeters is visible, represent-
ing the configuration of swarming from the site of initial inoculation, per-
haps due to B. cereus swarming motility.”! Zones of f-hemolysis are visible
around colonies and conform to the colony morphology.?” In some
instances, smooth colonies develop, either alone or in the midst of rough
colonies. Grown apart from the initial inoculum, smooth colonies are sur-
rounded by a uniform zone of f-hemolysis framing the centrally situated
colony. Furthermore, smears prepared from the distal and frontal (spreading)
advancing perimeters of a mature colony may reveal two distinct morpho-
logical presentations. Smears prepared from the distal edge show uniform
bacillary forms with prominent centrally situated spores admixed with
chains of Gram-positive bacilli, while smears from the advancing edge com-
prise predominately masses of entangled bacillary chains traversing the
microscopic field and a remarkable absence of spore-containing bacilli. Per-
haps, as the colony spreads forward from the initial inoculum site, it leaves
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behind a trail of metabolic end products, which alters the pH and oxygen
content of the growth environment, thereby inducing spore formation.
B. cereus grows anaerobically and at 45 °C. After the direct examination of
the colony aspect on blood agar plates a biochemical characterization of the
isolates of Bacillus spp. can be obtained through the use of API 20 Entero-
bacteriaceae (API 20 E) and API 50 Carbohydrate (50 CH) kits (bioMéri-
eux, France), used together> (Tables 1 and 2).

Other general media can be utilized, such as Columbia agar supplemented
with nalidixic acid and colistin (attention is due because some isolates can be
sensitive to nalidixic acid), phenylethyl alcohol agar and polymyxin—
lysozyme—EDTA—thallous acetate, all media selective for Gram-positive
microorganisms. The colonies on these types of plates appear creamy white,
circular, and domed. In addition, we can utilize media to induce the protein-
aceous capsule formation in B. anthracis, such as bicarbonate agar.®’

Apart from B. anthracis, the most important cultural techniques for isola-
tion and enumeration of B. cereus group species are ruled by International
Organization for Standardization (ISO) standards ISO 7932 and ISO 21871*
and the Food and Drug Administration (FDA).?! Mannitol-egg yolk—poly-
myxin (MYP; Oxoid) and polymyxin—egg yolk—mannitol-bromothymol
blue (PEMBA; Oxoid) agars are still used in the standard procedure for
detection and enumeration of presumptive B. cereus s.l. in food matrix. In
MYP and PEMBA, typical colonies of the B. cereus group strains are recog-
nized by a precipitation zone due to egg yolk hydrolysis and, respectively,
appear colored by pink or peacock blue. However, in these media the risk
of misidentification of various strains, in particular from food matrices, is
possible; atypical reactions on these media are reported by Fricker et al.?’

To better identify B. cereus group bacteria, new chromogenic media have
been developed, such as the Chromogenic Bacillus cereus agar (CBC; Oxoid).
This medium contains 5-bromo-4-chloro-3-indolyl-p-p-glucopyranoside
cleaved by the P-p-glucosidase. The resulting colonies are white with a
blue-green center. BCM® (Biosynth AG, Switzerland) is another chromo-
genic medium. The chromogenic substrate is 5-bromo-4-chloro-3-indoxyl
myoinositol-1-phosphate, which, if cleaved by phosphatidylinositol-
phosphatase, confers a blue-turquoise color to B. cereus colonies, sometimes
surrounded by a blue halo.”” Biolife (Milan, Italy) produces another chromo-
genic medium. In this medium the B. cereus group isolates are visible as
pink-orange colonies surrounded by a halo of hydrolyzed egg yolk.

Fricker and coworkers in 2008 compared PEMBA, MYP, CBC,and BCM,
testing a strain set of 100 B. cereus with different origins (food isolates,



Table 2 Bacillus species differentiation detected in clinical specimens?
Species B-Hemolysis Motility Lecithinase Gelatin hydrolysis

Anaerobic growth

Nitrate reduction

Bacillus anthracis
Bacillus cereus
Bacillus licheniformis
Bacillus megaterium
Bacillus mycoides
Bacillus pumilus
Bacillus sphaericus
Bacillus subtilis
Bacillus thuringiensis

+ <o <O + 4+ O
tH+++S+++2
L0000 4+ 0O 4+ +
A+ttt <

+Oo <O+ + + +

S <O + < +

J’_

i+, positive reaction (285%);V, variable reaction (positive 15-84%); 0, negative reaction (positive <15%).

S|00] uonedynusp| :dnou) snasad snjjoog
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food-borne outbreaks, and clinical isolates) and toxigenic potentials. In addi-
tion, naturally contaminated foods were utilized to test the performance of the
four plating media in analysis of complex samples. They found that conven-
tional media could lead to a substantial misidentification and underestimation
of food illness by B. cereus, especially when used by laboratory staft not highly
trained in this identification. Moreover, some strains may not be detected,
even in the two chromogenic media, in particular a highly toxic strain. They
concluded that different techniques are necessary for correct identification. In
particular, sequence variances in the plcR gene (the pleiotropic regulator of
various virulence factors) are strictly linked with atypical colony aspects.

For the isolation and enumeration of presumptive B. cereus groups in
food, two methods can be utilized, a colony-count technique on solid agar
of various media or the most probable number technique. Normally this is
the procedure: On the surface of two agar plates, 0.1 ml of the sample is
distributed in duplicate, using a liquid or a stock suspension, for nonliquid
products, followed by successive dilutions up to 107°.To increase the sensi-
tivity 1ml of sample may be plated on a 150-mm petri dish. Incubate at
30+ 1°C aerobically for 24 £2h. Count the typical colonies of B. cereus in
plates containing 15 to 150 colonies, considering as such the growths that
have the expected characteristics. The minimal infectious dose is considered
to be 100 cellg™! but infection can occur to a number of 10,000 cells.

Another technique to distinguish B. anthracis from other Bacillus spp., in
particular B. cereus, is to test the isolates with a suspension of the gamma
phage.! This technique is considered of definitive determination also against
B. anthracis-like phenotype white colonies in BCM plates,”” but in the same
work a B. weihenstephanensis-type strain showed variable results in a gamma
phage assay.

MOLECULAR DIAGNOSTICTOOLS

Alongside the cultural and chromogenic typing tools, molecular typing
approaches have been developed for better discrimination among Bacillus
species and/or strains or to conduct epidemiological studies in outbreak
situations and to monitor contamination routes.

Species and Strain Identification

Classical cultural detection, enumeration, and differentiation cannot discrimi-
nate highly among isolates of B. cereus groups, so combining them with
molecular-based tools can enhance this capacity. The pathogenic properties of
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the B. cereus group strains are due to specific toxin genes they possess. These
genes can be detected with standard molecular techniques such as DNA
amplification and sequencing.

Real-time polymerase chain reaction (PCR) assays have been applied in

10.18.54 byt difficulties arise because of

the enumeration of B. cereus strains,
the presence of several states of the cells, vegetative or sporal, live or dead.

PCR identification methods have been developed especially for
B. anthracis because of its bioterrorism potential. Wielinga et al.”! developed
a multiplex real-time PCR for identifying and differentiating B. anthracis
virulence types. They integrated three markers: (1) the coding region of the
edema factor gene (cya; component of the anthrax toxin), placed on pXO1;
(2) the coding region of the capsule synthesis gene capB, located on pXO2;
and (3) an internal chromosomal marker sequence. Previously Leski et al.!
utilized the Bacillus collage-like protein bel gene as the target sequence in
the detection and fingerprinting of B. anthracis with respect to the other
B. cereus group species.

PCR detection protocols for profiling the toxin genes of the B. cereus
group have been developed utilizing classic gel-based PCR or real-time
PCR.!7:22:283490 Owing to the possession of more than one toxin by
members of the B. cereus group, diagnostic tools for toxin profiling should
include genes encoding the three major toxins, the nonhemolytic entero-
toxin (Nhe), the hemolysin BL (Hbl) and the cytotoxin K (CytK) adding
the emetic toxin cereulide synthase gene ces that has been found har-
boured on a large plasmid.?">>77 The nhe genes are carried by all the B.
cereus group strains, but not all strains produce Nhe, and levels can vary in
a temperature-dependent manner as found by Réjasse et al.>* in the psy-
chrotolerant B. weihenstephanensis, owing to the expression of the plcR
gene. Bacillus cereus strains produce the toxin genes at various levels.”*
Especially in the food industry and food microbiology there is the possi-
bility of the emergence of new phenotypes carrying novel toxin gene
profiles, as reported by several authors.!?-23-81

Toxin gene profiling is an analysis much more important with respect to
species determination, especially in outbreak situations. In fact, not only
does B. cereus s.s. harbor the previously mentioned toxin genes, but they can

354081 In summary, in food

also be distributed among the B. cereus group.
microbiology the diagnostics should be addressed more to the determina-
tion of the toxin or virulence genes; the differentiation of the species does
not seems to be of primary importance. Moreover, a toxin quantification

method should be added to the toxin gene determination.’
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Epidemiological Studies

In epidemiological studies, for monitoring an outbreak of the food pathogen
B. cereus, a fingerprinting technique can be requested. Pulsed-field gel elec-
trophoresis (PFGE) is considered one of the most important fingerprint typ-
ing methods in microbiologic analysis of pathogens isolated from any type of
source (clinical, environmental, food). Bacillus cereus was first analyzed by
PFGE.”>>>% From analysis of undigested DNA blocks by PFGE, all B. cereus
strains showed one or more extrachromosomal bands migrating to a region
corresponding to 6kb or larger,” variable among the isolates, probably cor-
responding to plasmids. DNA blocks normally are digested with specific
restriction enzymes, resulting in a macrorestriction endonuclease fingerprint-
ing able to discriminate among the isolates. Actually, Smal and Apal enzymes
are considered the best choice.”® To better analyze food pathogens in par-
ticular, the International Molecular Subtyping Network for Foodborne Dis-
ease Surveillance, known simply as PulseNet International,”” has been
created. As written on the site’s Home page, PulseNet International is a net-
work of national and regional laboratory networks dedicated to tracking
food-borne infections worldwide. Each laboratory utilizes well-standardized
genotyping methods, sharing information in real time. The resulting surveil-
lance provides early warning of food- and waterborne disease outbreaks,
emerging pathogens, and acts of bioterrorism. Several well-known food
pathogens, especially Gram-negative ones, are the object of the site, including
Listeria monocytogenes. No specific protocols for Bacillus spp. are present, but
protocols described for L. monocytogenes may be usefully applied.

Population Studies and Contamination Route Analysis

PCR-based methods are available for molecular typing of B. cereus groups.
The randomly amplified polymorphic DNA (RAPD) assay represents a
valid and largely used tool for molecular typing of various Bacillus species
and can be utilized routinely in the laboratory as a screening method. In
particular, RAPD has been utilized in typing B. anthracis with respect to
other members of the B. cereus group and for epidemiological study of
B. cereus and Bacillus lentus.'*® Other techniques are utilized in the screening
of repetitive elements, such as repetitive extragenic palindromic, enterobacte-
rial repetitive intergenic consensus, and BOX element PCR.>*

In particular, the PulseNet Web site suggests the multiple-locus variable-
number tandem repeat analysis (MLVA). Short repeat sequences are dis-
persed throughout the genome in virtually all prokaryotic and eukaryotic
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genomes. In each repeat sequence locus the repeat copy number can vary
between strains; hence these sequences are often referred to as “variable
number tandem repeats” or VNTRs. If multiple different VNTRS are tar-
geted for analysis the technology is called “multiple-locus VINTR analysis”
or MLVA. In MLVA, the VNTR array is amplified using PCR.>° This tech-
nique is consistent with the great genetic variability found between the B.
anthracis and the B. cereus strains.!** The analysis of single-nucleotide poly-
morphisms (SNPs) is being evaluated at the Centers for Disease Control
(CDC) as a subtyping platform to identify specific subtypes or characteris-
tics of bacterial isolates. VNTRs and SNPs are considered targets of choice
as described by Keim et al.*? and Kuroda et al.*” for typing isolates belong-
ing to genetically homogeneous B. anthracis species.

In collaboration with the U.S. Department of Agriculture (USDA),
PulseNet has also begun to evaluate multilocus genome typing for high-
resolution subtyping of Listeria spp. The application of these technologies
also to Bacillus species will complement existing PFGE-based methods,
leading to faster, more accurate data acquisition and an increased likelihood
of identifying an outbreak earlier so that effective responses may be
implemented.

Multilocus sequence typing (MLST), however, developed in the early
1990s,%° has gradually become the “gold standard” in molecular typing,
becoming a central genotyping strategy for analysis of bacterial populations.
The revealed genomic plasticity confers a dynamism to the population
structure of B. cereus s.1., qualifying the possibility of expressing new strains
with incremented or new virulence or a capacity to better survive under
adverse environmental conditions.”>*%%> Applied to the genus Bacillus and
in particular to B. cereus s.l., MLST has focused the relationship among iso-

. ) . o1 20 h
lates from various isolation sources,®2!:39:02,83.89

revealing the existence of
three major clades. Normally, conserved oligonucleotide primers are
designed to amplity 300- to 600-bp fragments of six to eight housekeeping
genes. However, MLST has been limited because it is expensive and has
several drawbacks (the purchase, maintenance, and housing of several pieces
of laboratory equipment and tracking of data). The development of micro-
fluidic biochips might simplify MLST analysis in the future.®> Any typing
method used has shown the various B. cereus group species distributed within
three major clusters, making a diagnostic based solely on species identifica-
tion insufficient. Interestingly, Ehling-Schulz and coworkers’! found the
same major clusters by Fourier-transform infrared spectroscopic analysis
combined with RAPD profiles screening 90 isolates of different geographic
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origins. In particular, they that showed emetic toxin formation of B. cereus is
restricted to a single evolutionary lineage of closely related strains. More-
over, the use of the sporulation stage III AB gene (spollIAB) as a single
genetic marker, as in this study, might represent an alternative to obtain a
rough snapshot of genetic relations among B. cereus s.1. strains.”! This genetic
marker resembles the structure of MLST-derived clusters and its suitability
for sequence typing was reconfirmed by comparing clusters derived from
hierarchical cluster analysis of spollIAB sequences, with the clusters obtained
by whole genome sequencing using a sliding window approach.?"-7"

For some purposes, Amplified Fragment Length Polymorphism (AFLP)
could be preferred to MLST, especially if high throughput capacities are
needed, avoiding biases due to potentially inadequate MLST schemes.
Guinebretiére et al.?® had associated the fluorescent AFLP (fAFLP), tech-
niques based on genome-wide blind markers, to phylogeny of ribosomal
genes and the housekeeping gene panC to the characterization of 425 strains
of B. cereus Group from very difterent ecological niches. They identified
seven major clusters (denoted I-VII) correlating with physiological proper-
ties of the strains. Interestingly, the potential of the strains for causing food
poisoning correlated with certain phylogenetic groups.®® The data collected
in this type of analysis have to be processed by a specific software.

Online tools have been developed for attributing strains to different
genetic groups: (1) https://www.tools.symprevius.org/Bcereus/english.php
permits the affiliation to phylogenetic groups (I to VII) within the B. cereus
group.” (2) HyperCat (http://mlstoslo.uio.no)** allows the integration of
data from two difterent typing systems (MLST, AFLP) as well as data derived
from multilocus enzyme electrophoresis, to calculate supertrees. HyperCat
was applied to carry out multidata type analysis on 2213 strains of different
origins, including 450 food and dairy production strains. This integrative
approach confirmed the major clusters but also revealed some novel phylo-
genetic branches, including a putative new lineage of B. anthracis.*> More
data integration from functional genomics (transcriptomics, proteomics,
and metabolomics) is the next step to obtain a more holistic understanding
of this important group of microorganisms.

Matrix-Assisted Laser Desorption lonization Time-of-Flight
Mass Spectrometry

Matrix-assisted laser desorption ionization time-of-flight mass spectrome-
try (MALDI-TOF-MS) is a technique that has been successtully adapted
and implemented for the routine identification of microorganisms in
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clinical microbiology laboratories since 2005. This revolutionary technique
allows for easier and faster diagnosis of human pathogens with respect to
conventional phenotypic and molecular identification tools, yielding
unquestionable reliability and cost-effectiveness’>*

Several authors have reported in several studies the identification of var-
ious species-specific biomarkers from B. anthracis spores and vegetative
forms.!7:23:46.50.67.08 Ryzhov et al.®’ utilized MALDI-TOF-MS to charac-
terize spores of 14 microorganisms of the B. cereus group inclusive of the
four species B. anthracis, B. cereus, B. mycoides, and B. thuringiensis. MALDI
mass spectra obtained from whole bacterial spores showed many similarities
between the species, except for B. mycoides. At the same time, unique mass
spectra were obtained for the different B. cereus and B. thuringiensis strains,
allowing for differentiation at the strain level. Treating the spores with
corona plasma discharge or sonication prior to MALDI analysis, they
obtained an increase in the number of detectable biomarkers in the usually
peak-poor MALDI spectra of spores, displaying an ensemble of biomarkers
common for B. cereus group bacteria and useful for difterentiating B. cereus
group spores from those of Bacillus subtilis and Bacillus globigii. Three peculiar
biomarkers were found by Elbanany et al.> using MALDI-TOF-MS able
to differentiate spores of B. anthracis with respect to the three closely related
species B. cereus, B. thuringiensis, and B. mycoides. Lasch and coworkers®"
reported the use of MALDI-TOF-MS to identify B. anthracis. Mass spectra
of 102 B. anthracis isolates, 121 B. cereus isolates, and 151 other Bacillus and
related genera isolates were analyzed. Mass spectra analysis by gel view and
unsupervised hierarchical cluster analysis permitted the classification of
Bacillus strains into two groups (cereus and non-cereus), and B. anthracis were
correctly classified into two different clusters of six subgroups of the
B. cereus group. Classification models using artificial neural networks created
from 296 mass spectra were used to blindly identify 100% of B. anthracis,
94.5% of B. cereus, and 92.9% of Bacillus non-cereus strains. However, the
complexity of these data analysis methods prevents their application in clin-
ical laboratories for routine diagnoses. It is evident that the lack of suitable
tools for studying enterotoxins hampers the possibilities for accurate hazard
identification and characterization in microbial food-safety risk assessment.

More recently, MALDI-TOF-MS was applied to the detection of

86 Entero-

enterotoxins produced by pathogenic strains of the B. cereus group.
toxins produced by various species of the B. cereus group, such as CytK1 and
Nhe, have been associated with diarrheal food poisoning incidents. CytK1

detection is not possible with commercial assays, whereas Nhe is recognized
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by the ELISA-based 3M Tecra Bacillus Diarrhoeal Enterotoxin Visual Immu-
noassay, which does not specifically target this protein because it is based on
polyclonal antibodies.

The authors have applied MALDI-TOF-MS for the detection of CytK1
and Nhe produced by pathogenic strains of the B. cereus group using protein
digests from one-dimensional gel electrophoresis. Secretion of CytK1 and
two of the three components of Nhe was confirmed in supernatants of vari-
ous B. cereus cultures. For each protein, biomarkers were introduced that
could be used for the screening of food poisoning or food/environmental
isolates able to secrete enterotoxins. Therefore, MALDI-TOF-MS could be
successtully utilized as a risk assessment procedure to determine the involve-
ment of strains of the B. cereus group in food-borne outbreaks, including the
CytK1-producing species B. cytotoxicus, described in 2012.5°

The cost of bacterial identification by MALDI-TOF-MS has been eval-
uated at €1.43 compared with €4.60—8.23 for conventional identification
studies.”” The assay time is decidedly decreased, 6-8.5min for bacterial
identification from a direct colony versus 5-48h for conventional identifi-
cation. New specific databases may improve the performance of MALDI-
TOF-MS for routine bacterial identification. However, the cost of the
apparatus, ranging from €100,000 up to €200,000, and the absence of spe-
cific reagents at this time limit the use of MALDI-TOF-MS in the routine
microbiology laboratory.

THE FUTURE OF DIAGNOSTICS

In the past years, massive efforts have been made in genome sequencing.
New sequencing hardware and software data analysis have enabled the
sequencing of whole microbial genomes in less than 1day. In particular for
the B. cereus group, the role of B. anthracis as a potent agent in bioterrorism
and the finding of B. cereus s.s. toxins in other correlate strains has renewed
interest in this group of bacteria leading to several genome sequencing proj-
ects. At this time (September 2014), genomic sequence information is avail-
able for about 327 B. cereus group strains and is increasing (Table 3). However,
considering the high rate of genome plasticity for bacteria belonging to the
B. cereus group,?*%82 de novo sequence assembly is laborious and time-
consuming. For this reason, the appropriate development of easy-to-use
bioinformatic tools is now a dynamic trend.The first tools minimizing post-
sequencing data processing have already been developed. Segerman et al.”’
obtained a subtyping of B. anthracis strains and a general overview of the



Bacillus cereus Group: Identification Tools 27

Table 3 Bacillus cereus group multiple genomes published on http://www.ncbi.nlm.
njh.gov/genome [accessed September 2014]

Organism Size (Mb) Chrs Plasmids Assemblies
Bacillus cereus group 6.58303 1 1 67
Bacillus anthracis 5.9473 1 2 53
Bacillus cereus 6.85877 1 7 153
Bacillus cytotoxicus 4.09416 1 1 1
Bacillus gaemokensis 5.59986 - - 1
Bacillus manliponensis 4.64311 - - 1
Bacillus mycoides 5.8415 1 5 4
Bacillus thuringiensis 7.08969 1 28 41
Bacillus toyonensis 5.02542 1 2 1
Bacillus weihenstephanensis 5.90241 1 4 5

phylogenomic structure of the genus Bacillus. Instead of assembling the
genome, defining genes, defining orthologous relations, and calculating dis-
tances, the method can achieve a similar high resolution directly from the
raw sequence data. Agren et al.’ presented a new software tool, “Gegenees,”
as a fragmented alignment of multiple genomes for determining phyloge-
nomic distances and genetic signatures unique to specified target groups.
The site is accessible as an open platform at http://www.gegenees.org/
index.html. The software was successfully used to search for unique signa-
tures for B. anthracis by analyzing 134 Bacillus genomes. Target group-specific
primers were designed by using the identified signatures.’

DNA microarray-based analysis represents another method for fol-
lowing genomic typing. The method improves with acquisition of
increasing data of Bacillus genomic sequencing projects, making it pos-
sible to design high-density whole genome microarrays amplifying the

1.27 used, in

ability to discriminate among strains. For instance, Felder et a
a multigenome DNA array of virulence genes, the genomic marker gene
rpoB, as well as the selective 16S rDNA sequence regions of B. anthracis,
the B. cereus group, and B. subtilis. Eight B. anthracis reference strains were
tested and correctly identified. Among the analyzed environmental
Bacillus isolates, no virulent B. anthracis strain was detected. Moreover,
any other type of gene increasing the pathogenic potential could be
implemented in microarray analysis to discriminate better among Bacillus
isolates or strains. Last, but not least, MALDI-TOF-MS represents a new
exciting diagnostic tool, especially if new specific databases can be
implemented in routine bacterial identification and the whole cost of
the apparatus and utilization decreases.
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CONCLUSIONS

The B. cereus group comprises strains diversely involved in human patho-
genesis, owing to the production of several highly toxic proteins, together
with strains not pathogenic or even beneficial. The detection of strains
belonging to this group has become a major aim in diagnostics microbiol-
ogy. Species and/or strain discrimination among the B. cereus group strains
may be not sufficient. Detection and quantification of toxins responsible
for pathogenesis and characterization of markers for monitoring contami-
nation routes appear more important. During the past years, to satisfy all
these needs, impulse has been given to developing new molecular tools
leading to a significant improvement in B. cereus group diagnostics. How-
ever, the classical cultural methods for detection and/or enumeration of
members of the B. cereus group, improved by new chromogenic media, are
still important tools in food microbiology as ruled in food analysis interna-
tional protocols. The new molecular tools provide a better discrimination
among isolates, being able to monitor the toxin genes possessed, and quan-
tification, as well as species and strain attribution. Because molecular tools
for identification and subtyping of B. cereus s.l. require the isolation of
single strains (the pure culture of the Koch postulates), culture-based meth-
ods still remain an important step in food and clinical microbiology diag-
nostics. The development of new genomic typing tools, and moreover
whole genome sequencing, opens future perspectives in diagnostics for
food or clinical microbiology. These new tools open the way to identifying
peculiar molecular characteristics of strains, both pathogenic and not; find-
ing markers for new diagnostics methods; monitoring contamination
routes; and tracing food-borne outbreaks by correlating patient isolates
with food-derived isolates. However, this upgraded amount of information
needs appropriate easy-to-use bioinformatic tools to render standard what
is now of only academic use or interest.
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SUMMARY

Bacillus cereus is mainly known for causing food poisoning and severe non-
gastrointestinal tract infections. The intestinal and nonintestinal pathogenicity
of this microorganism is mainly due to the synergistic effects of a number of
virulence products that promote intestinal cell destruction and/or resistance
to the host immune system. The various substances produced by B. cereus are
mainly enterotoxins, hemolysins, phospholipases and emetic toxin, whose
activity may overlap in causing human disease. This review briefly describes
the characteristics of the main virulence factors of B. cereus.

BACILLUS CEREUS VIRULENCE FACTORS

Bacillus cereus is mainly known for causing food poisoning and severe eye
infections, but it is also an opportunistic human pathogen, causing different
local and systemic infections. In these cases, there is still poor recognition of
the various mechanisms ruled by B. cereus in the pathogenesis of the human
diseases. In early stationary phase, B. cereus produces several toxins, such as
degradation enzymes, cytotoxic factors etc., which act in a synergistic way.
These substances are produced mainly during bacterial growth and are
summarized in Table 1.2 Various molecules have activity against erythro-
cytes, either directly (hemolysins) or as a part of their activity. The emetic
form of B. cereus food poisoning is attributed to one single toxin, cereulide.
The diarrheal form is mainly due to five different enterotoxins and degen-
erative enzymes.

In this chapter, we briefly describe the activity of the enterotoxic com-
plexes (hemolysin BL (Hbl) and nonhemolytic enterotoxin (Nhe)), the
phospholipases-C/sphingomyelinase complex, the emetic toxin (cereulide),
and the various hemolysins—cytolysins (types I-IV).
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Table 1 Toxins and other substances released by Bacillus cereus

Toxin

Main characteristics

Hemolysin BL (Hbl)

Nonhemolytic enterotoxin (Nhe)

Enterotoxin T (BceT)
Enterotoxin FM (EntFM)
Cytotoxin K (CytK)

Emetic toxin (cereulide)
Sphingomyelinase
Phospholipase C
Phosphatidylinositol hydrolase

Phosphatidylcholine hydrolase
Hemolytic sphingomyelinase

Protein, three components: B, L1, and L2

Hemolysis, cytotoxicity, dermonecrosis,
capillary permeability

Protein, three components (39, 45, and
105kDa)

Protein, one component 40/41kDa

Cytotoxicity, capillary permeability

Protein, one component, 45 (48)kDa

Capillary permeability

Protein, one component, 34kDa

Hemolysis, cytotoxicity

Cyclopeptide, 1.2kDa

34kDa, hemolytic, part of Nhe?

Degranulation of human neutrophils

Breakage of the protein anchorage on
plasma membranes

General hydrolytic action

Sphingomyelin harm

Hemolysin I (cereolysin O) Thiol-dependent, thermolabile, inhibited
by cholesterol
Thermolabile, not inhibited by cholesterol

Formation of transmembrane pores

Hemolysin II
Hemolysin 11

Modified from Ref. 1.

The hemolysin BL (Hbl) is the enterotoxin that can causes diarrhea; it
is produced by 60% of B. cereus strains and is also produced by Bacillus
thuringiensis and Bacillus mycoides. It consists of three fractions transcribed
from the same operon, hbl, located on the stretch of unstable chromosome
in B. cereus. Hbl expresses dermonecrotic activity and also has the ability to
alter the permeability of blood vessels, causing an accumulation of fluid in
the intraluminal ileal bend.The three components of Hbl, fraction B (bind-
ing component) and lytic components L1 and L2, bind to the target cell
independently and reversibly, forming a complex causing a lytic action
toward the cellular membrane by forming pores in it. All three Hbl compo-
nents are required for biological activity. One of the hypotheses is that once
bound, the various components join to form a single complex, forming
transmembrane pores consisting of at least one of each component, but
specific membrane receptors have not been identified. A high degree of
molecular heterogeneity exists in Hbl toxin between strains. According to a
study on 127 isolates of B. cereus, four difterent sizes of fraction B (38, 42, 44,
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and 46 kDa), three of L2 (43,45, and 49kDa),and two of L1 (38 and 41 kDa),
were identified using western blot analysis, with individual strains produc-
ing varying combinations of single and multiple bands of each component
and a total of 13 different band patterns being observed.? The crystal struc-
ture of Hbl has some homologies with the pore-forming hemolysin called
cytolysin A from Escherichia coli.*

Nonhemolytic enterotoxin (Nhe) is almost always expressed by
B. cereus strains and thus is considered one of its main virulence factors. Nhe
is a three-component toxin, which in binary combination exhibits lower
pathogenic potential compared to the complete toxin. It is transcribed by
the operon nhe, consisting of three open reading frames (nheA, nheB, and
nheC). The first two transcribe two components of 45 and 39kDa, respec-
tively, while the third (105kDa) has a function not fully understood, but
considered necessary for the final synthesis of the toxin.! Nhe exposure
leads to a rapid membrane lysis by forming pores in lipid bilayers, resulting
in a colloido-osmotic lysis. The cytotoxic activity of Nhe toward epithelial
cells is that of rapid disruption of the plasma membrane following exposure
and formation of pores in planar lipid bilayers.* As indicated in its name, in
the past it was supposed that this enterotoxin had no hemolytic activity.
However, a 2008 study pointed out that Nhe is somewhat able to induce
hemolysis in erythrocytes from some mammalian species.*

The enterotoxin T (BceT) is a 40/41-kDa enterotoxin that is encoded
by the beeT gene. It is released during cellular lysis. Even when beeT has
been cloned into E. coli, no biological activity is detected, either in the
supernatant or in the cell extract, thus suggesting that its role in effecting
the symptoms of food poisoning is still a matter of debate.’

Little or nothing is known about the characteristics of enterotoxin FM
(EntFM). It is a cell wall peptidase (also known as CwpFM) that seems to
play a role in bacterial shape, motility, adhesion potential to epithelial cells,
biofilm formation, and vacuolization of macrophages.°

The cytotoxin K (CytK), also called hemolysin IV, is a 34-kDa protein
that expresses both cytotoxic and hemolytic properties. CytK is quite differ-
ent from Hbl and Nhe, being characterized by one component. First
described by Beecher et al.,” it has been subsequently characterized by
Lund et al.® from B. cereus strains that caused a severe outbreak; these isolates
seemed to express only this kind of virulence factor. The deduced amino
acid sequence of the toxin showed similarity to Staphylococcus aureus
leukocidins (y-hemolysin and o-hemolysin, sharing 30% homology with the
latter), to Clostridium perfringens B-toxin, and to another B. cereus hemolysin
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(type I1,37% homologies). All these proteins belong to the family of B-barrel
channel-forming toxins.>® Subsequently, a variant of this toxin, sharing 89%
similarity to the amino acid sequence of the first CytK isolated by Lund
et al., has been isolated and named as CytK-2.” Further studies performed
on these cytotoxins allowed for the taxonomical discrimination of a new
Bacillus species: the strains harboring CytK-1 have been currently defined as
Bacillus cytotoxicus, which is de facto considered different from the B. cereus
strains harboring the CytK-2 variant.!’

The mechanism of action for CytK is not completely understood. It is
known that this toxin is able to produce pores in the target cells, which are
mainly epithelial cells. These proteins are secreted in a soluble form, being
then converted into a transmembrane pore by the assembly of an oligo-
meric P-barrel, with the hydrophobic residues facing the lipids and the
hydrophilic residues facing the lumen of the channel.”

Hbl, Nhe, and CytK express maximum activity during the end of the
exponential phase or the beginning of the stationary phase, with operons
being regulated by the gene plcR (phospholipase C regulator), which also
regulates the expression of plcA for phospholipase C activity and belongs to
the PlcR/PapR quorum-sensing system. The promoter region of PlcR-
regulated genes has a highly conserved palindromic region that acts as a
specific target for PIcR activation.”!! The gene transcription starts usually
at the onset of the stationary phase and reaches maximum expression in a
few hours. A 2013 study performed on the B. cereus ATCC-14579 strain
pointed out that only a small subpopulation is responsible for CytK produc-
tion in a homogeneous monoculture.'> However, environmental factors
such as pH, growth rate, and the amount of oxygen and carbohydrates all
further regulate and have an impact on toxin production.'?

For its activity, PIcR requires a peptide expressed as a propeptide (PapR)
under the control of PlcR, which is exported out of the cell, processed to
generate an active heptapeptide, and then internalized into the bacterial
cell.>'*15 The PlcR/PapR system is now known to be the central
transcriptional regulator for virulence genes in B. cereus at the onset of the
stationary phase, controlling the expression of at least 45 genes, mainly viru-
lence factors.>!!

Some papers seem to indicate that CytK production is characteristic of

16 However, in

strains causing diarrheal illness rather than systemic diseases.
another study, which was primarily focused on the performance evaluation
of a multiplex polymerase chain reaction to rapidly detect various B. cereus

genes, the cytK gene was detected in 88.8% of B. cereus and in 83.9% of
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B. thuringiensis strains isolated from different sources, irrespective of their
causative role in human diseases.'”

The emetic toxin (or factor or emetic cereulide), is a small protein
(1.2kDa), which is nonimmunogenic although it possesses immunomod-
ulating properties. It acts on human natural killer (NK) cells by inhibiting
cytotoxicity and cytokine production, as well as causing mitochondrial
swelling, resulting in possible apoptosis of NK cells.!®!” This protein is
highly heat stable (126 °C for 90 min), also being stable under extreme pH
conditions (range: 2—11). It appears to be insensitive to enzymatic diges-
tion, with no human enzymes known to be able to inactivate it. It is
produced during the bacterial stationary phase in contaminated food, for
example, in a dish made of rice maintained at 25-30 °C, with the relation-
ship to the sporulation of the bacterial cells remaining unclear.! Its struc-
ture was unknown for a long time, until the discovery of its vacuolating
action on Hep-2 cells, which allowed the protein purification and the
evaluation of the structural details. In particular, it is organized in a
three-ring configuration, each ring of which contains four amino acids

and/or oxyacids (dodecadepsipeptide),’’-?!

similar to valinomycin, a
potassium ionophore.?> The toxin is probably a peptide-synthetic enzyme,
produced by a nonribosomal peptide synthase, encoded by the 24-kb
cereulide synthase (ces) gene cluster. Whereas all the enterotoxins are
located chromosomally, the cereulide synthase genes are located on mega-
plasmids with a pXO1-like backbone.!”-?3 Also, because it acts as a cation
ionophore, it has the ability to inhibit mitochondrial activity, which can
lead to serious degeneration of target cells. Although the exact mecha-
nisms regulating the cereulide production are not fully characterized,
factors such as oxygen, temperature, and pH affect its expression, which is
regulated by the transitional state regulator ArbB and not the PIcR.

In vivo, the mechanism of action is due to the stimulation of vagal
afferents through specific binding of the 5-HT; receptors. Emesis
induced by cereulide occurs in minutes following oral administration,
thus indicating rapid absorption of the substance from the esophagus
into the neuronal serotonin receptors. This is possibly attributable to its
lipophilic properties, which are similar to dietary lipids, leading to good
penetration into cells, and thus high concentrations may be found even
in blood following ingestion.'”

The mitochondrial swelling in target cells may be a direct consequence
of the ionophoric action of cereulide, as mitochondrial K* channels are
known to play an influential role in mitochondrial volume control. These
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peptides create K* channels, which result in an efflux of K* and rapid but
transient hyperpolarization of the membrane, resulting in cell damage and
subsequent apoptosis with the activation of specific caspases.'”

Lesions due to the actions of toxins are nonspecific and usually result in
mucus-catarrhal forms, sometimes fibrin-catarrhal. Hepatic degeneration
and necrotic—hemorrhagic enteritis are the most serious of injuries that fol-
low the action of cereulide and CytK, respectively.

Bacillus cereus also secretes membrane-damaging toxins, phospholipases,
such as Be~SMase (B. cereus sphingomyelinase), phosphatidylinositol-specific
phospholipase C, and phosphatidylcholine-specific phospholipase C
(PC-PLC). In a study using mouse macrophages, treatment with Be-SMase
resulted in a reduction in the generation of H,O, and phagocytosis of
macrophages induced by peptidoglycan, suggesting that Be-SMase is essen-
tial for the hydrolysis of sphingomyelinase in macrophage membranes,
which leads to a reduction in phagocytosis, therefore evading the immune
response. Moreover, Bc-SMase appeared to cause hemolysis of sheep
erythrocytes.”*

Bacillus cereus may also cause hemolysis through the synergistic action of
PC-PLC and Be-SMase, which form a biological complex known as cereo-
lysin AB.? This complex specifically hydrolyzes sphingomyelin in the intact
erythrocyte membranes, leading to their disruption and subsequent
hemolysis.”

Hemolysin I (HlyI) is also known as cereolysin O; very similar
proteins are produced by B. thuringiensis and Bacillus anthracis (>98% similarity).”
Hlyl is a heat-labile protein that is inhibited by cholesterol, belonging to the
cholesterol-dependent cytolysin (CDC) family (formerly known as thiol-
activated cytolysins), which also comprises the pneumolysin produced by
Streptococcus pneumoniae, streptolysin O produced by Streprococcus pyogenes,
and listeriolysin produced by Listeria monocytogenes, which explains why
there is a cross-reaction in immunodiffusion tests.”®

The CDC family members share a common mechanism of action:
these proteins disrupt the outer cell membrane through the formation
of pores, leading to the destruction of the cytoplasmic membrane of
erythrocytes of various hosts. For its action, HlyI requires only the pres-
ence of cholesterol in the target membrane, without specific receptors.
Pore forming by CDCs follows the oligomerization and assembly of
soluble monomers into a ring-shaped prepore, which undergoes a con-
formational change for insertion into the membrane, to form a large
amphipathic transmembrane f-barrel structure.”? The structure and
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molecular mechanism of several other CDCs are now also relatively well
characterized and well described by Ramarao and Sanchis.?

Since CDCs are cytolytic proteins, they can lyse or permeabilize various
types of host cell or intracellular organelles during infection. Therefore, B.
cereus HlyI can play multiple roles during bacterial infections.

As for Hbl, Nhe, and CytK, the expression of Hlyl is under the control
of the transcriptional activator PIcR, which was first linked to plcA, the gene
encoding phosphatidylinositol-specific phospholipase C.?

Hemolysin IT (Hlyll) is a thermolabile protein that is not inhibited by
cholesterol and is degraded by proteolytic enzymes. It is produced as a larger
preprotein, which is then reduced to its final form of 42.6kDa.?” HlylI is an
oligomeric f-barrel pore-forming toxin with some kind of similarity in its
amino acid sequence to the S. aureus a-toxin (being, however, 15 times
more potent than the latter on rabbit blood cells),?® to the f-toxin of C.
perfringens, and to CytK.?” HlylI binds to membranes through a 94-amino-acid
C-terminal extension and finally inserts a glycine-rich segment into the
membrane to form the walls of a transmembrane pore. Contemporarily,
HIyII has been shown to produce anion-selective channels in planar lipid
bilayers.?* 3" For its action, Hlyll does not require neither the presence of
cholesterol in the target membrane nor specific receptors; it can induce lysis
in the target cells, which are a broad range of erythrocytes and phagocytic
cells, but not in epithelial cells.?'

As for other virulence factors herein described, HIyIl plays different
roles in B. cereus virulence. However, it is not directly involved in the diar-
rheal phenomenon, maybe because it is susceptible to trypsin digestion
(which can happen in the small intestine), being in this sense similar to the
B-toxin of C. perfringens, even if this is still hypothetical.> On the other hand,
it is clearly established that HIyII causes cell death by apoptosis,”' and in a
paper by Cadot et al. Hlyll was demonstrated, using quantitative molecular
techniques, to be largely present in clinical strains isolated during human
infections, allowing them to postulate that the hlyIl gene could be carried
only by strains with a pathogenic potential.>> Moreover, it acts also in allow-
ing the persistence and dissemination of B. cereus in the host through its
ability to induce apoptosis of host monocytes and macrophages in vivo.”!

HIyII is one of the few substances of B. cereus that is not regulated by
PIcR. Instead, it is downregulated by the specific transcriptional regulator
HIyITR *>** and by the ferric uptake regulator (Fur). In particular, glucose
6P seems to directly bind to HIyIIR, enhancing in this way its activity at a
posttranscriptional level, acting then on the hlyll gene, inhibiting its
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expression, which is finally modulated by the availability of glucose. On the
other hand, hlylII is downregulated by iron during bacterial infections. HlyII
expression is negatively regulated by iron via Fur by direct interaction with
the hlyll promoter. DNase I footprinting and in vitro transcription studies
indicate that Fur prevents RNA polymerase binding to the hlylI promoter.
Both HIyIIR and Fur regulate hlyll expression in a concerted fashion, with
the effect of Fur being maximal in the early stages of bacterial growth.”> A
very intriguing model of pathogenetic moment is suggested by Ramarao
and Sanchis, who postulate that, when glucose is consumed by the bacteria
and iron is sequestered by phagocytic cells as a natural host defense, the
HIyIIR and Fur repressors become inactivated and hlylII expression is trig-
gered. HIyII is then produced by the bacteria and secreted, triggering the
death of hemocytes and macrophages.”

Hemolysin IIT (HlyIII) is the least characterized hemolytic toxin from
the B. cereus group. It is a heat-labile protein that has never been purified but
is encoded by a 657-nucleotide gene characterized in E. coli. Its hemolytic
activity is not inhibited by cholesterol.”

The role of this hemolysin has not been investigated in vivo and can
only be postulated. It is known that its mechanism of action is based on
the formation of pores on the erythrocyte surface. It is likely that this
toxin forms transmembrane pores in three steps: protein binding to the
erythrocyte surface, monomer assembly to form the pores, and subsequent

erythrocyte lysis.”*°
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Bacillus cereus Mechanisms of
Resistance to Food Processing
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SUMMARY

[t is estimated that there are an average of 63,623 illnesses and 20 hospital-
izations caused by Bacillus cereus every year in the United States. Spores of
Bacillus species are of concern in the food industry, owing to their common
occurrence and resistance to food processing methods. Common foods
associated with contamination by B. cereus include rice, milk, grains, cereals,
potatoes, vegetables, and low-nutrient foods. Evolving species, such as psy-
chrotolerant strains of B. cereus, are of even greater concern because they
have adapted to growth at reduced temperatures.

INTRODUCTION

Since 1995 there has been a significant increase in demand by consumers
for convenient food products of high quality, which are commonly referred
to as ready-to-eat, cooked or chilled, or refrigerated processed foods of
extended durability.! Mild processing techniques that are thought to help
preserve the organoleptic properties of foods can subsequently allow
spore-forming bacteria such as Bacillus and Clostridium species to survive in
the food product.” Pathogenic Bacillus species may have the ability not
only to germinate and grow at refrigeration temperatures®® but also to
produce toxins in foods. Evolving species, such as psychrotolerant strains of
B. cereus, are of even greater concern because they have adapted to growth
at reduced temperatures.

Spore formers can serve as spoilage agents in foods, and pathogenic
types exist. Spore-forming bacteria can be problematic in food products for
which mild processing is used,* owing to their common occurrence and
extreme resistance to food processing methods, including heat, pressure,
acidification, desiccation, and chemical disinfectants.””” Spore formation is
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triggered by nutrient depletion whereby a vegetative cell enters dormancy,
but the spore is still able to respond to various agents in its environment,
including temperature, pH, and the presence of nutrients, and germinate to
resume metabolic activity.>®

BACILLUS CEREUS AND CHALLENGES FORTHE FOOD
INDUSTRY

The Emergence of Psychrotolerant Bacillus cereus and Bacillus
weihenstephanensis

There is a clear correlation between the phylogenic groups of B. cereus and
their adaptation to temperature, pH, and water activity. These properties can
be used to predict the risk of a particular species to cause food-borne
illness.” Several epidemiological studies have been performed comparing
the genetic sequences of a variety environmental and food isolates of
B. cereus. Psychrotolerant B. cereus isolates are more genetically similar to other
psychrotolerant species, including Bacillus mycoides, than to mesophilic
B. cereus strains, which are more genetically similar to Bacillus thuringiensis.'"~13
Therefore, it has been suggested that the taxonomy of the B. cereus group be
revised. In 1998, a new species named B. weihenstephanensis was proposed to
accommodate the psychrotolerant strains of B. cereus.'*

Because of their potential to grow in refrigerated food products, their
ability to produce toxins, and their implications in food-borne outbreaks,
psychrotolerant species of B. cereus, including B. weihenstephanensis, have
been of concern in the food industry." Bacillus weihenstephanensis is a known
causative agent of spoilage in white liquid egg products but can also cause
spoilage of pasteurized milk. The B. weihenstephanensis strain isolated from a
spoiled whole liquid egg product also demonstrated the ability to adhere to
surfaces and form biofilms. These films can form on processing equipment
commonly used in egg-breaking facilities, including stainless steel, model
hydrophilic materials (glass), and model hydrophobic materials
(polytetrafluoroethylene). '

Minimally Processed Foods

The increase in consumer demand for convenient food products of
premium sensory quality, including ready-to-eat, cooked, or chilled foods,
and minimally processed foods, has led to the development of food prod-
ucts known as refrigerated processed foods of extended durability or
RPFEDs.! These products are normally low-acid foods refrigerated at
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temperatures close to freezing of the food to maintain freshness and safety
(i.e.,a national cold chain); these foods are often globally sourced. Fluid prod-
ucts usually are pasteurized. Produce and other raw foods commonly rely on
surface cleaning/washing, modified or controlled atmosphere packaging, and
other traditional hurdle approaches to ensure integrity and shelf life.*

Low-Temperature Storage

For mesophilic spore-forming species, temperatures below 15 °C are gener-
ally thought to prevent spores from germinating. This is why in a laboratory
setting most spore crops are suspended in water and stored under refrigera-
tion with the assumption that the spore crop concentration will remain
stable until use.* Low temperatures and limited nutrients prevent germina-
tion; however, in the case of psychrotolerant spore-forming species, includ-
ing B. cereus, temperatures at or above 6 °C'* may allow for spore germination
(albeit slowly) with outgrowth and perhaps permit cell multiplication in
nutrient-rich environments. This possibility is why psychrotolerant spore-
forming species are of concern.* Such would be the case with minimally
processed foods not heated or significantly heat processed prior to eating.

BACILLUS CEREUS AND ITS ENDOSPORES

Bacillus cereus is a motile Gram-positive spore-forming bacterium that is a

716,17 1t is found throughout nature

well-established food-borne pathogen.
but is most commonly isolated from soil and plants.*'® Food-borne illnesses
caused by B. cereus are directly related to the production of two toxin types:
an emetic-type enterotoxin and a group of several diarrheagenic-type
enterotoxins.”-!” The enterotoxins cause various gastrointestinal illnesses
including diarrhea and emesis.!” The emetic-type toxin, also known as
cereulide, is a thermostable cyclic peptide.”-'” The enterotoxins responsible
for the diarrheagenic symptoms caused by B. cereus are hemolysin (Hbl),
nonhemolytic enterotoxin (Nhe), and cytotoxin (CytK).!”?" The cell wall
of vegetative B. cereus 1s also covered by proteins (called the S-layer) that play
a role in cell adhesion and contribute to the virulence of the organism.!°
Since the emetic toxin of B. cereus is heat stable, it can remain stable after
cooking or heating. Cereulide production does not occur until the station-
ary growth phase, and therefore, high counts of vegetative cells or spores
able to germinate in foods are required for cereulide intoxication to occur.’!
Cereulide toxin is absorbed from the gut into the bloodstream and

induces emetic-like symptoms including nausea and vomiting through
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stimulation of the vagus nerve.’” Ingestion of approximately <8pgkg™!
body weight of cereulide toxin within a food product is required to cause
illness in humans.?? Cereulide toxin affects the mitochondria by acting as a

potassium ion channel former,”-!%??

causing apoptosis of human natural
killer cells.”* Mesophilic strains of B. cereus can produce cereulide only at
temperatures above 10—-15°C.?! This is why the toxin is mostly associated
with foods that are improperly cooled and stored, such as rice and pasta.

The diarrheagenic toxin is heat labile and can be destroyed by heating or
cooking. This toxin is produced during the exponential growth phase and
can cause intoxication when present in raw or minimally processed foods
that do not require heating.? Since spores of B. cereus are capable of surviv-
ing heat treatment and the acidic environment of the stomach, diarrhea-like
symptoms can occur when spores of B. cereus are consumed in a raw or
unprocessed food product and enter the small intestines, where spores can
germinate and multiply, enabling the production of the diarrheagenic toxin.
Depending on the amount of bacteria present in the food product, some-
times both sets of symptoms (emesis and diarrhea) can develop. This phe-
nomenon is known as two-bucket disease, such as occurs with Staphylococcus
aureus intoxication. In either case, symptoms from either B. cereus toxin
should resolve within 24-48h from onset.

The foods most frequently associated with B. cereus intoxication include
milk, vegetables, rice, potatoes, grains, cereals (including batters, mixes, and

26

breadings), spices, and various sauces.”® Bacillus cereus is not nutritionally

fastidious, which is why B. cereus can replicate in soil and low-nutrient foods

16 The reservoir for B. cereus is the soil, where trans-

including rice and pasta.
mission of the organism can occur through various vectors®’; however, the
most common vector is through food. As with many self-limiting food-
borne gastrointestinal illnesses, people experiencing B. cereus intoxication
usually do not seek medical attention because of the generally short dura-
tion of the illness and nonfatal symptoms. Even if medical attention is given,
the illness is not reportable.'” Lack of testing, reporting, and surveillance of
the illness has led to underestimation of the actual incidence of food-borne

illness caused by B. cereus.

Bacterial Spores in the Food Industry

As noted earlier, spores possess extreme resistance to heat, pressure, extremes
of pH, disinfectant chemicals, irradiation, desiccation, infectious agents, and
just about any stress agent or conditions imaginable, including being able to
survive over extremely long time periods. Spores themselves are generally
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of no concern unless they are able to germinate within the food or after
consumption. Therefore, understanding the germination and outgrowth of
spores is of fundamental importance.

Spores can survive for long periods of time in food products, particularly
in foodstuffs in which nutrient content is low or nonexistent. When these
spores germinate, food-borne illness can occur.” It would be ideal to trigger
germination of spores present in the food product prior to or during any
preservation treatment, since spores are much less resistant and more suscep-
tible to inactivation after they have germinated.”® Although this strategy
seems simple, germination rates vary, and a small percentage of spores com-
monly germinate extremely slowly or not at all after exposure to germi-
nants.®?® Such spores are known as superdormants.

Superdormant Spores

Until recently, studies on bacterial spores have primarily focused on popula-
tions and have neglected spores that either fail to germinate or germinate
extremely slowly.”® A simple method for isolation of superdormant spores
was developed by Ghosh and Setlow?® for spores of Bacillus subtilis, Bacillus
megaterium, and B. cereus. This method, called buoyant density centrifugation,
separates dormant spores from germinating spores and debris. After this type
of centrifugation, dormant spores are in the pellet and germinated spores
float.?® Through multiple cycles of heat shock, germination, and buoyant
density centrifugation, the majority of spores will have germinated, leaving
spores that have either failed to germinate or take longer to germinate than
the remaining spore population. Owing to the development of this method
of isolation, there have been many discoveries surrounding the identifica-
tion and characterization of superdormant spores (Table 1).

It appears that the physiological state for superdormancy is similar for all
Bacillus species.”® Recent studies provide evidence that suggest that one
reason for superdormancy is a reduced level of germinant receptors.®2%2?
Because superdormant spores are not genetically different from the remain-
ing spore population, there is no current method to determine whether a
spore is superdormant. Simply, a spore that fails to germinate or germinates
much more slowly compared to the spore population from which it was
isolated can be classified as superdormant.

It has been demonstrated that sublethal heat treatment prior to germi-
nation decreases the yield of superdormant spores; however, superdormant
spores still show a higher temperature optimum for heat activation than the
remainder of the spore population.”® It also appears that superdormant
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Table 1 Characteristics that identify superdormant spores as well as the significance of
each of these discoveries

Characteristic Significance

SD spores germinate poorly with
single-nutrient germinants®®

SD spores germinate normally with
combinations of nutrients®®

SD spores germinate normally with
Ca-DPA and dodecylamine®®

SD spores germinate normally with
150 MPa pressure®

SD spores germinate normally with
500 MPa pressure®

Superdormants lack nutrient GRs

More nutrients activate more nutrient
receptors

These germinants do not trigger
nutrient receptors

Surprising—germination triggered
through nutrient receptors

Not surprising—germination not
triggered through nutrient
receptors

This is significant considering that the
number of SD spores within a
product is probably low

A 1-log reduction in SD spores is
achieved with 120 ppm ozone
followed by high-pressure
processing”™*

Levels of GRs, levels of a small protein
that may be a GR subunit, and a
gerD mutation may aftect SD spore

Provides new information on factors
that modulate high-pressure
germination of SD spores

germination by mHP?!

SD, superdormant; GR, germinant receptor; Ca-DPA, calcium dipicolinic acid; mHP, moderate high
pressure.

spores have a greater wet-heat resistance and lower core water contents.”’
Superdormant spores germinate poorly in the presence of nutrient germi-
nants compared to other germinants, such as dodecylamine or calcium dip-
icolinic acid (Ca-DPA). This is not surprising since germination by
dodecylamine or Ca-DPA does not require nutrient binding by receptors
nor does it require prior heat activation.®>®

In agreement with the findings of Ghosh and Setlow,”® Zheng et al.?’
found that a number of factors increase the rate of spore germination,
including heat activation and an increased level of germinant receptors. It is
suspected that different germinant receptors within an individual spore
interact through aggregation that could potentially amplify signals from
large numbers of germinant receptors.”® The lack of these nutrient recep-
tors may inhibit the amplification of this germination signal and may explain
why higher yields of superdormant spores are observed with Bacillus strains
that lack one or more germinant receptor.’® To understand why spore ger-
mination is determined by the level of germinant receptors on an individual
spore, it must first be determined how ligand binding to germinant
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receptors triggers spore germination.”® It may be possible that a low level of
GerD receptors on a spore can contribute to spore superdormancy, as
reported by Ghosh and Setlow,”® who found the rate of germination by
nutrients increased in a spore population containing higher numbers of
GerD receptors. It has also been proposed that a gerD gene mutation as well
as the presence of a small protein that is a germinant receptor subunit may
also play a role in spore superdormancy.’’ Heterogeneity in a spore popula-
tion, resulting in varying rates of germination among individual spores, may
also be due to adaptation of a particular bacterial species. Spores that germi-
nate more slowly or at a reduced rate compared to the majority of the
population are more likely to survive environmental changes by which the
majority of germinating spores are inactivated, thus increasing the likeli-
hood of survival for the entire population.”®

Hydrostatic pressure inactivation studies on B. cereus and B. subtilis by
Wei et al.,® using relatively low and high pressure magnitudes, demonstrated
almost identical results for both species. Both germinated normally at 150
and 500 MPa.? It was not surprising that spores germinated after exposure
to 500 MPa since spore inactivation at this pressure level does not aftect
nutrient germinant receptors and does not require heat activation®; how-
ever, it was surprising that superdormant spores germinated at 150 MPa
since spore germination at this pressure magnitude requires activation of
nutrient receptors.® Further studies on pressure inactivation of superdor-
mant spores are essential for high-pressure processing (HPP) to be more
efficiently utilized by the food industry. Superdormant spores are no doubt
a significant contributing factor in the incomplete sterilization of low-acid
foods using high-hydrostatic-pressure processing. Wei et al.? also found that
superdormant spores of Bacillus species were able to germinate normally
when exposed to peptidoglycan fragments and bryostatin. This was expected
since germination initiation by these two agents appears to be triggered by
eukaryotic-like membrane-bound serine/threonine protein kinase
domains’®” and is not a result of interaction with germinant receptors.

NONTHERMAL PROCESSING TECHNOLOGIES FOR BACILLUS
CEREUS SPORES

Ozone

Spores have been shown to be inactivated by several oxidizing agents,
including chlorine dioxide, hydrogen peroxide, organic hydroperoxides,
ozone, and sodium hypochlorite. Aqueous ozone has a higher potential than
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most oxidizing agents to inactivate spores.’>** Studies involving the inacti-
vation of spores by oxidizing agents suggest that inactivation is a result of
oxidative damage to the spore’s inner membrane.

Young and Setlow® found that (1) when treated with ozone, spores of
B. subtilis were more easily inactivated when they were uncoated prior to
ozone treatment; (2) the spores did not germinate with nutrient germinants
or Ca-DPA after ozone treatment; and (3) germination of the spores with
ozone did not cause release of DPA from the spore’s inner core.’ The
authors concluded that spores are not inactivated with ozone by DNA
damage and that the major resistance factor of spores to ozone is the spore
coat.®

Studies performed by Cortezzo et al.>® confirmed that ozone causes
damage to the spore’s inner membrane because ozone-treated spores of
B. subtilis were more easily penetrated by methylamine and germinated faster
with dodecylamine. Since the inner membrane of the spore is known to be
a barrier to methylamine, this study demonstrated that the inner membrane
was damaged by its inability to prevent methylamine from leaking through
the barrier into the spore. Damage to the spore’s inner membrane via oxi-
dization can have several effects, including inability to germinate, spore

death after germination, and spore lysis.>*

More interestingly, the authors
found that spore survivors of ozone treatment exhibited increased sensitiv-
ity to inactivation by a normally minimal heat treatment. Spores treated
with ozone were also more sensitive to NaCl in plating media than untreated
spores. Since heat treatment and NaCl treatment are not lethal to spores
under normal conditions, these findings further confirm that ozone causes
damage to the spore’s inner membrane, making the spores more sensitive to
these treatments. The authors hypothesize that ozone treatment causes
damage to key proteins in the spore’s inner membrane, although more

research needs to be done to determine what these proteins are.°

High-Pressure Processing

The use of pressure in food processing was first used in 1899 by Hite, who
found that pressure treatment of milk could increase its shelf life.’” Over a
century later, application of pressure by the food-processing industry to
extend product shelf life and safety now occurs. With consumer demands for
fresh food products on the rise, interest in nonthermal processing techniques
that will not damage the sensory qualities of food products while reducing
microbial contamination continues. High hydrostatic pressure is currently
one of the nonthermal processing methods utilized by the food industry.
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High-pressure-processed foods were first introduced to the Japanese market
in 1990; now, pressure-treated foods are available around the world.?” Cur-
rently HPP is used to commercially process guacamole, presliced deli meats,
juices, and oysters. Researchers and producers are interested in expanding
the application of HPP to a wider variety of foods.

Vegetative Cells

Vegetative cells are inactivated by HPP through a variety of mechanisms,
most of which involve the cell membrane. A pressure-induced decrease in
cell volume can permeabilize the cell membrane and lead to death.’’
Inactivation of bacteria by HPP is dependent on the manner in which the
pressure is applied (cyclic or continuous), treatment temperature, treat-
ment time, strain, cell shape, Gram stain type, growth stage, and treatment
medium.>’” HPP of vegetative bacterial cells is generally more effective at
higher temperatures unless the bacterial species contains heat-shock pro-
teins, in which case heat would cause a baroresistant effect.”® HPP applied
in cyclic phases rather than continuously also tends to be somewhat more
effective at inactivating bacterial species. Rod-shaped cells are more sensi-
tive to HPP than cocci.?” The presence of various ions in the medium
may or may not induce baroresistance or sensitivity, depending on the
microorganism. In the presence of low water activity and large amounts
of sorbitol and glycerol, a baroprotective effect on the inactivation of
microorganisms can take place.*” HPP treatment has also been hypothe-
sized to cause cleavage of the cell’s DNA, leading to cell death.*! The
resistance of microorganisms to HPP is largely dependent on the species
and strain of the microorganism and is extremely variable,*> but most
vegetative cells of bacteria and yeast show inactivation at pressures around
300—400 MPa at ambient temperature.*?

Spores
One of the current disadvantages of HPP is its inability to inactivate spores
by pressure alone without altering the sensory qualities of the product.®’*
Complete inactivation of spores remains a key necessity to produce shelf-
stable low-acid pressure-treated foods. Thus, it is important to understand
the physiology of spores, especially pertaining to spore inactivation by
HPPH

It is currently hypothesized that spore inactivation via HPP is caused by
temperature- and pressure-induced spore germination in which spores lose

their resistance and are inactivated owing to increased sensitivity to pressure.**
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This process is more specifically known as electrostriction, by which a
pressure-induced decrease in water volume of the cell causes a local collapse
of the bulk water structure of the cell, thus beginning the germination
process.”” While spores can be resistant to pressures as high as 1200 MPa,
low-pressure treatments from 50 to 300 MPa can induce spore germination
at higher temperatures.’’-** Lower pressures can trigger spore germination
through activation of the nutrient receptors on the inner membrane of
dormant™*” and superdormant spores.® Small acid-soluble protein degra-
dation, which normally accompanies nutrient-induced germination, has
also been observed to take place in spores treated with moderate pressures
but not high pressures.*® Extremely high pressures trigger spores, dormant
or superdormant, to germinate, causing release of Ca-DPA from the spore
core.** Spores germinated with high pressures are able to complete germi-
nation but go through outgrowth much more slowly than spores treated at
lower pressures.*®

There are several other factors that can affect the germination of spores
with HPP. As with vegetative cells, spore germination and inactivation with
HPP are also more effective when applied in a cyclic fashion.*”>" Sporula-
tion temperature has also been demonstrated to influence the HPP inacti-
vation of spores of B. cereus.*> In a study by Raso et al.,** spores that were
initially sporulated at 37 °C were more significantly germinated and inacti-
vated with HPP compared to spores that were initially sporulated at 20 °C.
Wuytack et al.*® demonstrated that B. subtilis spores exposed to HPP at
>200 MPa were more sensitive to pressure, UV light, and hydrogen perox-
ide compared to spores not pretreated with pressure.

Superdormant Spores

Since spore germination with moderate pressures is triggered by activation
of nutrient receptors, spores with an increased number of germinant recep-
tors will be more easily inactivated by moderate pressures.** %! Therefore;
it would be expected that superdormant spores, which have a decreased
number of germinant receptors, would germinate poorly with low or mod-
erate pressures.

In a study by Wei et al.,® superdormant spores of B. subtilis and B. cereus
that were not exposed to heat activation germinated normally, or similar to
the rest of the spore population, at a pressure of 500 MPa. According to
these authors, this result was expected since spore germination at this level
of pressure does not require activation of nutrient germinant receptors.
More interestingly, superdormant spores germinated normally at 150 MPa,
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which was surprising to the authors because spore germination induced at
this level of pressure requires activation of the nutrient germinant receptors,
and spore germination induced by this level of pressure is increased by prior
heat activation.® The findings of this study were significant in that the fac-
tors responsible for spore germination by pressure were not identical to
those responsible for spore superdormancy or nutrient germination.® It is
an important finding for the food industry that superdormant spores are not
the cause of incomplete germination of Bacillus species by HPP. More
recently, it was discovered that the level of germinant receptors on the
spore’s inner membrane, levels of a small protein that may be a germinant
receptor subunit, and a gerD mutation may aftect superdormant spore ger-
mination by moderate high pressure.’! It is important to determine the
cause of incomplete germination and inactivation of spores by HPP so that
this nonthermal processing technology can be more widely utilized by the
food industry.

USE OF HURDLE TECHNOLOGY TO REDUCE THE NUMBER
OF SPORES IN FOODS

Hurdle technology involves the combination of processing technologies to
establish hurdles for microbial growth and/or survival.>> There are some
hurdles, or technologies, that are considered high hurdles and some that are
considered low.>> Owing to synergistic effects of treatments, a combination
of low hurdles may be as successful as the application of a single high hur-
dle.>® The use of combined milder processing techniques may not only
challenge the survival of bacterial spores within the product, similar to more
intense individual processing techniques, but may also help preserve the
sensory qualities of the food product. However, low hurdles might not be
sufficient for making nutrient-rich foods safe.>> A study by Markland et al.>*
demonstrated that a combined hurdle technology of ozone and HPP could
reduce the number of spores in a superdormant spore population by up to
1log, which may be significant considering that the amount of superdor-

mant spores within a food product at any particular time is probably low.

CONCLUSIONS

Bacterial spore formers, specifically B. cereus, and their means of inactivation
continue to serve as a major challenge for the food industry. Although spores
can be inactivated by cooking, heat can often destroy the organoleptic
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properties of certain foods such as raw vegetables. HPP and other nonther-
mal technologies have shown promise for reducing the number of spores
within food products; however, there often remains a specific population of
spores within the product that germinate more slowly, if at all, compared to
the rest of the spore population. With an increase in the consumption of
minimally processed foods that are not heated prior to consumption, there
needs to be more research to determine the means by which bacterial spores
can be inactivated within these products without deteriorating the organo-
leptic quality of that product. The development of specific hurdle technol-
ogy strategies may also help food processors overcome the obstacle of
complete spore inactivation, including superdormant spores.
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SUMMARY

Bacillus cereus is ubiquitous in nature and is found on soil, on plants, and in
the enteric tract of insects and mammals. From these niches it is easily
spread to food products, causing an emetic or diarrheal syndrome after
ingestion. The former is due to cereulide, a small toxin whose genetic
determinants are plasmid borne.The diarrheal syndrome is instead caused
by vegetative cells, ingested in the form of spores of viable cells, that are
thought to produce protein enterotoxins in the small gut. Pathogenesis of
the diarrheal disease relies on three pore-forming cytotoxins, which are
nonhemolytic enterotoxin (Nhe), hemolysin BL (Hbl), and cytotoxin K.
Nhe and Hbl are homologous three-component toxins related to the
toxin cytolysin A of Escherichia coli.

BACKGROUND

Bacillus cereus 1s frequently found in food production environments owing to
its highly adhesive endospores that can spread to all kinds of foods. The
organism produces a range of pathogenic factors that may cause food-borne
diseases in humans and is one of the major food-related pathogenic bacteria
in general; the enteric disease is, however, in most cases mild and of short
duration.'™* It may occur in the form of a diarrheal infection or an emetic
syndrome, which develops by virtue of diverse types of toxins. The emetic
toxin, which causes vomiting, is a small ring-form peptide’; the diarrheal
syndrome, instead, is due to one or more protein enterotoxins, which are
thought to elicit diarrhea by disrupting the integrity of the plasma mem-
brane of small gut epithelial cells. The three pore-forming toxins that are
known to be involved in the diarrheal infection are the cytotoxins hemolysin
BL (Hbl), nonhemolytic enterotoxin (Nhe), and cytotoxin K (CytK).3¢7
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FOOD CONTAMINATION

Bacillus cereus is isolated from a wide range of foods along with food ingre-
dients, such as rice, dried foods, vegetables, spices, milk, and dairy products.®
Cross-contamination can therefore distribute cells or spores to other
foods.” ! At the time of harvest, cells or spores are known to potentially
accompany plant material into food production environments and then
establish on food-processing equipment. In dairy products, B. cereus can
cause a defect known as sweet curdling. Moreover, spores or cells may colo-
nize udders of cows during grazing'? or enter the dairy farm via bedding
material or feed.®

The spores produced by B. cereus are a huge advantage for this bacterium,
as they permit attachment to surfaces and survival upon heat treatment or
other procedures that are aimed at removing vegetative microorganisms,
which could otherwise outgrow B. cereus.'?~"> Bacillus cereus spores are not
necessarily removed by regular surface cleaning'>'%; also, the ability of this
pathogen to enter yet another lifestyle, thus forming biofilm communi-
ties,!” is likely to be important for persistence in food industry equipment
(e.g., dairy pipelines); in fact, the mentioned biofilm prevents inactivation
by sanitizers of both spores and vegetative cells.'®

Today’s large-scale technology of food production, which extends
refrigeration as a means of conservation, has led to the selection of a
cold niche well suited to bacteria that are not very competitive but can,
however, survive heat and grow at low temperatures. This is the case of
Bacillus weihenstephanensis along with B. cereus and other Bacillus species,
frequently isolated from dairy products and from those environments in
which cooling is extensively used as a means of controlling bacterial
growth. Additionally, lightly heat-treated foods characterized by
extended refrigerated storage represent a novel, favorable environment
for species of the B. cereus group.'”=>!

If we consider the almost ubiquitous distribution of B. cereus in the
natural environment and the resilient spores it produces, as well as the
nonfastidious nature of this microorganism, it emerges clearly that each
type of food with pH >4.8 may be a potential vehicle or harbor food
spoilage, thus supporting food-borne infection.!” Failure by consumers to
carry out correct food preparation procedures (for example, inadequate or
slow cooling, storage at ambient temperature, or sitting at <60 °C for a
prolonged time) can be responsible for B. cereus replication and be behind

cases of food-borne disease by this organism.'"
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FOOD-BORNE INFECTION

Bacillus cereus may cause two diverse and distinct types of food-borne dis-
ease, that 1s, an emetic and a diarrheal syndrome. Both are usually mild and
selt-limiting, although more severe and even fatal cases have been
reported.” 22 Bacillus cereus was acknowledged as a cause of food poison-
ing in the 1950s, the first described diarrheal outbreaks being observed in
Norwegian hospitals in 1947-1949.232* No specific populations of
patients have been described as being particularly predisposed to B. cereus
food-borne disease; nonetheless, lowered stomach acidity (such as in the
case of elderly people or those suffering from achlorhydria) may reason-
ably represent a risk factor.”

Toxins on which B. cereus food poisoning relies are described in a
separate chapter of this volume. However, it is of interest to emphasize
that the emetic syndrome was first recognized after the occurrence in
the early 1970s of numerous outbreaks caused by eating cooked rice in
the United Kingdom.?® This disease is an intoxication due to B. cereus
emetic toxin, which is named cereulide and is produced in foods before
ingestion. The course of the syndrome is characteristic, as it presents
with nausea and emesis only a few hours after the meal. The incubation
time, nowadays, is reported to be 0.5—6h, and the clinical picture is
currently considered to last usually 6-24h.>

Staphylococcus aureus enterotoxins cause similar symptoms; however, in
this case, emesis is generally accompanied by diarrhea.?’” Also, unfortunately,
serious and even lethal cases of emetic B. cereus disease have been described
more than once in the literature.”*>2%:

The diarrheal disease is thought to represent a toxic infection caused by
B. cereus vegetative cells that, after ingestion as spores or viable cells, produce
protein enterotoxins in the small gut.?>-30-3!

The disease typically presents with watery diarrhea, abdominal pain, and
sometimes nausea and emesis, and it is easy to confuse it with the food-borne
syndrome due to the sporulating anaerobe Clostridium perfringens type A.>?
The incubation time is 8—16h, 12h on average, although in rare cases a longer
incubation period has been observed. The disease duration is usually 12—24h,
but episodes lasting several days have been described as well.”

Many kinds of food may be the vehicle for B. cereus, such as rice, pasta,
spices, meats (including poultry), and sprouts.® '-35 Also, different foods are
more commonly associated with either of the two types of syndrome: in
fact, the emetic type has frequently been related to fried and cooked rice, as
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well as pasta, pastry, and noodles,'"-!1-3*

while the diarrheal type is usually
associated with proteinaceous foods, meat and milk products, along with
sauces and vegetables, soups, and puddings.®!'%-!1-3% Paradoxically, the emetic
B. cereus strains more often contaminate starch-rich foods, although they are
generally not able to hydrolyze starch.”

Different distributions between countries may be observed for the emetic
and the diarrheal pictures caused by B. cereus, which probably reflects the difter-
ent food vehicles the organism may use: in fact, in the United Kingdom and

25 whereas in North America

Japan the emetic syndrome is more prevalent,'”
and northern Europe the diarrheal form seems to dominate.*

Doses as low as 10° B. cereus CFU (colony-forming units) g~ of con-
taminated food have been found in diarrheal disease cases, although lower
quantities of spores compared with vegetative cells may probably be respon-
sible for this syndrome, as spores can better tolerate the gastric acid.'"-??

Instead, the amount of cells required to cause the emetic disease has not
been defined yet, but in incriminated foods 10°~10'YCFU g™ ! seems to be
the currently accepted infective dose (in most episodesatleast 10> CFU g™ 1)1
Bacillus cereus is an important agent of food-borne disease worldwide,

11,36 §ey_

although it may be greatly underreported as an enteric pathogen.
eral factors contribute to such an underreporting, including the generally
short and mild course of the illness, which usually does not lead the patient
to look for medical attention. Furthermore, both cases and outbreaks may
sometimes not be attributed to B. cereus, since the clinical picture of the
emetic disease can be easily confused with that caused by S. aureus intoxica-
tion, whereas the diarrheal syndrome shares symptoms with C. perfringens
type A food poisoning, as mentioned above.!"*> However, unfortunately, as
the surveillance systems for food-borne disease difter between countries, it

is hard to compare data and reach reliable incidence estimates.

TOXINS

Although toxins responsible for B. cereus food-borne disease are discussed in a
separate chapter, we would like to emphasize here, too, that the onset of the
emetic disease caused by B. cereus is usually fast, starting generally from 0.5 to
6h after meal ingestion, which indicates it is an intoxication due to the pres-
ence of a toxin preformed in the food. Cereulide is the emetic toxin and is
encoded by the 24-kb cereulide synthetase (ces) gene cluster located on a
megaplasmid related to pXO1.The plasmid was initially named pBCE4810
or pCER270. As cereulide is resistant to acid conditions, as well as proteolysis
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and heat, it tolerates gastric acid, gut proteolytic enzymes, and reheating of
foods that have been stored at room temperature after the first heating.’

The mechanism behind cereulide activity is not yet completely clarified,
but the toxin behaves as a cation ionophore, therefore it inhibits mitochon-
drial activity by inhibiting fatty acid oxidation, which is the reason for liver
failure that occurred in two lethal cases of emetic disease. Accordingly,
experimental mice that were injected intraperitoneally with a high dose of
synthetic cereulide developed massive hepatocyte degeneration. The toxin
has also been observed to inhibit human natural killer cells, with related
subsequent immune system impairment.®’

Cereulide production starts when the logarithmic phase ends, during the
vegetative growth of B. cereus, with the highest level of production being
observed at the early stationary growth phase; also, production is independent
of sporulation. Synthesis occurs at 12-37°C, although maximal production
takes place between 12 and 22°C.Two B. weihenstephanensis isolates, however,
were found to produce cereulide at 8 °C.?”

Different foods show variable ability to sustain production of the emetic
toxin. In infant formulas, cereulide production was found to be influenced
by the composition of the product, with a combination of cereal and dairy
ingredients supporting higher levels of toxin production than nondairy and
rice ingredients. Further studies documented only low cereulide levels in
egg and meat products as well as in liquid foods, including milk and soy
milk. Conversely, boiled rice and farinaceous food products were found to
support high-level production of cereulide.?”

Various levels of emetic toxin production have been shown between diverse
strains and are maybe due to differences in production regulation; the ces genes
show in fact only a low level of heterogeneity. Even environmental factors,
including temperature, oxygen, and pH value, as well as the presence of certain
amino acids, have been observed to influence cereulide production.®’

The diarrheal syndrome instead was early on attributed to an entero-
toxin, since culture filtrates of B. cereus were observed to be responsible for
fluid accumulation in rabbit ileal loops. However, as B. cereus may secrete
several cytotoxins and enzymes that may support the diarrheal disease, the
identity of these compounds is still a controversial issue. The three cytotox-
ins Hbl, Nhe, and CytK are currently considered to be those on which
B. cereus diarrheal disease relies. Hbl and Nhe are so-called three-compo-
nent toxins, whereas the single-component CytK is part of the family of
B-barrel pore-forming toxins. Additionally, numerous other cytotoxins, as
well as hemolysins and degradative enzymes, have been detected that may
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perhaps contribute to the development of the diarrheal disease (i.e., cereo-
lysin O, hemolysin II, hemolysin III, InhA2, and three phospholipases C).’
The most relevant toxin among Hbl, Nhe, and CytK in the illness pathoge-
nicity seems to vary between strains and, most likely, multiple toxins could
act synergistically to cause disease.”’

The cytotoxin CytK and all six components of Hbl and Nhe contain
secretory signal peptides, meaning that they are secreted by the general
secretory (Sec) pathway.’® However, it has been proposed that the three Hbl
components are secreted using the flagellar export apparatus.?” This conclu-
sion was supported by the observation of the absence of or reduced Hbl
protein levels in supernatant from culture of certain nonflagellated mutant
strains, as well as in an fIhF mutant strain that also showed reduced numbers
of flagella and altered motility.*’*! However, these studies did focus on the
issue of whether those reduced Hbl levels were mediated at the transcrip-
tional, translational, or posttranslational level or were related to a secretion
defect. Notably, a 2005 work revealed that the nonflagellated flhA mutant
was characterized by a 50% reduction in hbl transcription.*’

In 2008, it was documented, however, that all three Hbl proteins, together
with the Nhe components and CytK, are actually secreted by the Sec path-
way, as inhibition by azide of SecA (which is an essential component of the
Sec translocase) led to a reduced secretion and subsequent intracellular
accumulation of the toxin components.’” Conversely, it was shown that the
nonflagellated flhA strain showed decreased secretion of Hbl, Nhe, and
CytK, but the absence of intracellular accumulation supported the fact that
the lack of secreted toxin proteins was due to reduced production, not to
secretion impairment.”’

Bacillus cereus is not the only toxigenic species within the B. cereus group.
In particular, several strains of B. weihenstephanensis, which was suggested to
be a new species of the B. cereus group in 1998, have been found by Stenfors
and colleagues to harbor the nheBC genes (like numerous cytotoxic Bacillus
thuringiensis isolates) and, to a seemingly lower extent, ¢ytK; also, production
of two of the three components of each of the hemolytic and nonhemolytic
enterotoxins was documented.*>** Finally, certain B. weihenstephanensis
strains were observed, elsewhere in the literature, to possess the hblA gene.*

It should, however, be emphasized that positive polymerase chain reaction
(PCR) results do not represent confirmation of the presence of a complete
and functional gene, but they certainly provide a reliable indication as to
whether the genetic element is at all present.*> When PCR results synergize
with other detection methodologies (i.e., antibody-based detection of
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enterotoxin proteins and the cytotoxicity assay), they nevertheless indicate
that many B. weihenstephanensis strains indeed possess the genetic makeup for
producing the mentioned virulence factors.*>**

Despite Bacillus species other than B. cereus being potentially toxigenic
(1.e., the above-mentioned B. thuringiensis and B. weihenstephanensis), they are
mostly considered to be harmless to humans, while B. cereus remains thus far
the major cause of food-borne disease within the genus and, in general, is

among the main bacterial agents of enteritis in humans.”#~78

DIFFERENTIAL DIAGNOSTICS

As mentioned above, B. cereus intoxications may resemble those by S. aureus
and C. perfringens; 9.4 million food-borne disease cases per year (caused by a
known organism) are estimated to occur annually in the United States; of
these, 1.3 million (14%) are due to B. cereus, C. perfringens, or S. aureus.”” All
three of these pathogens cause enteric infections by virtue of preformed
toxins produced in improperly handled food products (B. cereus and S.
aureus) or in vivo inside the gut after ingestion of contaminated foods
(C. perfringens and, hypothesized, diarrheal syndrome-related B. cereus).””
Costs are estimated to range from US $166 per B. cereus illness to US $539
per S. aureus illness, with annual costs of diseases caused by these pathogens
being estimated at US $523 million.””

Interestingly, symptoms, incubation period, illness duration, and sus-
pected contaminated food products often overlap for these pathogens, so
defining the etiology of a single episode or of a food-borne outbreak is
usually challenging without laboratory confirmation either in clinical
materials or in food samples.”” Laboratory confirmation, additionally, may
be complicated by the fact that patients often do not come to medical
attention, stool specimens are not collected or are not examined for these
pathogens or related enterotoxins, and implicated foods, finally, may no lon-
ger be available when the outbreaks are investigated.””

Some aspects may help in discriminating the poisoning etiology, pre-
sumptively.Vomiting seems to be the most useful sign that may discriminate
B. cereus and S. aureus disease from C. perfringens illnesses; vomiting is in fact
infrequent in C. perfringens outbreaks; S. aureus is instead commonly charac-
terized by the shortest median incubation periods (<5h).””*> Again, rice
ingestion is almost always associated with B. cereus poisoning; meat and
poultry may be involved, as well, but are more commonly associated with
C. perfringens and S. aureus outbreaks.”’~%
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In S. aureus disease, pork, specifically ham, is frequently involved, along with
poultry, egg and bakery products, casseroles, and milk and dairy products in
general, although foods implicated in S. aureus outbreaks may difter between
countries owing to diverse food consumption patterns.’?>

The B. cereus diarrheal syndrome is generally associated with meat products,
along with sauces and vegetables, but also puddings and milk derivatives.”~%

Food contamination can occur at the source of food production or during
processing, preparation, transport, and finally storage. In the event of B. cereus
and C. perfringens infection contamination may occur in the environment, as
both organisms are ubiquitous in soil, gut of animals, and several foods and
ingredients.”” % Moreover, spores of B. cereus and C. perfringens are resistant to
cooking, and, owing to improper preparation procedures, these pathogens can
replicate, form heat-stable toxins, and withstand further cooking.”? >

Raw meat and dairy products can undergo contamination by virtue
of staphylococcal carriage or infection in animals, particularly mastitis,
which is treated in a dedicated chapter; when such foods are ingested
raw or insufficiently cooked, staphylococcal proliferation and toxin
release may result in disease.”?"%

As mentioned, outbreaks of B. cereus, S. aureus,and C. perfringens probably
sufter from greater underreporting owing to the usually mild illnesses they
cause, which result in few patients seeking medical care; again, nondiagnosis
may affect proper reporting because of the lack of routine clinical testing for
these pathogens and related toxins from stool samples.”” %>

Current public health interventions should aim at reducing contamina-
tion at the origin of the food production chain as well as cross-contamination
in the food preparation areas; a further purpose should be educating the
general public, mostly food handlers, as to the importance of preventing tem-

perature abuse and improving food-handling procedures.
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CHAPTER 6

Bacillus cereus Pneumonia

Vincenzo Savini
Clinical Microbiology and Virology, Laboratory of Bacteriology and Mycology, Civic Hospital of Pescara,
Pescara, Italy

SUMMARY

Bacillus cereus is a ubiquitously distributed environmental organism whose
pathogenicity for airways is probably poorly taken into consideration in the
medical setting but emerges from the published literature. Notably, in fact,
the organism does not always behave as a mere contaminant when cultivated
from human airway samples, but potentially causes lung infection that may
be severe and mimic anthrax. This chapter therefore aims to emphasize the
role of this bacterium as a respiratory tract pathogen and highlight virulence
and antibiotic-resistance determinants that contribute to making B. cereus
pneumonia a potentially life-threatening condition.

BACKGROUND

Bacillus anthracis is the major member of the genus Bacillus, as it is notoriously
a frank pathogen for skin and gut and, above all, for airways, where it causes the
so-called, unfortunately famous and often fatal, “anthrax.”!-36.39:42,:43,48,50,57.61,62

Bacillus cereus 1s instead mostly an environmental spore-forming organ-
ism, almost ubiquitously distributed in nature, whose reservoir is represented
by soil, decaying organic matter, vegetation, fresh and marine waters, and the
invertebrate gut (from which soil and food, and subsequently the human
enteric tract, may become contaminated), along with dirt, air, and

stools.26:41,54,60,72,80,83,87,90

Particularly, among plants, the bacterium has been
frequently found as a rice contaminant, so food-related intoxication caused by
this organism’s toxins is known to be frequently associated with the ingestion
of this product, as described in a dedicated chapter of this book.!'*

Given the ubiquity of B. cereus, the pathogenicity it may display is not
always acknowledged when the organism is isolated from human clinical
materials; most commonly, in fact, it is labeled as a harmless contaminant
and dismissed, even aprioristically.*?
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Bacillus cereus should not be considered as a single bacterium, as it is part
(B. cereus sensu stricto) of a group of environmental organisms, named as the
B. cereus group (otherwise B. cereus sensu lato), which includes the eight species
B. anthracis (the above-mentioned agent of anthrax), B. cereus sensu stricto (mostly
responsible for an emetic and a diarrheal food-related syndrome), Bacillus
mycoides, Bacillus pseudomycoides, Bacillus thuringiensis (which has been known to
be a natural insecticide source), Bacillus weihenstephanensis, Bacillus cytotoxicus,
and Bacillus toyonensis.|3-19:2022.23.28,29.47,51,53,59,65,67,79,81,84,86,93-96,103

As said, B. cereus 1s a ubiquitous environmental organism. Notably, being
a sporulating bacterium, its survival in the environment is strictly related to
formation of spores, which are resistant to extreme conditions such as dry-
ing, heat, freezing, and radiation and are the true infective form of this
pathogen.'?

In the food industry, spores are of particular concern as they can tolerate
pasteurization as well as y-radiation; furthermore, their hydrophobicity
makes them adhere to surfaces and then spread to almost all kinds of

d.12:44.52.92.98,102 Given the ubiquity of B. cereus in food products, then, it

foo
is ingested and subsequently and transiently becomes a part of the enteric
microbiota in humans; it is not yet understood, however, if isolation of this
organism from stools occurs by virtue of germinating spores or growth of

vegetative cells.!?

PATHOLOGY

Bacillus cereus 1s not just a harmless contaminant in clinical laboratories but
has been widely described to be an agent of human diseases that are mostly
food-borne intoxications®?%18:30:32.34.35,50.5470.74.74.76, in particular, these
are, usually, self-limited illnesses that occur in the form of either an emetic
syndrome (owing to an emetic toxin and often following ingestion of fried
rice) or a diarrheal one (which relies on the production of enterotox-

14,33-35,41,42.55,69.77.88 Typically, when large quantities of rice are cooked

ins).
and then get cold slowly, conditions that predispose to spore germination
may be established; consequently, toxin is released into the food, before
ingestion, or into the gut, after those foods are eaten.'*

Together with such above-mentioned food-related clinical syndromes,
however, B. cereus has emerged in the past decades as an agent of several
pathologic processes, including ocular infections (that is, endophthalmitis,
panophthalmitis, or keratitis, usually based on a traumatic event), periodontal

infections, skin and postsurgical wound infections (even with bone
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involvement), osteomyelitis, necrotizing fasciitis, meningitis, endocarditis,
salpingitis, and bacteremia.!*?1:42:54.60.83.99,100

Patients that suffer from an immune system impairment, such as those
with hematologic malignancies, preterm newborns, critically ill and debili-
tated subjects, and people recovering from surgical procedures, are particularly
prone to B. cereus infections, and, especially, sepsis, sepsis-related multiorgan
failure, and unfavorable clinical outcomes are unfortunately and frequently

42,45.54,58.00 Nevertheless,

observed in the event of an underlying neutropenia.
immunocompetent people may be affected by this organism, as well.!”

Notably, B. cereus has been unearthed as an uncommon agent of lung
infection, which may be serious, as it sometimes looks like the famous
anthrax and mostly involves immunocompromised hosts, who have more
than once been led to the exitus.!!?7:40:66.89

Otherwise healthy people can, however, develop B. cereus pneumonia as
well, welders being a category of subjects showing an increased risk of
acquiring such an infection by B. cereus by virtue of poorly understood rea-
sons.”"’> Of interest, in this context, pulmonary infections mimicking
anthrax have been described to be due to B. cereus strains that harbored
B. anthracis toxin genes.'?

Based on current knowledge, B. cereis pneumonia patients are usually
referred and/or present to medical attention with dyspnea, productive
cough, and hemoptysis, with or without pleural effusions or empy-

ema.” 17,72,

104 Pneumonia-associated presentations outside the respiratory
tract have been reported, too, including bullous skin lesions, nausea and
vomiting, hematemesis, and diarrhea, together with fever, chills, leukocyto-
sis, and bacteremia. Generally, unfortunately, the disease is serious and the
clinical outcome often unfavorable.®!772104

Owing to the frequent lethality of B. cereus lung infections, most of the
available histopathological data rely on postmortem investigations. Autop-
sies have in fact revealed necrotizing pneumonias, bronchopneumonias,
presence of large amounts of rods inside alveoli and pleura, abundant sero-
sanguinous fluid occupying the pleural cavities, fibrinopurulent material
adherent to the pleural surface, and hemorrhage and edema of both the
pleura and the interlobular septa, along with intra-alveolar edema and
flogosis.®!7-1* As extralung findings, postmortem studies have instead doc-
umented congestion of the spleen, together with presence of bacilli in the
serous fluid overflowing from the cutaneous bullous lesions.'*
A particular and unique case, as emerges from the published literature, is

that of a fatal tracheobronchitis with pneumonia described in 2001 in an
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aplastic anemia patient, who initially suftered from chest pain and yellowish
sputum, but the infection then quickly evolved to a fatal, anthrax-like pneu-
monia.”’ On examination, a severe pseudomembranous flogosis of the tra-
chea and the bronchial tree was observed, as well as a diftuse alveolar damage
and hemorrhage. Again, fiber-optic bronchoscopy showed the presence of a
strongly inflamed mucosa in the trachea and the bronchi and a bilateral
obstruction of the entire visible bronchial tree caused by diphtheria-like
membranes that could not be removed owing to mucosal bleeding.””

In general, B. cereus shows propensity to cause necrotizing processes,”
and although pneumonia has been mostly found to be sporadic, nosocomial
outbreaks have occurred, as well, owing to contaminated hospital linen or
inadequately sterilized respiratory circuits.”’ Given the ubiquitous presence
of this organism in the environment, however, it is again hard to understand
with certainty the pathogenic role of B. cereus in the context of a lung illness,
even with a human respiratory sample.’

PATHOGENICITY

Bacillus cereus pathogenicity is intimately associated with the synthesis of tissue-
destructive exoenzymes, including phospholipases, an emesis-inducing toxin
(causing the vomiting syndrome), and the pore-forming enterotoxins

cytotoxin K, hemolysin BL, and nonhemolytic enterotoxin.*?>7.8:10.12.16,

21,24,37,38,46,49,63,64,68,71,75,78,85,90,97

Bacillus cereus is genotypically strictly related to B. anthracis'™; in fact,
B. cereus isolates that share genome similarity with B. anthracis are mostly of
clinical rather than environmental origin and may sometimes harbor
B. anthracis virulence genes.”* These encode extracellular molecules (the
capsule, the lethal factor (LF), the edema factor (EF), and the protective
antigen (PA)) that are involved in the mentioned B. cereus clinical syndrome
resembling inhalation anthrax.'"* In particular, B. cereus strains that produce
the anthrax-related toxin genes pagA, lef, and cya (encoding PA, LF, and EE
respectively) have been responsible for fatal cases of pneumonia.®#!-104

Conversely, in other cases of disease, it has been found that plasmids car-
rying B. anthracis toxin genes seem not to be required for development of
severe pneumonia, as certain isolates from severe clinical episodes did not
harbor plasmid pXO1 (harboring the pagA, lef, and cya genes).'”

The B. anthracis capsule is encoded by genes capA, capB, and capC in the
pXO2 virulence plasmid and is essential for the development of anthrax;

likewise, certain B. cereus strains produce a capsule that plays a role in the
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pathogenesis of inhalation anthrax-like B. cereus disease.”’>'"* As an example,
B. cereus strains G9241, 03BB87, and 03BB102, which have been responsible
for anthrax-like pneumonias, share relevant genome homology with
B. anthracis and harbor almost the entire pXO1 plasmid of virulence, which
is in its turn related to anthrax. Nonetheless, while the B. anthracis capsule is
composed of poly-p-y-glutamic acid, strains G9241, 03BB87, and 03BB102
capsules show a polysaccharide composition.*!->4104

Moreover, strains G9241 and 03BB87 carry the plasmid pBC218, which
is probably involved in capsule formation*'; strain 03BB102 instead harbors
genes capA, capB, and capC (on which B. anthracis capsule synthesis relies),
but this strain’s capsule is made of polysaccharides, similar to strains G9241
and 03BB87.%*

In anthrax, the disease pathogenesis involves phagocytosis of spores by
lung dendritic cells and then spore transport within these cells as far as the
tracheobronchial lymph nodes, where spores germinate. The following
steps are replication of vegetative bacteria, ET and LT secretion, and sub-
sequent development of extensive tissue damage, hemorrhage, extension
of the pathologic process through the mediastinum, dissemination via the
circulation, and hemorrhagic meningitis, which represents the major
cause of exitus.!"! Likewise, it is possible that toxin-producing B. cereus
strains adopt the same (or a similar) mechanism leading to tissue necrosis
and organ impairment.®’

ANTIBIOTICS

Therapeutic strategies against B. cereus infection should be based on a doc-
umented antibiotic susceptibility profile, but unfortunately species-specific
criteria for evaluation of in vitro antibiotic activity are still lacking. Most
B. cereus 1solates are resistant to penicillins and cephalosporins by virtue of
production of a PB-lactamase, and resistance of clinical isolates to these
compounds should be considered nowadays to be constant.'>?>

Even a chromosomal metallo-f-lactamase (MBL) is widespread among
B. cereus strains (the enzyme is the so-called “BcII”)!> and, notably, B. cereus
MBL was the first to be discovered within this category of enzymes, in
1966.52 Only later, in fact, were MBLs found in Stenotrophomonas malto-
philia, Aeromonas spp., Pseudomonas aeruginosa, Acinetobacter spp., and Bacte-
roides fragilis. MBLs are known to inhibit all f-lactams except for aztreonam
(Gram-positive organisms like B. cereus are, however, constitutively resis-
tant to the latter).®? Finally B. cereus commonly produces Bush group 2a
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penicillinases I and III, which hydrolyze penicillins and are inhibited by
clavulanic acid, which may be therefore of therapeutic support against
those strains that do not produce MBLs.%3

Within the non-f-lactam antibiotic drugs, B. cereus may be resistant to
cotrimoxazole, clindamycin, erythromycin, and tetracycline, !> 15:42.60.72.83,104
while most strains seem to respond to daptomycin and linezolid.'? Com-
bined vancomycin and daptomycin resistance has nevertheless been described,
unfortunately, and this information seems to suggest the existence of differ-
ences in bacterial membrane composition of those mentioned organisms if
compared with vancomycin- and daptomycin-susceptible strains.'>

In light of this, it is challenging to foresee B. cereus behavior under anti-
microbial exposure, but it is clear that broad-spectrum cephalosporins
should be avoided as an empirical treatment of pneumonia when B. cereus is

reasonably the etiologic agent of it.'?

FINAL REMARKS

Outside the notoriety of B. cereus in the field of food poisoning, attention
should be given to this organism as an agent of pneumonia.'?

There is no conclusive explanation, thus far, for the strong relationship
existing between the professional category of metal workers and B. cereus
lung infection.'?>* Published works seem to suggest that welders may suffer
with higher frequencies from pneumonias showing enhanced seriousness
and duration, but indeed, it is impossible to link such clinical episodes with
any environmental sources of B. cereus.®>*

Colonization of the oral cavity is instead crucial in hosts with an under-
lying compromised immune system in the background and it may occur
either through the inhalation of spores or by vegetative bacteria; then, B.
cereus may spread to adjacent tissues or disseminate through the blood
circulation.!? In the unique pseudomembranous tracheobronchitis case
described, particularly, it is likely that drug-related damage of the oral
mucosa had enhanced spore and vegetative cell adherence to the epithe-

12.90 Tnterestingly, that pseudomem-

lium and then subsequent colonization.
branous tracheobronchitis case looked like diphtheria, as pseudomembranes
in the respiratory tract are typically related to Corynebacterium diphtheriae
disease; nevertheless, pseudomembranous tracheobronchitis caused by
Aspergillus species and corynebacteria other than C. diphtheriae have been
described in recent years and were found to involve immunocompromised

patients.”
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Finally, it has been suggested that asthma and smoking could predispose
to B. cereus lung infection, but their role, indeed, is still poorly understood.®

Pulmonary anthrax is mostly observed in livestock and less commonly

41,72

in humans. It 1s life-threatening and usually accompanied by over-

whelming sepsis. The syndrome starts abruptly with fever, dyspnea, and

chest pain; it progresses quickly and frequently brings patients to death

72,73,1(

before the antibiotic treatment may produce any results. ’3 Similarly, in

anthrax-like B. cereus pneumonia, it is likely that the great amount of
B. cereus cells along with the wide spectrum of enzymes and toxins produced
may justify the rapid course and the final unfavorable outcome.””

To conclude, it emerges from the published literature that knowledge of
the airway pathogenicity of B. cereus is still very unclear, and future micro-
biological, clinical, and histopathologic data will shed further light on this
topic. In clinical laboratories, quick diagnostic assays are required that dis-
criminate virulent strains from the vast majority of contaminant isolates’;
hopefully, awareness of B. cereus pneumonia both as a professional disease
and as a matter of public health interest will get increasing attention in the
near future.
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CHAPTER 7

Bacillus cereus Disease in Children

Daniela Onofrillo

Pediatric Hematology and Oncology Unit, Department of Hematology, Spirito Santo Hospital, Pescara, Italy

SUMMARY

The role of Bacillus cereus as an agent of infections, even serious and lethal ones,
is a worrisome concern among the oncologic pediatric population. Children
with underlying cancer, including blood malignancies, may develop bactere-
mia, in particular, sometimes complicated by brain involvement. Bacillus cereus
may also be responsible for peritonitis in children, related to chronic perito-
neal dialysis procedures. Awareness of this organism’s relevance as a cause of
clinical syndromes outside of food poisoning is warranted, both in adults and
in the pediatric hosts, which should lead to efforts targeting a prompt diagno-
sis and effective, sometimes life-saving, treatment.

INTRODUCTION

Bacillus cereus is an aerobic, Gram-positive, rod-shaped, spore-forming bac-
terium that is widely distributed in the natural environment and is usually
considered a contaminant when recovered from cultures of clinical samples.
Although it commonly causes food-borne enteritis, which is mostly
benign and self-limiting, it is occasionally responsible for severe infections
that are associated with significant morbidity and mortality both in the
healthy pediatric population and in high-risk groups of people, such as
immunocompromised children, including those receiving treatment for
cancer, patients on hemodialysis, and subjects with indwelling venous and
cerebrospinal catheters. Being that B. cereus is ubiquitous in the environ-
ment, it can be isolated from soil, water, dust, air, and other sources, and
the gastrointestinal tract and oropharynx of humans can consequently
become colonized. The spectrum of described infections other than those
involving the gut includes pneumonia, bacteremia, septic shock, cellulitis,
panophthalmitis, endocarditis, meningitis, cerebral abscess, and infection-
related coagulopathy and hemolysis.! The pathogenicity of B. cereus is
associated with secreted toxins that can induce hemolysis and widespread
tissue destruction. The variability in the clinical picture associated with
The Diverse Faces of Bacillus cereus
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B. cereus infection relies on the diversity in its virulence gene patterns,
particularly in relation to multiple potential toxin combinations.” These
compounds are described in a dedicated chapter.>*

BACILLUS CEREUS IN HEALTHY CHILDREN

Bacillus cereus is widely recognized as a food-borne pathogen that causes a self-
limiting enteritis requiring only symptomatic treatment. The syndrome is
mediated by exotoxins, including a diarrheal toxin (enterotoxin) and an
emetic toxin (cereulide). However, B. cereus food poisoning can be, extremely
rarely, fatal in otherwise healthy persons. In 1997 Mahaler et al.” reported the
case of a 17-year-old boy who died of fulminant liver failure after eating food
contaminated with B. cereus. Gastrointestinal symptoms developed (even in
the patient’s father) 30 min after they ate spaghetti with homemade pesto.The
father had abdominal pain with diarrhea, but his overall condition remained
satisfactory under symptomatic treatment. In contrast, the son had no diarrhea
and vomited the initial dose of charcoal despite antiemetic treatment. His
condition gradually deteriorated within 2 days, and he became listless. Finally,
fulminant hepatic failure, rhabdomyolysis, acute renal impairment, and brain
edema were diagnosed, and the patient finally died from liver damage.

In 2005 Dierick et al.” reported a case of B. cereus food poisoning in five
Belgian children after they ate pasta salad. The salad was prepared on a Friday
and taken to a picnic on the following day; the remainders had been stored in
the fridge until the following Monday evening, when they were served for
supper to the children. Six hours after the meal the youngest girl, 7 years of
age, started vomiting. She then developed respiratory distress and was taken to
the emergency department of a local hospital. Upon arrival, her brothers and
sisters started vomiting as well. Because the clinical condition of two children
deteriorated rapidly, they were intubated and mechanically ventilated. One of
them had severe pulmonary hemorrhage and needed continuous resuscita-
tion. Upon arrival she was moribund, and coma, diftuse bleeding, and severe
muscle cramps were documented. She died within 20 min, 13 h after the meal.
On autopsy, B. cereus was detected in her gut content as well as in the spleen,
probably owing to postmortem translocation of the bacterium.A postmortem
liver biopsy showed microvascular and extensive coagulation necrosis. Her
laboratory values showed severe metabolic acidosis and liver failure. All four of
the other children were aftected, although to different degrees, fortunately.

The mentioned cases highlight the potential severity of B. cereus emetic syn-
drome along with the importance of adequate refrigeration of prepared food.
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Bacillus cereus has been associated with a fulminant necrotizing infection
resembling gas gangrene in an 8-year-old Australian boy’ and in fasciitis of
the right extremity in a 9-year-old boy living in United States.® Both of
them developed the infection after a penetrating trauma with a tree branch.
These reports further emphasize the relevance and need of recognizing B.
cereus as a possible cause of severe soft-tissue infection. Hence, it emerges
that the organism must reasonably be included in the differential diagnosis
of gas gangrene syndromes and necrotizing fasciitis.

Reports dealing with B. cereus as a potentially serious agent of liver abscess
have been published, as well.” For example, Hegarty et al.!" reported the tale of
a healthy 13-year-old boy with a 1-week history of fever, rigors, and a swelling
in the right, posterior, lower rib cage. He had been experiencing right-sided
abdominal pain for 1 month prior to his request for medical care. On examina-
tion, he showed a 12X 10-cm superficial fluctuant mass extending from the
right posterior ninth rib to the flank. An ultrasound examination documented
a 6 X 6-cm abscess in the liver right lower lobe, which had breached the capsule
and formed a 6-cm subcutaneous abscess, as confirmed by computed tomogra-
phy: Fifteen milliliters of purulent material was cultivated and grew B. cereus. Of
concern, the patient had no underlying immunologic dysfunction.

BACILLUS CEREUS IN ONCOLOGIC CHILDREN

Immunocompromised patients have been known to show an increased risk
for serious infections. Although the majority of these conditions are caused by
Gram-negative enteric bacteria as well as Gram-positive coccoid organisms,
Gram-positive bacilli such as Bacillus species have been described as causes of
severe infectious scenarios. Whereas most blood Bacillus isolates are contami-
nants, B. cereus can be responsible for true bacteremia in cancer children.'!

Again, the organism may cause primary cutaneous infection in neutro-
penia patients that are under treatment for cancer or aplastic anemia. In
these cases, vesicles or pustules have been described to appear on the limbs,
and the reported infections developed in spring or summer; and fortunately
they responded to antibiotics. As a take-home message, then, in neutropenia
patients, B. cereus should be included in the difterential diagnosis of isolated
vesicles affecting the oncologic pediatric population.'?

Coming back to B. cereus bacteremia, this has been documented in 3% of
bacteremic children with cancer; of concern, fulminant B. cereus septicemias
are frequently lethal and it is estimated that 33-50% of immunocompromised

patients with B. cereus bloodstream infections develop meningitis or abscess.'?'*
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In a survey by Gaur et al.'*

involving 12 B. cereus bacteremic patients
with a median age of 11.5years (range, 424 years), three had B. cereus even
in the cerebrospinal fluid. Two of these children died, while one survived
with serious sequelae.

In the patients who died, the time from diagnosis to irreversible damage
or death was brief, which emphasizes the need for an increased awareness,
an early diagnosis, and an efficacious therapy against B. cereus. Risk factors
behind a fulminant course or a poor outcome of B. cereus bacteremia
include an underlying leukemia, in relapse or in the induction phase of
chemotherapy; neutropenia; treatment with systemic corticosteroids or
third-generation cephalosporins; recent hospitalization; and recent lumbar
puncture with intrathecal chemotherapy.

Also, ceftazidime given as monotherapy, which is used frequently as an
empiric treatment for neutropenic patients with unexplained fever, would
be unlikely to eradicate B. cereus bacteremia or to prevent sequelae. There-
fore, vancomycin plus a carbapenem would be a good alternative in patients
with associated gastrointestinal symptoms or those for which a preliminary
report of Gram-positive bacilli in blood cultures exists.

Chou et al."® described the case of a 15-year-old girl with an underlying
B cell acute lymphoblastic leukemia, who fell into a somnolent state after a
12-h fever, muscle soreness, myalgia in both calves, sore throat, and vomit-
ing. Sepsis due to B. cereus was finally identified.

1620 it emerges that

Again, from an analysis of 16 further reported cases
affected children were from 3 to 17years of age and suffered from acute
lymphoblastic leukemia, acute myeloid leukemia, myelodysplastic syndrome,
and non-Hodgkin lymphoma or, in general, neutropenia. Gut-related
symptoms may be present as well as central nervous system (CNS) lesions.
Also, corticosteroid and vancomycin treatment may appear in the anamnesis
prior to the sepsis onset.

Six of the 16 patients died, but there were no apparent significant differ-
ences in age, chemotherapy, presence of CNS lesions, and use of corticoste-
roids between survivors and nonsurvivors.

All B. cereus isolates were susceptible to vancomycin and imipenem/
meropenem but resistant to penicillins and cephalosporins. Also, most strains
were susceptible to amikacin, gentamicin, chloramphenicol, and macrolides.

Of concern, Hansford et al.?!

reported the case of an 8-year-old boy
undergoing induction therapy for acute lymphoblastic leukemia who devel-
oped multifocal B. cereus brain abscesses, which highlighted the propensity

of this organism to atfect the cerebral tissue.



B. cereus Disease in Children 89

On day 11 of induction he started suffering from generalized headache,
epigastric pain, fever, and neutropenia. Abdominal ultrasound imaging doc-
umented a moderate free fluid and a thickened and inflamed gall bladder
wall with heterogeneous appearance of the pancreatic head. These findings
were suggestive of ascending cholangitis. Bacillus cereus was identified from
blood cultures and vancomycin administered. Cerebral magnetic resonance
imaging (MRI) showed multiple peripheral, cortical, and subcortical septic
foci within both frontal and parietal lobes, with a dominant right posterior
parietal lesion that was observed to cross the parieto-occipital sulcus into
the adjacent occipital lobe.

Intravenous ciprofloxacin and meropenem were added. Three days later
a new MRUI revealed an evolving abscess formation. A presumptive diagno-
sis of multiple B. cereus abscesses was made. Fourteen days after the initial
presentation, neutrophil recovery was observed along with improvement in
the patient’s clinical condition. Ten months after the B. cereus infection, the
patient was under maintenance chemotherapy, showing good conditions,
but had a residual homonymous hemianopia.

Over the past 25years 11 further cases (involving three children and
eight adults) of B. cereus brain abscess in cancer patients have been docu-
mented. This condition was associated with a high mortality rate (42%) and
a significant morbidity. Notably, B. cereus bacteremia concomitant with cere-
bral abscess was associated with induction chemotherapy for acute leukemia
in both the child and the adult populations. The gold standard treatment for
B. cereus brain abscess in immunocompromised patients remains unknown,
thus far. The most commonly utilized approach is a prolonged use of sys-
temic antibiotics and sometimes surgery.

Early diagnosis of CNS involvement through neuroimaging is war-
ranted in neutropenic cancer patients with suspected or proven B. cereus
bacteremia, particularly in those with acute leukemia during induction
therapy. Failure to identify such an infection may result in intravenous
therapy that is too short, with subsequent risk of relapse and/or significant

morbidity.

BACILLUS CEREUS PERITONITIS IN CHILDREN ON CHRONIC
PERITONEAL DIALYSIS

Despite technological improvements that have occurred in the field of
dialysis connectology and technique, peritonitis remains the most com-
mon and most significant complication of peritoneal dialysis (PD) in
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children. Most children that undergo chronic PD in fact develop no to

22

multiple peritonitis episodes.”* Bacillus cereus infection complicating

maintenance PD is extremely rare both in adults and in children and
very few cases of peritonitis by this pathogen have been described.??
However, this organism’s role as an opportunistic agent of both local and
systemic infections is being increasingly recognized, as widely discussed
in this book. Bacteremia has been described to be related to contamina-
tion of dialysis equipment, wound or burn infections, and
endophthalmitis.

Particularly, also, there have been seven reported cases of B. cereus peri-
tonitis involving PD patients as of this writing.”~%%

The clinical pictures included gastrointestinal symptoms. In three cases,
the infection was resolved by virtue of antimicrobial therapy. In four patients,
the peritonitis relapsed even though the organism was apparently suscepti-
ble to the given treatment and resolved only after PD catheter removal.
A possible explanation for this could be the organization of B. cereus as biofilm
communities on the catheter’s inner surface. Antibiotics may not adequately
reach this site, in fact, and the infection can then persist unless the PD cath-
eter is removed. In such infections, the PD fluid may be opalescent, with
cultures of it growing B. cereus.’” This should not be aprioristically dismissed
as a contaminant on such occasions, therefore, but considered as a potential
cause of the ongoing pathologic process. Again, the physician must be alert
as to the possibility of an unusual bacterial etiology in peritonitis patients on
PD who show predominant enteric symptoms. Finally, lack of response of
B. cereus to a seemingly adequate antibiotic may reflect the need for catheter

removal.2°

CONCLUDING THOUGHTS

In light of the above discussion, it emerges clearly that, in immunocompro-
mised children or those undergoing dialysis, B. cereus isolates should not be
indiscriminately regarded as contaminants. In fact, this organism must enter
the differential diagnostics of sepsis in patients with immune system impair-
ment, who are also prone to developing B. cereus brain involvement. There
continues to be a poor outcome among compromised people with menin-
gitis due to B. cereus, particularly, with a short interval existing between the
disease onset and the establishment of an irreversible injury, which empha-
sizes the need to explore new tools for early diagnosis and more eftective
therapy.
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CHAPTER 8

Bacillus cereus Disease Other Than
Food-Borne Poisoning
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SUMMARY

In addition to food poisoning and airway infections, which are discussed in
dedicated chapters, Bacillus cereus has been known to cause a number of
systemic and local infections, through the vyears, involving both
immunologically compromised and immunocompetent individuals. Among
those most commonly infected, we find neonates, intravenous drug abusers,
patients sustaining traumatic or surgical wounds,and those having indwelling
catheters. The spectrum of diseases includes fulminant bacteremia, central
nervous system (CNS) involvement (with meningitis and brain abscesses),
endophthalmitis, pneumonia, and gas gangrene-like cutaneous infections,
just to name a few.

NOSOCOMIAL INFECTIONS

By virtue of the ubiquitous distribution of Bacillus spores in the environment as
well as in hospitals, B. cereus 1s usually dismissed as a contaminant when isolated
from clinical materials, and outbreaks of nosocomial pseudo-infections have
been well documented, especially pseudo-bacteremias.! Pseudo-outbreaks of
pneumonia and bloodstream infections have even been traced back to
contaminated fiber-optic bronchoscopy equipment*> and ethyl alcohol,?
respectively.

The term pseudo-outbreak means a situation in which a microorganism
is found in culture at a greater rate than expected and that cannot be cor-
related, from a clinical perspective, with the supposed infection implied by
results of cultures.®

There is, however, no doubt that Bacillus spores (in general) permeate
hospital environments, thus contributing to nosocomial infections, and
Bacillus species, in fact, have gained increasing notoriety as agents of
The Diverse Faces of Bacillus cereus
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nosocomial outbreaks in immunocompromised hospitalized hosts.”-* Envi-

ronmental sources that have been identified for this species include specifi-

911 12 air-filtration

t,4‘5’ 13

cally contaminated linens, gloves,” hands of operators,

and ventilation along with fiber-optic bronchoscopy equipmen intra-
venous devices,'* alcohol-based hand-wash solutions,” tubes for specimen
collection, balloons for manual ventilation, !> and reused towels.'©

As the vast majority of Bacillus species (with the exception of Bacillus
anthracis) cultivated from blood and even from open wounds are usually
labeled as contaminants, it is crucial for the hospital microbiology laboratory
to alert infection control practitioners if a sudden increase in the recovery
of B. cereus emerges. In this case, in fact, B. cereus isolates should be sent to
reference centers for serotyping and/or genotypic fingerprinting,'” to estab-
lish whether isolates are genotypically related.

Concerning catheter-related B. cereus septicemias, it has been shown that

18.19 swhich can allow it to attach to

the organism can produce biofilms,
catheters. Bacillus cereus isolates associated with nosocomial bloodstream
infections, in fact, are known to form microbial communities on the device
surface, thus resulting in persistent infection unless the device i1s removed.
Of concern, the release of so-called planktonic cells from the biofilm can, in
turn, lead to formation of additional biofilms.?” The crucial issue is that
while antibiotics may affect planktonic invasion, sessile organisms are spared,
resulting in recurrent or persistent bacteremia. Biofilm formation on inert
surfaces may also contribute to B. cereus persistence in the nosocomial envi-

ronment in addition to the spore survival.

OCULARINFECTION

Bacillus cereus is an important ocular pathogen and can cause a rapidly
progressive, refractory-to-treatment endophthalmitis. Cases of ocular infec-
tions are quite infrequent and usually follow penetrating trauma of the eye.
Moreover, eye infections may occur by virtue of hematogenous spread or,
occasionally, eye surgery. The dramatic, severe clinical pictures observed in
such syndromes, when caused by B. cereus, are often associated with signifi-
cant vision loss and loss of the eye itself, which can occur within 24-48h
from the disease onset.”! In general, endophthalmitis is a vision-threatening
eye disease resulting from traumatic or systemic microbial infection of the
interior of the eye,”” with the outcome varying depending on the microbial
agent involved, the rapidity of treatment, and the host response. The typical
ophthalmic lesion is represented by a corneal ring abscess accompanied by
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rapid progression of pain, chemosis, proptosis, retinal hemorrhage, and
perivasculitis. Systemic manifestations can also occur, which include fever,
leukocytosis, and general malaise.?

Endophthalmitis caused by B. cereus, in particular, is characterized by a
devastating malignant eye infection with a rapid disease progression and is
known to be associated with production of several extracellular tissue-
destructive virulence factors released by the organism.?*2° During the first
half of the twentieth century, Gram-positive bacilli isolated from cases of
endophthalmitis were not identified to the species level and were all gener-
ally grouped as Bacillus subtilis.”” In one case of endophthalmitis, a clinical
isolate was successfully identified as B. cereus®’ following the identification
criteria described earlier in Bergey’s Manual of Determinative Bacteriology.”® As
the patient’s clinical presentation closely mimicked those of earlier reports
of endophthalmitis attributed to B. subtilis, Davenport and Smith hypothe-
sized that those earlier reports were to be reasonably attributed to B. cereus,
rather than B. subtilis.

Bacillus cereus endophthalmitis can generally be classified into two categories
based on the source of the infection: exogenous, which is the most common
and 1s attributable to penetrating trauma of the eye, and endogenous, meaning
subsequent to hematogenous spread of the microorganism from a distant site
or through direct intravenous acquisition, such as in cases of blood transfu-
sion,”” indwelling devices, contaminated needles, or injection drug receipt.’’ 3
Moreover, cases of ocular infections acquired by iatrogenic administration of

34 and insulin'? have been described.?*

medications such as B vitamins

Eye infections following hematogenous spread of B. cereus have been,
indeed, described among intravenous drug (i.e., heroin) abusers and are
then attributable to contaminated drugs®'-*> or injection equipment.?°

Bacillus cereus keratitis and other more severe ocular infections associated
with contact lens wear have been reported, too.?” Eye infections caused by
B. cereus and involving contact lens wearers have been known to be associ-
ated with the acquisition of the microorganism from contaminated contact
lens care systems.*® It has been pointed out particularly that Bacillus spores
can both survive multiple heat disinfection treatments and be resistant to
chemical disinfection procedures used for the commonly recommended
lens care systems.*

Indeed, suspicion of the presence of B. cereus in eye infection following
penetrating ocular trauma has to be considered in those cases related to

23

occupation, e.g., metalworkers,” and, particularly, a history of living or

working in a rural area or an agricultural setting.*”
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Based on previous reports of B. cereus nosocomial infections, contaminated
fomites such as gauze, linens, and ventilators, in addition to health-care
workers” hands, may have served as the source of B. cereus outbreaks. Also, an
ocular infection by B. cereus should be suspected after cataract extraction
surgery.*

Rapid diagnosis of endogenous and exogenous B. cereus endophthalmitis
should be attempted by immediate anterior-chamber paracentesis and, if no
growth of the microorganism is observed, a second vitreous aspiration after

a short interval should be carried out for microbiological evaluation,?

along with collection of blood samples for cultures.*!

Because of the rapid tissue destruction observed with severe B. cereus
eye infections, in particular in those cases following penetrating trauma
with a soil-contaminated foreign body, rapid therapeutic intervention is
strongly mandatory irrespective of the results of microbiological tests.?
The efticacy of intravitreal antibiotics, namely, 1000 pg of vancomycin in
combination with 400 pg of amikacin, has been suggested as a successful
therapeutic choice.*> Several factors are reported to contribute to the
outcome of B. cereus endophthalmitis, such as rapidity and correctness of
treatment after injury and the condition of the eye upon the patient’s
presentation.*>* Systemic antibiotics have been also used in combination
with local intravitreal antimicrobials, but it should be emphasized that
vancomycin and aminoglycosides do not readily penetrate into the
vitreous fluid* owing to the protective effect of the blood—ocular fluid
barrier; this makes intravitreal antibiotic administration the most effective
way to treat these infections.**

In naturally acquired B. cereus infections and in cases of experimentally
induced endophthalmitis it has been reported that ocular entrance of the
bacterium results in a massive and quick destruction of the eye, usually
within 12—18 h*} and, in many instances, vision loss occurs regardless of the
therapeutic and surgical intervention. This occurs especially owing to
delayed antibiotic treatment, the effects of toxin production by the infect-
ing strain, and migration and sequestration of the organism (Bacillus is
motile) out of antibiotic reach.** It is well established, in fact, that B. cereus
produces a panel of tissue-destructive exotoxins that contribute to the dev-
astating outcomes observed in endophthalmitis cases.”* Also, it has been
suggested that a poor outcome may be observed even after adequate anti-
biotic treatment owing to the persistence of a tissue-destructive activity
regardless of the antibiotic bacterial killing.>* In experimental rabbit mod-

els, among the exotoxins incriminated in destructive endophthalmitis,>**/
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hemolysin BL (a tripartite dermonecrotic vascular permeability factor), a
crude exotoxin derived from cell-free B. cereus culture filtrates, phosphati-
dylcholine-preferring phospholipase C (PC-PLC), and collagenases repre-
sent the most important ones. All together, these factors seem to stand
behind the retinal toxicity, necrosis, and blindness in experimentally
infected rabbit eyes. In particular, the reported toxicity of PC-PLC seemed
to represent a direct result of the propensity of the secreted enzyme to
affect phospholipids that are abundant in retinal tissue.*® Evidence seems,
however, to demonstrate that intraocular inflammation and retinal toxicity
may occur irrespective of the presence of hemolysin BL, implying the role
of other pathogenetic factors.*

In an experimental rabbit model used to study the pathogenesis of bac-
terial endophthalmitis caused by the Gram-positive ocular pathogens Staph-
ylococcus aureus, Enterococcus faecalis, and B. cereus, it was shown that
endophthalmitis caused by B. cereus had a more rapid and virulent course
than what was observed with the other two bacterial species.?” Additionally,
B. cereus intraocular growth was significantly greater than that observed for
S. aureus and E. faecalis. Analysis of the bacterial location within the eye
showed that the motile B. cereus rapidly migrates from posterior to anterior
segments during infection®®; it has in fact been shown that wild-type motile
and nonmotile B. cereus strains grow equally in the vitreous fluid, but the
motile swarming strains migrate to the anterior segment during infection,
thus inducing a more severe anterior segment disease than the nonswarm-
ing strains.

Bacterial swarming is a specialized form of surface translocation
undertaken by flagellated species. Swarm cell population typically under-
goes morphological differentiation from short bacillary forms to filamen-
tous, multinucleate, and hyperflagellated swarm cells with nucleoids evenly
distributed along the lengths of the filaments.”’>> Although the differen-
tiated cells do not replicate, they can rapidly migrate away from the colony
in organized groups, which comprise the advancing rim of growing colo-

05253 When the swarming motility collectively stops, swarm cells

nies.”
differentiate back into the short bacillary forms. Swarming is thought to
represent an important mechanism by which flagellated microorganisms
are able to traverse environmental niches allowing colonization of host
mucosal surfaces.”* Moreover, swarming can play a role in host—pathogen
interactions by leading to an increase in the production of specific viru-
lence factors.”’>* Regarding B. cereus, a correlation between swarming

and hemolysin BL secretion has been reported.”’ Swarming cells have
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been observed in fact to produce the highest levels of toxin, thus suggesting
that swarming B. cereus strains may have a higher virulence potential than
nonswarming ones.

The eye is protected from inflammatory cells and blood constituents by
the blood—ocular barrier systems that separate the interior portion from the
bloodstream and maintain the transparency and function of the interior com-
partment.”> Two main blood—ocular barriers are present, which are the
blood—aqueous barrier and the blood—retinal barrier, with tight junctions that

hamper the free diffusion of molecules.*®>¢

In experimental B. cereus endo-
phthalmitis® it was documented that the bacterium increases the permeabil-
ity of the blood—retinal barrier as early as 4h postinfection by disrupting the
tight junctions between the endothelial cells and the basement membrane of
retinal capillaries and retinal pericytes. Such changes in the blood—ocular bar-

rier contribute to the loss of retinal structure and function.>>>’

CENTRAL NERVOUS SYSTEM INFECTIONS

CNS infections represent another important, although infrequent, type of syn-

drome caused by B. cereus. CNS invasion by B. cereus leads to meningitis,”®>”

60 61-63 64—66

meningoencephalitis,*’ subarachnoid hemorrhage, and brain abscesses,

67,68

with these clinical conditions involving pediatric and adult immunocom-

promised patients,®

mostly those with underlying neoplastic diseases and
immunosuppression (i.e., subjects with leukemia or other malignancies). CNS
infections generally occur secondarily to B. cereus bacteremia or following
induction chemotherapy.®%-03:67.69.70

The pathogenesis of B. cereus CNS infection is in most cases obscure,
although several risk factors are worthy of consideration. A substantial num-
ber of patients developed necrotizing brain lesions following intrathecal
induction chemotherapy, a procedure that, in addition to inducing neutro-
penia, could introduce ubiquitous B. cereus spores if environmental sources
and fomites are contaminated.®-%>%7.70 Other routes of acquisition include
bacteremia from a distal site and infected central venous catheters.®” Several
authors have advanced the possibility that the gastrointestinal tract is a
potential source of B. cereus in CNS infections, because gastrointestinal
symptoms (nausea, vomiting, epigastric pain, diarrhea) suggestive of food
poisoning have been documented prior to CNS disease onset or concomi-
tant with it.°"-°%¢7 This means that B. cereus is acquired from an exogenous
source, e.g., food or water, leading to gastric invasion, mucosal necrosis, and
spread to the liver and CNS.0V-02.67.71-75
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Two published unusual cases of B. cereus meningitis in leukemic hosts are
of concern.”®”” In the first,a 19-year-old patient was colonized with B. cereus
in the oropharyngeal tract (the patient died within 48h of the meningitis
onset). Notably, the food fed to the patient contained a small quantity of B.

cereus. The second case”’

involved an 18-year-old patient who, during his last
day of treatment prior to protective isolation, was allowed to take a short walk
on the hospital grounds. By accident, the patient fell, incurring a minor abra-
sion on his forearm; it was washed and cleansed and regarded as unimportant
but, 2days later, the wound became infected with B. cereus, which was also
collected from the blood, and a computed-tomography scan revealed signs of
a damaged blood—brain barrier potentially compatible with toxic encephalitis.

Three days after the initial injury, the patient died from respiratory arrest.

WOUND AND CUTANEOUS INFECTIONS

Wound infections (sometimes necrotic and gangrenous), usually open
factures, caused by B. cereus have been reported mostly in healthy people,
following surgery, road traffic and other accidents, scalds, burns, plaster
fixation, drug injection, and close-range gunshot and nail-bomb inju-
ries.”®”? The similarity between B. cereus wound infections and clostridial
myonecrosis or streptococcal necrotizing fasciitis has to be considered when
a patient complains of either of these kinds of suspected soft-tissue infec-
tions. The mimicry of B. cereus myonecrosis compared to that caused by
Clostridium perfringens may in part be attributed to the pathogenic activity of
phospholipase, which in both bacterial species is responsible for increased
capillary permeability, platelet aggregation, hemolysis, and myonecrosis.®’ -5
Indeed, mixed B. cereus and C. perfringens infections may occur following
traumatic accidents involving soil and water contamination. Therefore, a
rapid and accurate microbiological diagnosis is critical and essential for an
appropriate antibiotic and surgical treatment, to avoid complications.?’ %2
Bacillus cereus infections following bodily trauma, by penetrating objects
or as a consequence of burns or motor vehicle-related accidents, have been
also reported. Depending on the environment in which the trauma takes
place, different microbial species can be involved in traumatic cutaneous
infections, with the predominant organisms being Pseudomonas aeruginosa,
Aeromonas spp.,and Vibrio spp.®® Bacillus species isolated from trauma-induced
wounds are usually regarded as contaminants until a more dramatic compli-
cation occurs, such as sepsis or necrotizing fasciitis. In more recent years, the
recognition of B. cereus as a pathogen infecting individuals who sufter from
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traumatic injuries has been documented.””#3-% Spores produced can be dis-
seminated into the environment through dust, water, and food. Wound con-
tamination with B. cereus spores can take place at the time of initial trauma
because of their ubiquitous presence in the environment. Thus, the clinical
consequences of this widespread dispersion of spores are represented by

4 or infections of

86

open-wound postsurgical or posttraumatic infections®

lesions following close-range gunshot and nail-bomb injuries,
35

injection-

drug abuse,® ground-contracted open-wound fractures,’ and severe war

wounds.®” Moreover, the ability of B. cereus spores to persist in plaster-

88 10,11

impregnated gauze,"® incontinence pads, and hospital linens, as well as in

many antiseptics such as chlorhexidine, povidone iodine, and alcohol,>”” has
been described, and this allows the bacterium to function as a secondary
nosocomial invader of sites of traumatic injury.

Primary cutaneous infections may occur in both immunosup-

4s81,89-92

presse and nonimmunosuppressed individuals, with the latter being

usually involved in traumatic incidents.”8485.87

Bacillus cereus spores, which
are widespread in soil, may be common in the hospital environment; subse-
quently, spores of B. cereus may enter the skin of hands and feet that are in
contact with the environment through skin abrasions, as described for B.

, P
anthracis.892

Similar to B. anthracis infections, the evolving skin lesions
caused by B. cereus start with a papule, which then becomes serous or sero-
sanguinous and develops a black eschar.”! The elaboration of the various
B. cereus exotoxins, including dermonecrotic toxin, may well account for

eschar production in B. cereus cutaneous infections.”?

ENDOCARDITIS

Bacillus cereus endocarditis in drug addicts and in patients with an intravas-
cular device has been also reported. In a review by Steen et al.,”* the rates
of morbidity and mortality associated with B. cereus endocarditis have been
found to be high among patients with valvular heart disease.” ”® In addi-
tion, several cases of B. cereus endocarditis have been observed among

98,99 95,96

patients with pacemakers, and other under-

100,101

prosthetic mitral valves,
lying conditions.

With the exception of intravenous drug abuse-associated B. cereus endo-
carditis, the source of the microorganism in many cases is somewhat unclear.
In patients with an inserted pacemaker or prosthetic valve in place, it could
be hypothesized that asymptomatic B. cereus bacteremia could induce endo-
carditis. Alternatively, the repeated use of a venipuncture site for heparin
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injections could be the venue for introducing B. cereus into the blood-

stream.”®

Bacillus cereus invasion of the gastrointestinal tract under appropri-
ate conditions, as outlined above, and through hematological spread and
colonization of a susceptible cardiac valve could represent another conceiv-

able cause of B. cereus endocarditis.

BONE INFECTION

Osteomyelitis caused by B. cereus has been reported, although infre-

36.98,102,103 Bacillus cereus osteomyelitis has been reported in associa-

quently.
tion with intravenous drug addiction and surgical trauma and in individuals
who had sustained a motor vehicle accident.’ Bone infections due to B.
cereus have been found to be monomicrobial or mixed with other pathogens,

such as S. aurens.!02

URINARY TRACT INFECTIONS

A case of urinary tract infection caused by B. cereus has been documented in
a 71-year-old woman with invasive bladder cancer.'’* The patient under-
went radical cystectomy and percutaneous left ureterostomy, after which an
indwelling urethral catheter was placed and cephalosporin and other anti-
biotics were administered. Five weeks after surgery, the patient complained
of fever, shaking chills, and pyuria, and pyelonephritis of the left kidney was
diagnosed. A urine culture grew B. cereus, and the authors supposed that the
organism, first colonizing the catheter, ascended into the urinary system
through ureterostomy irrigation. Among the virulence mechanisms behind
B. cereus pathogenicity, adherence to catheters via biofilm formation and
motility could have easily accounted for the ascension of the bacterium into
the urinary tract. Occult listings of B. cereus urinary tract infections have also

cited instrumentation as a prelude to infection.
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CHAPTER 9

Bacillus cereus Disease
in Animals

Vincenzo Savini
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Pescara, Italy

SUMMARY

Although cattle mastitis is mostly due to staphylococci, streptococci, and Esch-
erichia coli, Bacillus cereus may behave as an agent of mammary gland infection
in cows and goats. Also, Bacillus species outside the B. cereus group seem to be
potential pathogens for the mammalian udder, although many cases are merely
reported as related to Bacillus spp., unfortunately. Finally, Bacillus anthracis still
remains the major pathogen within the genus, not only in humans, but also in
animals, in which it frequently leads the affected host to death.

BOVINES

It is known that B. cereus is frequently isolated from dairy foods. Particularly,
and commonly, psychrotolerant strains of Bacillus species in general are
found in pasteurized milk and milk products.'™* Bacillus cereus, additionally,
may be responsible for off-flavors in milk even at low counts, as well as for
the defect known as “bitty cream.”> Such data clearly emphasize the role of
animals as a potential source of B. cereus; in fact, and in particular, the
organism may cause mammalian mastitis, both in bovines and in goats, thus
contaminating milk and its derivatives at all stages of processing.’™’

Although bovine mastitis is generally due to organisms such as Staphylo-
coccus aureus, streptococct, and E. coli, which represent the major udder
pathogens, uncommonly encountered bacteria may cause occasional cases
of mammary gland infection. Among these unusual organisms, B. cereus can
be responsible for marked tissue damage and grossly abnormal secretion
from the udder.>™”

In general, the clinical picture in cows includes fever, bloodstained
milk, uniformly bloody udder secretions, and, sometimes, the presence of
necrotic mammary gland tissue in the milk. Again, the involved udder is
The Diverse Faces of Bacillus cereus
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enlarged, hard, and painful to the touch and it shows skin discoloration. Il
cows are almost completely inappetant, are lethargic, and may exhibit
signs of shock. Udder necrosis is usually observed over a short period of
time, and a substantial reduction in the milk yield from the unaffected
quarters may be documented in lactating bovines. Mild cases may be char-
acterized by the presence of clots in the milk and moderate flogosis of the
affected quarter and usually respond promptly to intramammary antibiot-
ics; gangrenous infections instead may lead to necrosis and sloughing of
the involved quarter, with extensive bluish-purple discoloration of the
skin overlying the quarter itself. In general, over time, affected quarters
can slough, and one can observe a return to milk production in the unaf-
fected quarters. Nevertheless, milk production in the current and future
lactations is generally reduced.®”

Bacillus cereus 1s known to be ubiquitous in the farm environment, and the
spore amount in the soil usually rises in winter.!” Consequently, although the
bacterium is not labeled as a primary mastitis pathogen, it may infect the
mammary gland through accidental introduction into the udder, given its
ubiquity, and bovine diseases usually follow contaminated teat surgery.””:!!
Also, in cattle, mastitis has been reported to occur after the administration of
contaminated intramammary antibiotics and to be observed at the time of the
next calving. Otherwise, cases of B. cerens mastitis in bovines have been related
to contaminated concentrate feeds, notably brewers’ grains, as well as con-
taminated syringes, teat tubes, and teat dilators. Contamination of chaft and
feeds, also, might be involved. Fatal outcomes have been reported in bovines,
although most animals usually, and fortunately, survive.®!-12

Notably, systemic alterations due to gangrenous B. cereus mastitis include
disseminated intravascular coagulation, hemolysis, and hemoglobinuria,
with related hemoglobinuric nephrosis.'?

Pathological alterations observed in B. cereus mastitis are related to the
tripartite exotoxin, exerting cytotoxic and dermonecrotic effects, as well as
causing vascular permeabilization, while the mentioned systemic signs rely

on a variety of toxins, including phospholipases and hemolysins.®

GOATS

Bacillus cereus mastitis has been reported in goats, as well, which show a clini-
cal syndrome that 1s similar to that observed in cows. Gangrenous infection
due to this organism has been observed to cause goat fever and inappetence,
lethargy, and dehydration. The affected udder is firm and warm, and hemor-
rhagic milk secretion is usually observed to come out from the pathologic
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gland.'”> Additional signs are tachycardia and tachypnea, bilateral scleral
injection, leukopenia with band neutrophils, mild azotemia, hypocalcemia,
and decreased bicarbonate concentration.!” A clear demarcation may be
visible between the half normal skin color and the half darker reddish-
brown skin discoloration in the affected area. Antibiotic and antiflogistic
treatment usually leads to slow resolution some months from the disease
onset, with sloughing of the affected gland, wound healing, and growth of
normal haired skin covering the affected zone.!?

In general, in lactations following mastitis resolution, milk production may
be above the mean; otherwise goats are voluntarily withdrawn from lactation.
Information from the literature, however, is confused sometimes, as identifica-
tion at the species level has not been performed in all described cases, for
which the mastitis episodes were in fact simply labeled as Bacillus-related.
Goats, however, usually seem to have successful kiddings after the infection,
and prognosis for survival is good when proper treatment is started promptly. !>

VETERINARY ANTHRAX

Bacillus cereus is ubiquitous in the environment and behaves therefore as a
common milk contaminant, whereas mastitis caused by this organism is
considered to be rare, and specific predisposing factors are supposed to exist

12716 Being that B. cereus is an environmental con-

behind this syndrome.
taminant, as said, the diagnosis of B. cereus mastitis, of course, relies on the
isolation of the organism from a correctly collected milk sample from an
animal with signs of endotoxemia and gangrenous changes in an udder.'?

Notably, aside from mammary gland infection, B. cereus has been known
to cause abortion in cattle, as confirmed experimentally by intravenous
inoculation in heifers and sheep, and, finally, it may be of interest to note
that B. cereus serotypes from bovine mastitis seem to be different from those
collected from humans.'?

Unfortunately, as mentioned previously, a number of clinical cases of
mastitis have been attributed to Bacillus species, without any identification
being performed at the species level, and the number of subclinical mastitis
cases due to Bacillus is unknown.!” In particular, heat-stable toxin-
producing Bacillus licheniformis and Bacillus pumilus have been isolated from
the milk of bovines with mastitis. Spores produced by these species are
known to be heat stable and to resist hydrogen peroxide; thus they may
survive cleaning protocols and dairy processes such as spray evaporation.'”
Milk from subclinical B. licheniformis and B. pumilus carriers may therefore

introduce a risk to the safety of milk-powder products.!’—>>
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Notably, outside the genus Bacillus, the name Streptococcus agalactiae,
meaning “no milk,” was given to that organism as it was originally described
as causing bovine mastitis.”>

Animal mastitis is in fact mostly related to infection by Staphylococcus spe-
cies, as well as E. coli and streptococci, while to a lesser extent this syndrome
may be traced back to a Bacillus infection.'®>® Nevertheless, B. cereus, and
Bacillus species even outside the B. cereus group, should be included among the
potential etiologic agents of mammary gland infection in bovines and goats.

Within the genus Bacillus, however, B. anthracis is the major agent of dis-
ease, in general, like in humans. It is a free-living bacterium usually present
as spores in alkaline soils. Spores are the resistant and avirulent forms of the
pathogen and can live in the soil for numerous decades and still be viable
when they come into contact with a susceptible host. The bacterium pro-
duces edema and lethal toxins based on a combination of its three virulence
factors, named protective antigen, lethal factor, and edema factor.Virulence
is further increased by the antiphagocytic capsular antigen. The toxins are
responsible for the primary clinical signs of necrosis, edema, and hemor-
rhage that are typically observed in infected hosts.”” %

Anthrax is characterized by a high fatality rate in herbivores and other
susceptible hosts and mostly leads to animal death. Susceptibility and high
lethality have been documented in sheep, goats, cattle, horses, donkeys,
and swine, together with many other warm-blooded domestic animals.
Wildlife with high rates of anthrax include, moreover, antelopes, bisons,
gazelles, and impalas, but also elephants and hippopotami. Finally, wild
carnivores can become infected as well, via consumption of anthrax-
infected dead animals. Birds have instead a natural resistance to anthrax
and are not able to carry B. anthracis to uninfected locations. Notably,
outbreaks have been observed in animals that had ingested feedstufts
containing meat and bonemeal-based concentrates whose origins were
carcasses contaminated with anthrax spores.®’~7?

Exhaustion of nutrients, oxygen exposure, and death of host tissues may
make B. anthracis sporulate. Spores return to the soil with the burial, decom-
position, or rupture of the infected carcass and can be subsequently picked
up by other animals by feeding. The avirulent phase can last several years;
then, when soil conditions become newly favorable, the spores migrate
through capillary action of soil water to the surface. Anthrax spores may
adhere to plants as the vegetation resurfaces during evaporation. In enzootic
zones, when animals graze close to one another on fresh shoots of grass after
high rainfall, outbreaks may occur.®®73
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Although the major mechanism of anthrax transmission is ingestion of
infective bacteria, biting flies may transmit the disease between animals.
Nonbiting blowflies instead contaminate vegetation by virtue of deposited
vomit droplets after feeding on infected carcasses. In their turn, animals
feeding on such vegetation consequently have a higher chance of acquiring
the infection. Another vehicle is represented by blood-feeding insects. Of
concern, agricultural areas where veterinary public health facilities are inad-
equate show the highest occurrence of animal anthrax. The incidence, how-
ever, is unknown in several countries, but it is likely that the organism is
present in most regions.®® 7%

Antibiotic administration is recommended in the literature as a treat-
ment against anthrax both in humans and in animals. In the latter, penicillin
and tetracycline are usually effective, although there seems to be evidence
that an antagonistic effect exists between the vaccine and antibiotic admin-
istration during the immunogenic period.””%" Again, enhanced resistance to
antibiotics is a further matter of concern that needs to be addressed in the
ambit of antimicrobial therapy in animal anthrax. It has also been
conclusively documented that antibiotic treatment during an infection has
prevented the establishment of an immune response in some animals and,
despite the antibiotic’s effectiveness, there exists the risk of recurring disease
because of delayed spore germination.”?:8

In conclusion, in addition to freely living as ubiquitous microorganisms
or behaving as human pathogens, Bacillus species may play a role as agents
of infectious diseases in the veterinary setting. Changes are required in bac-
terial characterization methodologies to achieve Bacillus identification at
the species level and to make such methods more and more available in the
veterinary and medical diagnostic microbiology laboratories; it is hoped
that this will gradually lead to an increasing consciousness of the pathogenic
potential in animals of each organism of the B. cereus group, as well as
Bacillus species outside of it.
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CHAPTER 10

Bacillus cereus Biocontrol
Properties

Vincenzo Savini
Clinical Microbiology and Virology, Laboratory of Bacteriology and Mycology,
Civic Hospital of Pescara, Pescara, Italy

SUMMARY

Zwittermicin A represents a new antibiotic class and is produced by Bacillus
cereus; it shows diverse biological activities, such as suppression of microbial
diseases in plants along with potentiation of the insecticidal eftectiveness of
Bacillus thuringiensis.

BIOCONTROL IN BACILLUS CEREUS

It has been known that the virtuosity of bacteria as synthetic chemists is
unparalleled in nature. In fact, they may produce diverse compounds
exerting a broad spectrum of activities; these have been used by humans
for several purposes over the years. The need for new antimicrobial mol-
ecules has increased in recent decades owing to the emergence of new
pathogenic microorganisms as well as the development of resistance
among old pathogens.!? Thus, new sources of antimicrobial products
have gained importance together with new approaches to synthesizing
antimicrobial agents. Particularly, the molecule zwittermicin A has
been discovered to display an antimicrobial potential.® It is produced by
members of the Bacillus cereus group (especially B. cereus and Bacillus
thuringiensis), which are abundantly and ubiquitously present in most soil
communities.*>

Zwittermicin A is a linear aminopolyol that was originally identified by
virtue of its role in suppression of plant diseases by the B. cereus strain
UWS85.%¢ It shows a broad spectrum of activity, as it may inhibit certain
Gram-positive, Gram-negative (Table 1), and fungal organisms.” In general,
zwittermicin A seems to be less inhibitory to Gram-positive than to Gram-
negative bacteria; also, B. cereus strains that do not produce the antibiotic are
generally susceptible to it. Interestingly, it also potentiates the insecticidal
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Table 1 Bacteria inhibited by zwittermicin A

Gram-Negative bacteria

Gram-Positive bacteria

Agrobacterium tumefaciens A759

Bradyrhizobium japonicum USDA 110

Cytophaga johnsonae 9408
Erwinia carotovora 8064
Erwinia herbicola IRQ

E. herbicola LSO05
Escherichia coli K37
Klebsiella pneumoniae 8030
Pseudomonas aeruginosa 9020
Pseudomonas fluorescens 9023
Rhizobium meliloti 1021
Rhizobium tropici CIAT 899

Bacillus megaterium

Bacillus cerens 569

B. cereus UW85

B. cereus BAR 145

B. cereus SN14

Bacillus subtilis 168

Bacillus thuringiensis 4A9

B. thuringiensis 4D6
Clostridium pasteurianum 5002
Lactobacillus acidophilus 4003
Staphylococcus aureus 3001
Streptomyces griseus 6501

Rhodobacter sphaeroides 9502
Rhodospirillum rubrim 9405
Salmonella typhimurium LT2
Vibrio cholerae F115A
Yersinia pseudotuberculosis

activity of the B. thuringiensis protein toxin, thus enhancing the mortality of
insects that are typically refractory to killing, including gypsy moths reared
on willow leaves.®’

Several B. cereus and B. thuringiensis strains collected from plant roots and

8,10-13

soils may synthesize zwittermicin A, as said,** and this compound is

produced by strains from various geographical origins and cultivated from
soils with different physical and biological properties.® !+

The mentioned B. cereus strain UWS85 has been known to accumulate
two antibiotics, that is, both zwittermicin A and kanosamine, in superna-
tants from cultures. As said, zwittermicin A is a novel, linear aminopolyol
representing a new class of antibiotics.*!013-17=# [t contributes to alfalfa
damping-oft suppression exerted by strain UWS85 and may support other
biological activities of this strain, such as control of fruit rot in cucumbers
or suppression of other plant diseases.!’1%13:35:42

Zwittermicin A inhibits several bacteria, protists, fungi, and oomycetes
as well; its activity is greater at higher pH than at lower; again, it is synergis-
tic with the activity of kanosamine in inhibiting Escherichia coli and works
additively with kanosamine to face the oomycete Phytophthora. The wide
target range of this novel antibiotic suggests that zwittermicin A-producing
bacteria, such as B. cereus UWS85, might show utility for control of several

foliar and soil-borne plant diseases.*~0-10-13.17-44
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Also, zwittermicin A inhibitory activity observed against the lower
eukaryotes (oomycetes, chrysophytes) suggests that this compound may
deserve interest as to its potential to face the protist pathogens of humans as
well, such as Trichomonas and Giardia.>>37

Zwittermicin A shares a similar target range, along with certain struc-
tural features, with chitosan, the latter being the deacetylated form of chitin
and the polymeric form of glucosamine, and both chitosan and zwittermi-
cin A are polycations. They both display greatest activity against the oomy-
cetes,'” both exert antibacterial properties, and both,*! finally, can produce
phytotoxic effects when present at high concentrations.”®** The polyca-
tionic nature of chitosan supports its biological activities, which include
disruption of cell walls, inhibition of fungal RNA synthesis, DNA binding,
and induction of a host resistance response in plants; conversely, authors
who investigated zwittermicin A cannot thus far make any predictions
about the target range or mode of action behind its activity.?%->7-2%:41

The discovery of antibiotic-producing microorganisms contributes to
dealing with the challenges that confront agriculture and medicine. To
improve human health, new drugs will be necessary to face the major
human pathogens that have developed and will develop resistance to the
antibiotic drugs that controlled them in past decades.?® Likewise, to main-
tain food quality, improved measures for control of crop diseases need to be
introduced, to replace fungicides that are currently and widely used; these
chemical compounds are in fact likely to be restricted in the future owing
to safety concerns along with the observation of pathogens’ resistance to

them.2!:23

BIOCONTROL IN ORGANISMS OTHER THAN BACILLUS

Production of compounds with antimicrobial activity is not only found in
Bacillus, as diverse microorganisms may naturally compete with others in
the ecological niches they inhabit. As an example, yeasts belonging to the
genus Metschnikowia may release pulcherrimin, an antibiotic substance that
is able to inhibit several bacterial and fungal species and that is currently
used, therefore, to control postharvest pathogens. Pulcherrimin, specifically,
is a reddish pigment that is able to chelate iron ions, thus immobilizing the
metal in the medium where antagonized organisms cannot therefore grow;
mutants that do not produce the pigment do not show the antimicrobial
activity.® %% The latter may affect several bacterial and fungal species,
including  Aspergillus  flavus, Aspergillus versicolor, Aspergillus nidulans,
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Aspergillus ustus, Aspergillus fumigatus, Aspergillus rubrum, Aspergillus terreus,
Aspergillus  flavipes, Trichophyton mentagrophytes, Trichophyton  schoenleinii,
Trichophyton violaceum, and Trichophyton tonsurans.*>=%%

Likewise, some Candida guilliermondii strains exhibit a relevant potential
in postharvest biocontrol of spoilage fungi during storage of vegetables and
fruit. Particularly, the organism has been used to protect apples from post-
harvest fruit-rotting fungi (that is, Botrytis cinerea and Penicillium expansum)
and to prevent postharvest diseases caused by several other fungi (P expan-
sum, Penicillium italicum, Penicillium digitatum, B. cinerea, Colletotrichum capsici,
Rhizopus stolonifer, Rhizopus nigricans, and Botryodiplodia theobromae). In addi-
tion, C. guilliermondii is lethal on the tomato root-knot nematode Meloido-
gyne incognita.””

While B. cereus biocontrol properties rely on zwittermicin A, multiple
modes of action support the biocontrol activity of C. guilliermondii. The
yeast may in fact attach to the hyphae of molds or compete for nutrients
(glucose, sucrose, or nitrates), but does not seem to produce killer toxins.®”

Antimicrobial compounds are also produced by bacteria other than B.
cereus; they are named “bacteriocins” and are peptides or proteins that poten-
tially kill closely related strains at very low concentrations. Nevertheless,
three general features, their formation in ribosomes, their activity at low
concentrations (in the nanomolar range), and their narrow spectrum of
action, permit one to differentiate bacteriocins from antibiotics. Antibiotics
are in fact synthesized by multienzymatic synthetase complexes, are usually
effective at higher concentrations (in the micromolar range), and affect a
broad spectrum of microorganisms. It is estimated that 99% of bacterial
strains produce at least one bacteriocin; mainly owing to their narrow spec-
trum of activity, these compounds are not, however, used in agriculture, but
participate only in growth regulation and competition against microbial
communities in their respective habitats.”~!7

Biological control activity in yeasts has notably emerged, instead, as
mentioned above, as a safe alternative to fungicides to prevent and face
decay loss in harvested commodities.*”

In light of this, it is clear that much research is warranted to look for
novel antimicrobial molecules aiming at controlling infections in plants and
animals. Management of crop health is in fact essential to agriculture. Bio-
control, that is, the use of microorganisms to inhibit plant pests, ofters in this
ambit an attractive option to chemical pesticides.®

Not only fungi, however, but numerous microorganisms have been
identified that suppress plant pathologies both in the laboratory and in field
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experiments, but only few of these agents are effective over a broad range of
conditions. This may be explained by the fact that each potential biocontrol
strain evolved to compete in the habitat from which it is obtained and is not
as well adapted to other environments.® Enhancing the effectiveness of bio-
control in diverse natural niches is therefore essential to including it in
standard agricultural practices.®

The majority of microorganisms outside fungi that have been investi-
gated as potential biological agents are Gram-negative bacteria including
Agrobacterium, Pseudomonadaceae, and Erwinia; finally, several Bacillus
strains and actinomycetes have been described to exert this natural anti-
microbial activity, but in general Gram-positive organisms have received
far less intensive study than Gram-negative bacteria.® Bacillus species,
however (like actinomycetes), show several characteristics that make them
interesting candidates as biocontrol agents; mostly, they are abundant in
soil and produce various biologically active metabolites, including zwit-
termicin A.°

CONCLUDING REMARKS

Entomologists have recognized and used diverse isolates of entomopatho-
genic species that have potential biocontrol properties. Among these, a
notable example is B. thuringiensis. Initially, this organism was acknowledged
as an insect killer, but early field applications led to limited and variable
results.® The subsequent development of methods to characterize new
B. thuringiensis strains resulted in a vast array of inoculum strains that have
extended the target range and enhanced the effectiveness of this species as a
biocontrol organism.®

By virtue of identification of thousands of B. thuringiensis strains and of the
understanding of the mechanism behind the insect control, B. thuringiensis-
based products have gained increasing success over the years.®

Likewise, B. cereus UWS85 (ATCC 53522) has been known to protect
alfalfa seedlings from damping-off (a disease due to Phytophthora medicaginis),
peanuts from Sclerotinia minor, tobacco seedlings from Phytophthora nicotianae,
and cucumber fruits from Pythium aphanidermatum-related rot.®

In this field, therefore, there is the need for a deeper understanding of
the biology of B. cereus and zwittermicin A production. This might have an
increasing utility in biotechnology as well as in discovering other members
of the zwittermicin A class displaying antibiotic activity that may have a
place as valid alternatives to chemical pesticides, for a safer agriculture.
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CHAPTER 11

Bacillus Species Outside
the Bacillus cereus Group

Vincenzo Savini
Clinical Microbiology and Virology, Laboratory of Bacteriology and Mycology, Civic Hospital of Pescara,
Pescara, Italy

SUMMARY

Although Bacillus cereus is the most important agent of enteric disease within
the genus, other Bacillus species outside the B. cereus group are toxigenic. In
fact, Bacillus licheniformis, Bacillus subtilis, Bacillus mojavensis, Bacillus pumilus,
and Bacillus fusiformis may be toxin producers, and, particularly, strains of
these species can produce cytotoxins and emetic toxins, but not B. cereus-
like enterotoxins.

ENTEROTOXINS

The genus Bacillus includes a heterogenic group of endospore-forming,
facultative rods that are widely distributed in nature. Spore formation
allows them to better tolerate adverse conditions compared to non-
sporulating enteropathogenic bacteria and to proliferate in a broad range
of environments such as water and processed and untreated food
products.'

Bacillus cereus is the major cause of food poisoning within this genus by
virtue of enterotoxins and the emetic toxin it may produce,” whereas other
Bacillus species have commonly been considered of poor clinical signifi-
cance in the context of food poisoning events.’ Nonetheless, their ability to
produce both enterotoxins and the emetic toxin has been increasingly
acknowledged, particularly in certain strains belonging to the species
Bacillus subtilis, Bacillus pumilus, and Bacillus licheniformis, which have been
linked to episodes of food-borne disease. B. licheniformis*=

‘Whenever species identification of Bacillus is reached without perform-
ing DNA-based assays the results are often incomplete, and in earlier papers
published in past years and related to Bacillus-associated food poisoning and
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toxin identification (with the exception of B. cereus), the latter was based
mainly on biochemical methods or else the identification methodologies
were not explained at all.' As an example, B. subtilis (with its subspecies
B. subtilis subsp. subtilis and B. subtilis subsp. spizizenii) and Bacillus mojavensis
are very close genetically, and discrimination between them can be achieved
only by using molecular methods, including DNA-DNA hybridization’ or
partial gyrA gene sequence analysis.® It emerges, then, that unreliable iden-
tification at the species level of Bacillus strains might have reasonably aftected
past investigations on species-related toxins.'

There is no doubt, however, that numerous Bacillus species other than
those of the B. cereus group can be responsible for food poisoning.* Never-
theless, with the exception of an emetic toxin from B. licheniformis, toxins
from these species have not been purified nor characterized.**

Several authors reported B. cereus-like enterotoxins from non-B. cereus
species of the genus, but without providing a conclusive identification of
those toxins. It should also be noted that the regulation of transcription of
cytotoxins and enterotoxins in B. cereus strains is controlled by the positive
regulator PIcR,'" and if the enterotoxin genes were acquired (from B. cereus)
by members belonging to other Bacillus species, they would need either a
modification in the promoter (to be transcribed) or a cotransfer of the regu-
lator gene; this is not likely to occur, however, as the two genes are placed
on different genome sections.! Also, Bacillus circulans, Bacillus megaterium,
Bacillus lentimorbis, Bacillus amyloliquefaciens, Bacillus lentus, and the above-
mentioned B. subtilis and B. licheniformis have been known to carry the hbl
and nhe genes or to produce the proteins they encode (as observed through
commercially available kits) but, unless these species are identified by DNA
analysis, their characterization may be debatable.'

Based on current knowledge, then, no other cytotoxin-producing Bacil-

lus strains seem to share toxins with B. cereus.!:3-11-13

EMETIC TOXINS

Ring-form toxins have been found in B. cereus (cereulide), as well as in
B. licheniformis and B. pumilus."'* These toxins seem to be part of the same
family of ring-form peptides as cereulide.!"'* Moreover, B. mojavensis,
B. subtilis, and B. pumilus may produce peptides of this type that are distinc-
tively different in size from cereulide and, notably, such putative emetic
toxins described in these species are produced better or just as well at 22°C
as at 30°C.1'* Conversely, B. cereus shows an optimal temperature of
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production that is much lower (12-22°C), while B. licheniformis probably
optimally produces the emetic toxin at close to 28 °C (this temperature was
used for documenting toxin production when it was first characterized in

L1517 Whether putative emetic toxins are true emetic

B. licheniformis).
toxins, however, can be verified only by feeding experiments with primates. !
Nonetheless, Bacillus species other than those included in the B. cereus
group seem to be involved in food poisoning cases that have been related to
ingestion of foods such as pizza and pasta, although rarely.’*>?* Such data,
however, highlight that knowledge of the enteric pathogenic potential and
related virulence traits expressed by Bacillus strains outside the B. cereus

group may still be far from being completely understood.

FOODS

Toxin-producing Bacillus other than organisms of the B. cereus group seem
to be rare, and none of the toxins described share similarity with the
B. cereus-related enterotoxins and cereulide, which are responsible for the
pathogenesis of most Bacillus-related enteritis and food poisoning epi-
sodes.!®?! However, rarely, Bacillus species other than those of the B. cereus
group might be involved in food poisoning cases through foods such as
pizza and pasta (particularly when these are left overnight without being
refrigerated).!?>>® Again, the variety of ready-to-eat, lightly heated food
products that are thought to have a several-week shelf life if cooled properly
could lead to food poisoning by virtue of surviving spores that will then
germinate.! In light of this, it is hoped that the food industry would be able
to detect possible virulent Bacillus species, even outside the B. cereus group,
in food ingredients and food production plants. This detection, however,

requires knowledge of the toxins produced as well as of the bacterial genes.!

BACILLUS LICHENIFORMIS

Diverse Bacillus species other than those of the B. cereus group seem then to
be related to food poisoning cases and can share production of heat-stable
toxins (such as B. cereus cereulide); also, strains of the species B. licheniformis,
B. pumilus, and B. amyloliquefaciens with a food poisoning origin have been
observed to produce substances exerting toxic activity against mammalian
cells; of course, this is a risk for the dairy industry as both endospores and
toxins may tolerate milk product processing such as pasteurization (occur-
ring at 74 °C for 15-20s) and whey evaporation (50-70°C).**
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A source of toxigenic Bacillus in raw milk is represented by cows with
mastitis?>*0; strains from milk of these bovines should not be found in milk
products since mastitic milk is not generally sent to dairies. Nevertheless,
toxigenic B. licheniformis has been isolated from the udder of a bovine that
appeared clinically to have recovered from the mammary gland
infection.”*

B. licheniformis inhabits the natural environment; it typically forms
large, B-hemolytic, blister colonies that become opaque, wrinkled, and
rough after additional incubation (see the picture of a B. licheniformis
isolate from the Bacteriology and Mycology Laboratory, Civic Hospital
of Pescara, Italy, on this book’s cover, on the right side). The organism
has been increasingly recognized as a human pathogen; in particular, it
has been responsible for cases of bacteremia, food poisoning, ophthalmi-
tis, ventriculitis, brain abscess, and a deep skin abscess (following a plant
thorn injury).*'~*¢ Also, a bacteremic episode was found to be related to
intentional injection of organic drain cleaner (containing spores of
B. licheniformis, B. subtilis, and Bacillus polymyxa) bilaterally into the patient’s
antecubital veins and subcutaneous tissues as a suicide attempt. Finally, a
number of septicemias were due to contamination of indwelling cathe-
ters or followed intravenous injection in drug abusers.*'™* It is of par-
ticular interest that, as highlighted in the above-mentioned suicide
attempt case, one should consider the pathogenic potential of numerous
organic consumer products that have been labeled as harmless.*' In this
context, owing to their dormant spores and saprophytic nature, mem-
bers of the genus Bacillus are manufactured to be used as drain and septic
tank cleaners, as well as insecticides and pesticides. Both septic tank
products and drains contain spores belonging to B. licheniformis as major
species.*! Likewise, Bacillus thuringiensis (which is, however, included in
the B. cereus group) has been widely used as a biocontrol organism
against insect pests in agriculture and forestry, as well as to control vectors.
“I'In this ambit, it is of concern that a case of corneal ulcer subsequent
to eye exposure to an insecticide containing B. thuringiensis has been
described.*'™** It would be important, therefore, that manufacturers
might promptly provide information about organisms present in their
products, in the event of a product-related disease, as well as data on
antibiotic susceptibilities, upon request, if any, by treating clinicians.*'

Again, in the prosthetic aortic valve endocarditis case described by
Santini,** the patient had no known immune system impairment and,
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notably, when the partially detached artificial valve was removed, a limited
abscess was observed underneath the aortic ring; interestingly, cultures of
both the explanted prosthesis and the abscess yielded a pure growth of
B. licheniformis.*>

A peritonitis case involved instead a woman with a history of hyperten-
sion; she had been treated with hemodialysis initially and subsequently with
continuous ambulatory peritoneal dialysis given the occlusion of the arte-
riovenous fistula. She was having the third episode of peritonitis when the
dialysis effluent showed cloudiness, and a white blood cell count of 945 ele-
mentsmm 3, and the effluent culture grew B. licheniformis.*>

Finally, in the veterinary setting, B. licheniformis can often be collected
from the uterine lumen of cattle with and without metritis, and it has been
documented that cattle from which the organism could be isolated showed
greater acute-phase protein responses than animals from which the bacte-
rium was not cultivated.*’

B. licheniformis inhabits the natural environment, including marine
sponge, foods, and wastewaters; it may display immunostimulatory activity
in fishes; additionally, it has been used as a probiotic against diarrhea in
humans and, finally, has long been considered as a harmless contaminant

when isolated from clinical materials.*80Y

Nevertheless, its potential
pathogenicity should be reconsidered, in light of the increasingly reported
disease cases both in humans and in animals, including its enteric patho-
genic potential and its propensity to cause disease in bodily compartments
and tissues outside the gut. Furthermore, this species is of ecologic and
agricultural interest as certain strains may exert biocontrol activity against
phytopathogenic microorganisms. For instance, B. licheniformis strain S213
is effective against the fungus Phoma medicaginis, which causes dumping-
off disease in Medicago truncatula; and again, B. licheniformis HS10 shows
biocontrol properties against Pseudoperonospora cubensis, a fungus that is
responsible for cucumber downy disease.’->%

To conclude, aside from Bacillus anthracis, B. cereus is still the major agent of

disease (mostly food-borne intoxications) within the genus Bacillus>>->7-01-"

nevertheless, identification to the species level of Bacillus organisms outside the
B. cereus group, as well as purification and characterization of potential toxins
they form, is gaining increasing interest in the medical setting.! However,
much investigation is warranted in this field, as clarification of the roles these
bacteria may play in the etiology and pathogenesis of human infectious dis-

eases, including enteric illnesses, still 1s, at this time, a work in progress.
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CHAPTER 12

Bacillus thuringiensis
Insecticide Properties

Vincenzo Savini, Paolo Fazii
Clinical Microbiology and Virology, Laboratory of Bacteriology and Mycology, Civic Hospital of Pescara,
Pescara, Italy

SUMMARY

The species Bacillus thuringiensis is a member of the Bacillus cereus group and
has become famous in the field of agriculture and biotechnology as its DNA
includes insect pathogen genes. These produce insecticidal crystal pore-
forming proteins, known as Cry toxins. Cry toxins interact with several insect
midgut proteins, thus leading to formation of a prepore oligomer structure
and subsequent membrane insertion, with final killing of insect midgut cells
by virtue of osmotic shock. B. thuringiensis also produces thuringiensin, or
P-exotoxin, a thermostable secondary metabolite; it is not a protein but a
small-molecule oligosaccharide with insecticidal activity against a wide range
of insects, including Diptera, Coleoptera, Lepidoptera, Hymenoptera,
Orthoptera, and Isoptera, as well as numerous nematode species.

BACKGROUND

Control of insects in agriculture as well as of insect vectors of human dis-
eases is mostly achieved by chemical pesticides. Nevertheless, the use of
these chemical compounds has led to problems such as environmental pol-
lution, cancer, and immune system disorders.”* Although microbial insecti-
cides have been proposed as alternatives for chemical ones, their use is still
limited, as most microbes display a narrow spectrum of pesticide activity
enabling them to kill certain insect species exclusively. Furthermore, they
show a low environmental persistence and require precise application prac-
tices, given that many such pathogens cannot tolerate irradiation or are
specific to young insect larval stages.

The most successful bacterial pest pathogen used for insect control is
B. thuringiensis, which currently represents about 2% of the total

The Diverse Faces of Bacillus cereus
ISBN 978-0-12-801474-5 © 2016 Elsevier Inc.
http://dx.doi.org/10.1016/B978-0-12-801474-5.00012-8 All rights reserved. 139



140  The Diverse Faces of Bacillus cereus

insecticidal market. B. is almost exclusively effective against larval stages of
various insects and kills them via disruption of the midgut tissue followed
by septicemia, which, probably, is caused not only by B. thuringiensis itself

76 B. thuringiensis activity relies on insecti-

but also by other bacterial species.
cidal toxins as well as on an array of further virulence factors contributing
to insect killing. The species produces in fact insecticide compounds includ-
ing Cry proteins, thuringiensin, vegetative insecticidal proteins (VIP),
secreted insecticidal protein, zwittermicin A, Mtx-like toxin, and Bin-like
toxin, 9-11:25.107-113,134-139

Upon sporulation, in particular, B. thuringiensis forms insecticidal
crystal inclusions that are produced by a variety of insecticidal proteins,
that is, the above-mentioned Cry toxins. These have a highly selective
spectrum of activity, as they may kill a narrow range of pest species. Cry
toxins are, specifically, pore-forming toxins secreted as water-soluble
proteins that undergo conformational changes in order to insert into the
their hosts’ membrane, leading to osmotic shock-based killing. Despite
the limited use of B. thuringiensis products as sprayable insecticides, Cry
toxins have been introduced into transgenic crops, thus providing a
more targeted and effective way to control agriculture-related pests.
Also, such a natural approach has led to a significant reduction in the use

of chemical insecticides.*’

CRY TOXINS VERSUS LEPIDOPTERAN, DIPTERAN,
AND COLEOPTERAN INSECTS

The activity of Cry toxins has mostly been investigated in lepidopteran
insects.! 127> Cry toxins are classified based on their primary amino acid
sequence and more than 500 different cry gene sequences have been studied
and categorized into 67 groups (Cryl—-Cry67)."* The cry gene sequences
have been subdivided into four phylogenetically unrelated protein families
showing different modes of action: these are represented by the family of
mosquitocidal Cry toxins (Mtx), the family of three-domain Cry toxins
(3D), the Cyt family, and the family of binary-like toxins (Bin).'" Also, cer-
tain B. thuringiensis strains produce further insecticidal toxins called VIPs
that, in contrast to Cry toxins, are formed during the vegetative growth
phase, rather than upon sporulation. At least three VIP toxins have been
characterized, that is,VIP1/VIP2, a binary toxin, and VIP3.?>%7

The largest Cry family is the 3D family, which includes at least 40 different
groups with more than 200 gene sequences.®”!23441:43.55.05 The three-
dimensional structure is conserved within the 3D Cry family, suggesting that



The Insecticide Bacillus thuringiensis 141

these proteins share a similar mechanism of action although their amino acid
sequence similarity is quite low.!?-20:22:23.86

Cry toxin insect specificity largely relies on their specific binding to sur-
face proteins of microvilli of larval midgut cells. In the case of lepidopteran
insects, Cry1 binding proteins have been characterized as cadherin-like
proteins, glycosylphosphatidylinositol (GPI)-anchored aminopeptidase-N
(APN), and GPI-anchored alkaline phosphatase (ALP)*>-*"./> and, in general,
lepidopteran species including Manduca sexta, Bombyx mori, Heliothis virescens,
Helicoverpa armigera, Pectinophora gossypiella, Ostrinia nubilalis, Lymantria dispar,
and Plutella xylostella are known to be affected by Cry1 molecules.®>*01.7>

It is generally accepted that Cryl toxins may bind cadherin proteins with
high affinity in the nanomolar range. Conversely, APN and ALP display lower
binding affinities in the range of >100nM.>>817.360,37.51.64.67-69,70,75,77,78,84,89

As mentioned above, there is general consensus that B. thuringiensis Cry
toxins act as pore-forming proteins causing cell lysis via osmotic shock.
However, an alternative model of the Cry toxin mode of action has been
proposed.”® Specifically, it has been suggested that insect cell death is trig-
gered by the binding of monomeric CrylAb toxin to the cadherin receptor,
with consequent increases in cAMP cellular levels after activation of adeny-
lyl cyclase. cAMP then activates protein kinase A, thus resulting in cell
death.”* In this model, neither GPI-anchored receptors nor oligomer for-
mation is involved in Cry-related toxicity.”*

There is an increasing interest in understanding Cry toxins’ mode of
action in mosquitoes since these insects are important vectors of human
diseases, mostly dengue, yellow fever, and malaria. There are multiple Cry
toxins showing low primary sequence similarities that display toxicity
against mosquitoes, including Cryl, Cry2, Cry4, Cryl1, Cry29, and oth-
ers. Nevertheless, one particular B. thuringiensis strain has been used world-
wide for mosquito control; this is B. thuringiensis var. israelensis, which
produces crystal inclusions formed principally by Cry4Aa, Cry4Ba,
Cry11Aa, and CytlAa.>® B. thuringiensis var. israelensis is highly toxic to
Aedes aegypti (vector of dengue and yellow fevers) and Culex species, but
moderately toxic against Anopheles gambiae, which is known to act as a
vector of malaria.”® It is of further interest that these four B. thuringiensis
var. israelensis toxins show a synergistic effect; particularly, the toxicity dis-
played by the whole B. thuringiensis var. israelensis crystal inclusion is much
higher than the sum of the individual toxicities shown by each of the Cry
and Cyt proteins in this crystal.'! Cyt1Aa has been observed to synergize
the activity of the three Cry toxins and to overcome Culex species resis-

tance to Cry toxins.”>%®
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As in lepidopterans, cadherin proteins have been recognized in A. aegypti
along with A. gambiae,in which they show binding to Cry11Aa and Cry4Ba,

19,46

respectively. In A. aegypti, cadherin also behaves as a receptor of Cry11Ba

toxin from B. thuringiensis var. jegathesan but shows lower affinity to Cry4Ba

19.56.71 In both A. aegypti and A. gambiae, cadherin has been observed

protein.
to be located in the microvilli of the ceca as well as in the microvilli of the
posterior gut cells, which are the same sites where Cryl1Aa and Cry4Ba
bind.!?*¢ Also, Both APN and ALP have been identified in A. gambiae,
Anopheles quadrimaculatus, and A. aegypti as Cry4Ba-, Cryl1Aa-, and
Cryl 1Ba—binding proteins. 1,18,19,27-30,47,56,91,92

The observation that similar Cry-binding proteins take part in the
mechanism of action of Cry toxins in both lepidopteran and dipteran insects
seems to suggest that Cry toxins have a conserved mode of action. However,
the exact role of the Cry toxin receptors identified in mosquitoes still
remains to be understood.” One of the most intriguing aspects of B. thuringiensis
var. israelensis toxins, however, is the synergistic eftect of CytlAa on the
activities of Cry4Aa, Cry4Ba, and Cry11Aa.!07374

In the field of coleopteran insects, Cry-binding proteins have been iden-
tified in Tenebrio molitor, Diabrotica virgifera virgifera, Leptinotarsa decemlineata,
and Anthonomus grandis.”>>?%572 A cadherin protein from T molitor was
identified as a Cry3Aa-binding protein, and it was observed to facilitate
Cry3Aa oligomer formation.?® Also, a cadherin protein was recognized as a
Cry3Aa receptor in D. virgifera virgifera.®>’> Only one GPI-anchored protein
has been identified in coleopteran insects as a putative Cry receptor; this is
an ALP from A. grandis that is known to bind Cry1B toxin.”’

Notably, the identification of similar Cry-binding proteins in the three
different insect orders and the fact that Cry toxins share a similar three-
domain fold suggest that the mechanism of action of these toxins is con-
served among lepidopteran, coleopteran, and dipteran insects.

CRY TOXINS AS BIOINSECTICIDES

Various B. thuringiensis-based products have been developed for insect control
in agriculture as well as to counter mosquitoes. Most of these are spore-crystal
preparations derived from a few wild-type strains including B. thuringiensis var.
kurstaki HD1, B. thuringiensis var. aizawai HD137, B. thuringiensis var. san diego,
and B. thuringiensis var. tenebrionis. B. thuringiensis var. kurstaki products are used
to control several leaf~feeding lepidopterans that represent important crop
pests or forest pest defoliators.”’ Products from B. thuringiensis var. aizawai are
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particularly active against lepidopteran larvae (which are known to feed on
stored grains), while those related to B. thuringiensis var. san diego and B.
thuringiensis var. tenebrionis are effective against beetle pests in agriculture.
Finally, as said above, B. thuringiensis var. israelensis products are important for
controlling mosquitoes that behave as vectors of human diseases (including
dengue fever and malaria).””

B. thuringiensis-based sprayable insecticides have limited use in agricul-
ture as Cry toxins are specific to young larval stages, are susceptible to sun
radiation, and have a narrow activity against borer insects. Nonetheless, an
important breakthrough in the reduction of chemical pesticides in agricul-
ture came with transgenic crops that can express Cry toxins.*’ In such
transgenic plants the Cry protein is produced continuously, thus preventing
the insecticidal toxin degradation due to UV light, and specifically targets
both chewing and boring insects. Interestingly, in 2009, more than 40 mil-
lion hectares of B. thuringiensis crops were grown worldwide, leading to a
significant reduction in the use of chemical pesticides and, moreover, con-
tributing in some cases to suppression of certain insects such as P gossypiella,
which is a pest of cotton.*”#3

Nowadays, the major B. thuringiensis crops are corn, soya, cotton, and
canola.*” Commercial B. thuringiensis cotton expresses the CrylAc protein
for the control of lepidopterans such as Helicoverpa zea and P gossypiella.
Again, B. thuringiensis cotton expressing CrylAc is able to control H. virescens
and O. nubilalis.”’ The next generation of B. thuringiensis cotton expresses
Cry34Ab/Cry35Ab binary toxin and Cry3Bb (which control coleopteran
pests such as D. virgifera virgifera) as well as Cry1A, Cry2Ab, and Cry1F (con-
trolling lepidopteran insects including Spodoptera frugiperda).?!

although not commercially available yet, VIP3 has been successfully pro-
21

Finally,

duced in transgenic corn.

RESISTANCE TO CRY TOXINS

In the field of B. thuringiensis crops the development of insect resistance is of

15,38,48

worrisome concern. Resistance to Cry toxins can be selected for by

mutations in the insect pest affecting any of the steps of the mechanism of

action of these compounds. For instance, resistance may rely on alterations

in Cry toxin activation,® toxin sequestration by lipophorin®’ or esterases,*>

enhanced immune response,** and alterations in toxin receptors with con-

39,40

sequent reduced binding to insect gut membranes. Thus far, the major

mechanism of toxin resistance in insect pests is represented by the reduction
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in toxin binding to midgut cells, due to mutations in Cry toxin receptors
such as cadherin, ALP, or APN.%2:#5:52.0293 Reecently, in H. virescens, a resis-
tant allele has been identified to be related to a mutation in a gene coding
for an ABC transporter molecule. This mutation aftects binding of CrylA
toxin to brush border membrane vesicles.”’

Insect resistance has been documented in several pests, such as Plodia
interpunctella, P xylostella, H. zea, S. frugiperda, Busseola fusca, and P
gossypiella.+32:50,60,62,80-52,85,90

Development of insect resistance to Cry toxins in transgenic crops has
been delayed by what is known as the “high-dose refuge strategy”” This
entails planting a remarkable percentage of non-B. thuringiensis plants close
to B. thuringiensis crops expressing a high dose of Cry toxin. Non-B. thuringiensis
plant refuges are intended to maintain a population of insects that still show
susceptibility to Cry toxins. Such susceptible pests mate with resistant indi-
viduals that are selected on B. thuringiensis plants, thus leading to production
of susceptible offspring by virtue of the recessive characteristic of resistant
alleles.®>% Moreover, it has been shown that the release of sterile P gossypiella
females in an eradication program along with the use of B. thuringiensis
cotton may efficiently slow down the frequency of resistant alleles in the field.*?
This method is an alternative to the refuge strategy with the aim to avoid
significant crop losses since non-B. thuringiensis plants will suffer damage
from insect attack. Also, this strategy may be especially relevant in countries
where the refuge strategy is difficult to implement.

Another strategy, finally, includes the use of gene stacking of different
Cry toxins with different modes of action in the same plant.'*3!.78

DENGUE

Dengue is the fastest advancing vector-borne infectious disease worldwide,
and it is estimated that roughly one-third of the world’s population lives in
dengue-endemic zones. Also, an estimated 50—100 million cases and several
hundred thousand cases of severe dengue occur per year.'"

In the absence of any vaccine or preventive chemotherapies, it is crucial
to control the mosquito vectors of the disease (mostly A. aegypti), which
represent the only way to prevent and control dengue transmission. The
flight range of A. aegypti is restricted, as these mosquitoes seldom disperse
farther than 100 m from the location where they emerge.”® Both chemical
and biological compounds are important components of dengue vector
control programs. Unfortunately, however, the widespread use of chemical
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insecticides has contributed to decreased susceptibility to these agents
among A. aegypti, particularly in the Americas and the Caribbean.”104100

Biological control (biocontrol), based on the use of organisms that com-
pete with or otherwise reduce populations of the targeted insect species, is
considered an alternative to chemical insecticides in controlling mosquito
vectors of disease; in addition, biocontrol offers reduced potential for resis-
tance selection. '

In this context, B. thuringiensis var. israelensis’ has shown high efficacy

against mosquito and black fly larvae.”®!02

B. thuringiensis var. israelensis
exerts its lethal effects by producing several toxic proteins that are ingested
by the larvae and are then activated in their gut, where they cause cell
membrane disruption and death of the insect. Notably, this action leads to
no adverse effects on nontarget invertebrates and vertebrates.””~ 101,105 Ag
the mechanism of action is complex and involves more than one protein,
the potential for resistance selection is greatly reduced. B. thuringiensis var.
israelensis is available in numerous formulations, which can be applied by
hand or as a spray,”® thus allowing the microorganism to be used in several
breeding habitats.

The killing effect of B. thuringiensis var. israelensis is fast and typically
eliminates immature forms from treated containers within 24 h; also, the
residual effect ranges between 2 and 4 weeks. This, however, suggests only
that B. thuringiensis var. israelensis is eftective in specifically targeted contain-
ers receiving treatment, whereas, given the wide number of habitats, its
widespread application to all potential breeding sites does not seem to be
practical.

While it may be possible to significantly reduce breeding sites within
targeted residential areas, treatment must extend beyond these areas, too, to
avoid immigration of adult mosquitoes from untreated areas.”®'"?

In summary, there is, then, evidence that B. thuringiensis var. israelensis is
effective in reducing the density of immature vectors of dengue when
applied to targeted containers. However, there is limited evidence suggest-
ing that the organism is effective when used as a single agent, in a commu-
nity setting. Given the increasing insecticide resistance in dengue mosquitoes
in several parts of the world, it is crucial to understand that using alternatives
to chemical insecticides such as B. thuringiensis var. israelensis is becoming
increasingly important. Nonetheless, there is a clear need for further
investigations in this field, to elucidate the efficacy and eftectiveness of
B. thuringiensis var. israelensis and to more clearly link entomological out-
comes to dengue transmission measures.
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THURINGIENSIN

Thuringiensin, also known as p-exotoxin, is a thermostable exotoxin
expressed during vegetative growth and secreted into the superna-
tant. !4 140145 Tt was first identified by McConnell and Richards''® sub-
sequent to injection of autoclaved supernatant from liquid B. thuringiensis
culture into numerous species of insect, which led to the insects’ death.!!?

Unlike Cry protein, thuringiensin is a nonspecific small-molecule oli-
gosaccharide composed of adenosine, glucose, phosphoric acid, and glu-
conic diacid. Also, it is thermostable and retains its bioactivity at 121 °C for
15min. 16117

Thuringiensin shows toxicity to insect species belonging to the Diptera,
Coleoptera, Lepidoptera, Orthoptera, Hymenoptera, and Isoptera orders, as
well as to several nematode species.!'® 2! Thuringiensin toxicity in mam-
mals has been the subject of debate for some time. Investigations in this
ambit have not clearly established, as of this writing, whether thuringiensin
is toxic to humans; nevertheless, it has been banned from public use based
on World Health Organization advice.'?*
ments seem to have shown that the compound is toxic to mammals, as

124 However, a number of experi-

experimental rats inoculated intratracheally developed histologic abnor-
malities, including disseminated inflammation in both bronchioles and alve-
oli, bronchial cellular necrosis, and zones of septal thickening with cellular
infiltration along with collagen deposits in the alveolar spaces. Thuringien-
sin is in fact generally considered as a weak activator of adenylate cyclase or
an inhibitor of forskolin-stimulated adenylate cyclase; consequently, altera-
tions in pulmonary oxidative—antioxidative status may reasonably play an
important role in thuringiensin-induced lung damage.!>>~'%’

The mechanism behind thuringiensin insecticidal activity is not yet fully
understood. Nevertheless, it is known to be an ATP analog interfering with
RNA polymerase.''*1?%12% The molecule thus inhibits the synthesis of
RNA by virtue of competition with ATP at binding sites, affecting insect
molting and pupation and being responsible for teratological effects at sub-
lethal doses.!?""132 The disease caused by thuringiensin in insects is different
from that caused by Cry proteins and is observed only during insect molt-
ing and pupation. At the minimum effective dose, larvae develop and pupate
normally, and only small pupae fail to undergo eclosion, while just a few
adults are teratological. Conversely, at higher doses, thuringiensin causes
abnormal larval pupation, or the larvae get unresponsive during molting
and eventually die.!??
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FUTURE PERSPECTIVES

Thuringiensin has long been considered to be an adenine nucleotide analog
that is able to interfere with RNA polymerase. Also, it may display toxicity
toward mammalian cells and has thus been banned from public use.!!!-112:110
Nevertheless, it has been shown that thuringiensin is an adenine nucleoside
oligosaccharide rather than an adenine nucleotide analog, as formerly
thought.'!” These new data about the structure of thuringiensin and its
characteristics may inspire further investigation on toxicity mechanisms of
this molecule in mammalian cells and related biosafety problems.

B. thuringiensis Cry toxins do represent a valuable tool for pest con-
trol, thanks especially to the development of Cry toxin-expressing trans-
genic plants, and this technology has led to a decreased use of chemical
insecticides.*” The selection of resistant insects could, however, be a
threat facing this approach. Also, only a few Cry proteins are currently
produced in transgenic plants. New Cry proteins that are effective
against important pests will be introduced into transgenic crops, thus
reducing the potential for selection of insect resistance. Gene stacking in
crops will proceed with the introduction of novel Cry genes from novel
B. thuringiensis isolates or new Cry genes engineered to display improved
insecticidal activities. Elucidating the mechanism of action of Cry toxins
along with the resistance selection in insects will allow the design of
more efficient B. thuringiensis crops and spray products, leading to an
increasing reduction of the dependence on chemical pesticides and con-
tributing, therefore, to keeping the environment healthy.
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