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Preface

Imagination should give wings to our thoughts but we always need decisive experimental
proof, and when the moment comes to draw conclusions and to interpret the gathered
observations, imagination must be checked and documented by the factual results of the
experiment. (Pasteur L)

Louis Pasteur (1822-1985) was an amazing, persevering, perceptive and deter-
mined scientist who today is widely regarded as the father of the “Germ Theory”
and bacteriology. He is revered for possessing the most important qualities of a
scientist: he had an unrivalled ability to scrutinise data on almost any subject and
then to develop profound and often fundamental questions from them. He had an
uncanny ability to identify the solutions to problems based on analytical scrutiny of
data — even without any of the sophisticated statistical tools we have today. He
possessed an almost unique and certainly an enviable reputation for patience and
drive to research under strictly controlled conditions regardless of the contemporary
scepticism that accompanied the current dogma. These are also the characteristics
of the scientists who have taken on the needs associated with biofilm research in the
modern era. While Pasteur was not the first to propose that disease was the result of
pathogenic microorganisms, he developed the principals and theories and con-
ducted the experiments that clearly indicated their relevance.

Since the advent of the antibiotic age man has sought to find “chemical” stra-
tegies to overcome pathogens in particular. These have also involved the “devious”
manipulation of the immune system through the development of vaccines and
hyperimmune sera. The immune stimulating approach to disease is ‘“‘super-
efficient” in that the various cascades of the cellular and humoral immune systems
are mobilised specifically at target organisms and in this process, there are a few
adverse side effects. The organisms have difficulty overcoming the amazing versa-
tility and target accuracy of the immune system. This results in prevention of
disease in the case of vaccine production and/or the limitation of a disease to the
extent that the pathogen causes mild or sub-clinical changes. In the event that a
pathogen is introduced into a totally susceptible host, there is a race between the
immune system and its attempts to both overcome and to eliminate the pathogen
and the pathogen’s own ability to trigger inflammatory, cytopathic, toxic or other
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damaging processes. Viruses, bacteria, fungi, yeasts, protozoa and parasites are all
capable of causing disease and the survival of any species is surely a testament to
the “innate” and “acquired” immune systems that through evolution have devel-
oped strategies to at least limit the damage and in many cases to prevent any effect
whatever. However, when an infection challenges a naive host, there is a significant
delay in the mobilisation of the immune systems resources. During this time,
disease can develop and so the objective of modern medicine (including the
veterinary and related science and biological professions) is to try to limit the
effects of the infection without harming the host animal. Having been exposed to
a disease the immune system will react in a co-ordinated fashion to ensure that the
disease is as short and as mild as possible and so antimicrobial drugs in these
situations would become largely unnecessary.

It is widely accepted that antimicrobial drugs (whether antiviral, antibacterial,
antifungal, or antiprotozoal or antiparasitic) are inherently flawed as a long-term
strategy for controlling and treating disease because of the evolutionary pressure
that will inevitably result in resistance. The concept that “there is an antibiotic that
will work if the dose is high enough” is definitely counter to all principles of
antimicrobial therapy, and yet it is one of the commonest approaches. It is born
out of frustration and lack of understanding as to why bacteria can survive against
all the odds. It is surely far better to understand the reasons for failures of efficacy
and to address these specifically than it ever is to simply add more and more
antibacterial drugs! Whilst there is no doubt at all that antimicrobial strategies
have reduced the incidence of disease and reduced the duration of illness associated
with infections, the rate of new-molecule development has not kept pace with the
ability of the microorganisms to resist them. In many circumstances, failure of
efficacy is simply blamed on “resistance” but it is clear from biofilm research that
there is much more to “resistance” than meets the eye. The spectrum of drugs used
in veterinary species is relatively narrow — a few antibiotics (largely those that are
not used in human’s medicine!) are used widely. Veterinarians have taken their
responsibility for rational use seriously and it is unfair to blame the veterinary
profession for the development of antibiotic resistance. There are certainly specific
circumstances when antibiotics and the hosts’ own immune and reparative process-
es fail to control infections and one of the most interesting of these is the develop-
ment of biofilms that protect and *“shield” the organisms from potentially damaging
environmental and host defences. Biofilms are the most common mode of bacterial
growth in nature and are highly resistant to antibiotics.

Biofilms are implicated in many common medical problems including urinary
tract infections, catheter infections, middle-ear infections, dental plaque, gingivitis,
and some less common but more lethal processes, such as endocarditis, infections in
cystic fibrosis. However, biofilms have only recently been given their true impor-
tance in the overall process of disease pathogenesis. Bacterial biofilms are one of
the fundamental reasons for incipient wound healing failure in that they may impair
natural cutaneous wound healing and reduce topical antimicrobial efficiency in
infected skin wounds. Their existence explains many of the enigmas of microbial
infection and a better grasp of the process may well serve to establish a different
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approach to infection control and management. Biofilms and their associated com-
plications have been found to be involved in up to 80% of all infections. A large
number of studies have been performed targeted at the bacterial biofilms and many
of these are referred to in this book, which is the first of its kind. These clinical
observations emphasise the importance of biofilm formation to both superficial
and systemic infections and the inability of current antimicrobial therapy to “cure”
the resulting diseases even when the in vitro tests suggest that they should be fully
effective.

In veterinary medicine, the concept of biofilms and their role in the pathogenesis
of disease has lagged seriously behind that in human medicine. This is the more
extraordinary when one considers that much of the research has been carried out
using veterinary species in experimental situations. The clinical features of biofilms
in human medicine are certainly mimicked in the veterinary species but there is an
inherent, and highly regrettable indifference to the failure of antimicrobial therapy
in many veterinary disease situations and this is probably at its most retrograde
in veterinary wound management.

Leahurst, UK Derek C. Knottenbelt
March 2011
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Introduction to Microbiology, Zoonoses
and Antibiotics

Steven L. Percival, Jerry S. Knapp, David W. Williams, John Heritage,
and Lucy A. Brunton

Abstract Microorganisms are biological entities (organisms) which are so small
they cannot be visualised without the aid of some type of microscope. There are six
groups that make up the microorganisms — archaea, bacteria, protozoa, fungi, algae
and viruses. Despite their small size, it is clear that microorganisms have a profound
influence on human and animal life and indeed on all aspects of the biosphere.
Prokaryotes come in a variety of shapes and sizes. Probably the most frequently
encountered are cocci (coccus — singular) (round or oval cells), bacilli (bacillus
singular) (rod-shaped) and vibrios (curved). Algae are photosynthetic eukaryotes
with the cells containing chloroplasts. Algae are autotrophic primary producers and
do not cause infections; they are thus of limited importance in the veterinary field.
The fungi are an important and diverse group of eukaryotes; although formerly
considered to be plants, they are now known to be more closely related to animal
cells. Protozoa, otherwise known as protists, are also a very varied group. Protozoa
are nearly all chemoheterotrophs ranging from free-living cells to obligate
parasites. Viruses are infectious particles which lack a cellular structure. Since
viruses do not possess the mechanisms needed to produce energy and the ribosomes
required to synthesise proteins, they are incapable of independent metabolism,
replication or movement. As a result, viruses are completely dependent on the
host cells, which they effectively hijack, to produce new virus particles. For
survival microbes require sources of energy, carbon and several other elements
including nitrogen, oxygen, phosphorus, sulphur, potassium, sodium, calcium,
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magnesium and iron. Trace elements are also needed but in relatively small
amounts. All these elements are required for the maintenance of life processes
and the synthesis of new biomass. Animals are host to large numbers of microbes,
many of which contribute to the health of their host. However, the majority of these
microbes have the ability to cause disease. Many of these microbes may only be
able to infect a single species, but others are able to cross the species barrier to
infect other species, including humans. Diseases that can be passed between
vertebrate animals and humans are known as zoonotic diseases, or zoonoses.

1 What Are Microorganisms?

Microorganisms are biological entities (organisms) which are so small; they cannot
be visualised without the aid of some type of microscope. This is an unusual
definition since the overall grouping of microorganisms includes some members
(viruses) that cannot truly be considered to be organisms since they have no cellular
structure and are the ultimate parasites, incapable of independent reproduction.
In many ways, the term microbe might be preferable to microorganisms. There are
six groups that make up the microorganisms — archaea, bacteria, protozoa, fungi,
algae and viruses. It is notable that despite the prefix “micro”, there are some
members of these groups which are in fact macroscopic and visible to the naked
eye. So, for example, while many fungi (e.g. yeasts) are microscopic for their entire
life cycle, others have large macroscopic fruiting bodies (mushrooms and
toadstools); it is paradoxical that the largest living organism (certainly in terms of
its area) is probably a fungus, Armillaria ostoyae, which is known to grow to over
1,500 acres in size. Similarly many algae are relatively large (e.g. some of the
seaweeds such as kelp), and although most protozoa are microscopic, some are
visible to the naked eye (e.g. Amoeba proteus which can reach 0.75—1 mm in length).

The existence of microorganisms was first demonstrated by Anthonie van
Leeuwenhoek in the later part of the seventeenth century. However, the systematic
study of microorganisms only really started with the work of Louis Pasteur and
Robert Koch from the 1860s onwards. Despite their small size, it is clear that
microorganisms have a profound influence on human and animal life and indeed on
all aspects of the biosphere.

Within the group of microorganisms, there exists great diversity not only of
microbial size but also of structure, nutrition, ecology and genetics. The term
microorganism has no real taxonomic significance as the overall grouping contains
many entities with no taxonomic relationships. In many ways, what unifies the
microorganisms is that they are studied by a range of similar laboratory techniques
encompassed by the science of microbiology; these include microscopic observa-
tion, artificial cultivation (often in pure culture) and a range of biochemical and
genetic/molecular biological techniques. As mentioned above, in many ways the
term “microbe” is preferable to microorganisms as it makes fewer assumptions
about taxonomy, structure and “lifestyle”.
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It is now thought that living organisms can be divided into three distinct domains
based on cell structure. These domains are the archaea, the bacteria and the eukarya,
the latter group including all plants and animals as well as the eukaryotic
microorganisms. The relationship between the domains can be confirmed by a
detailed analysis of the structure and sequences of the RNA molecules in the
small subunit of the ribosomes — 16S for the prokaryotes and 18S for eukaryotes.
The genes for these RNA molecules are present in all organisms, always have the
same function, are large enough to be able to show divergence in sequence and
appear to have changed slowly over time.

Microorganisms can also be divided into three sections.

1. Non-cellular obligate parasites — the viruses. These entities are infectious particles
containing a nucleic acid genome and some proteins and occasionally lipids, but
they lack the complete cellular “machinery” to generate energy and to synthesise
proteins and nucleic acids. Viruses are completely reliant on the cells of the host to
reproduce new particles and so cannot on their own be considered living organisms.
There appear to be viruses which parasitize all types of living cellular organisms.

2. Prokaryotic microbes — the archaea and bacteria. Prokaryotes are true cellular
organisms, but have a relatively simple basic cell structure lacking internal
membrane-bound nuclei and organelles. Prokaryotes have 70S ribosomes
consisting of 30S and 50S subunits. Most species are unicellular and in general
they do not exhibit differentiated cell types — although there are some exceptions
such as production of resting stage spores by Bacillus and Clostridium species
and the production of heterocysts (cells specialised for di-nitrogen fixation) by
some cyanobacteria such as Nostoc. Archaea and bacteria are similar in many
respects and until recently archaea were all classed as bacteria. However, it is
now clear that there are significant differences between the groups in relation to
the presence and structure of cell walls, the composition of cell membranes, and
also in relation to the molecular biology of their genomes and the processes used
for protein synthesis. Many archaea are extremophiles (able to live in very hot,
saline or acidic conditions) or have unusual metabolic pathways, such as the
ability to generate energy during the production of methane.

3. Eukaryotic microorganisms — this group includes the algae, the protozoa and the
fungi, along with other lesser known groups. Eukaryotes have more complex
cells with a true membrane-bound nucleus and membrane-bound organelles
(normally including mitochondria). The classification of eukaryotic micro-
organisms has changed greatly in recent years and taxonomy based on gene
and protein sequences has revealed previously unsuspected evolutionary
relationships. Eukaryotes are a diverse group; all possess the more complex
eukaryotic cell structure, and while some are simple unicellular organisms,
others are more complex and multicellular and display considerable differentia-
tion and complexity of life cycles. Eukaryotic cells are typically more complex
than prokaryotes. They have a membrane-bound nucleus, which contains more
than one linear chromosome, and generally have membrane-bound structures
or organelles, such as mitochondria, hydrogenosomes and chloroplasts.
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The flagella (singular flagellum) (or cilia) of eukaryotic cells are more complex
in structure than those of prokaryotes. Eukaryote cytoplasm also has larger 80S
ribosomes than prokaryotes. It is now accepted that eukaryotes evolved partly
due to the acquisition of symbiotic bacterial cells, which were incorporated into
ancestral cell types and over time became permanent. This is highlighted by the
fact that mitochondria and chloroplasts have their own genomes and prokaryote-
type ribosomes.

2 Bacteria and Archaea

2.1 Cell Shape and Arrangement of Bacteria and Archaea

Prokaryotes come in a variety of shapes and sizes. Probably the most frequently
encountered are cocci (coccus — singular) (round or oval cells), bacilli (bacillus —
singular) (rod-shaped) and vibrios (curved). Very short rod-shaped bacilli are
referred to as coccobacilli. A spirillum is a helical or spiral-shaped cell, while long
slender spiral cells with flagella within the turns of the helix are called spirochaetes.
A significant number of bacteria and archaea exist as long filaments. In recent years,
more bacteria have been discovered with unusual shapes, some are rather irregular
and lobed; indeed, there is even a flat square archaea. Certain types of prokaryotes
are pleiomorphic with cells varying in shape and size at different stages of growth.

While many bacteria and archaea grow as single cells, others form distinctive
arrangements and are often found as chains (filaments), pairs or fours, or cubical
packets of eight (these are called sarcinae). Other bacteria, such as staphylococci,
form irregular clumps giving the classical appearance of a “bunch of grapes”. These
characteristic arrangements are caused by the failure of daughter cells to fully
separate after cell division and reflect the symmetry, or otherwise, of successive
rounds of cell division.

2.2 Cell Size

Prokaryotes are always small, but do show wide variation in size. Typical
dimensions are in the order of 0.75 to 2 um in diameter for cocci, and for bacilli
0.75 to 2 pm in width to about 3 to 8 um in length. There are, however, many
exceptions; some species of Mycoplasma have cells of about 0.2 to 0.3 um. These
Mycoplasma cells have very small genomes and are often parasitic, with some
being able to be grown in complex artificial media. At the other extreme, the largest
bacterium is the recently discovered Thiomargarita namibiensis which is a spheri-
cal marine chemolithotrophic bacterium that is theoretically visible to the naked
eye with a diameter of 750 um. In the case of this species, it has to be said that a
large part of the cell’s volume is occupied by a vacuole and it is not all cytoplasm.
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2.3 Genetic Material

Prokaryotes, unlike eukaryotes, do not have a true membrane-bound nucleus, but
have a single circular chromosome. In addition, prokaryotes may carry a range of
plasmids. Plasmids are small DNA elements, usually circular, which generally
encode a range of non-essential, though often useful, characteristics such as antibi-
otic resistance or pathogenicity determinants.

2.4 Cell Membranes

Bacterial and archaeal cytoplasm is enclosed within a cytoplasmic membrane
which controls the integrity of the cell and is situated within the cell wall, if the
cell has one. The cell membrane is a phospholipid bilayer containing a range of
embedded functional proteins. It controls the entry and exit of materials and has a
crucial role in energy generation though the establishment of transmembrane
gradients. Though similar, there are a range of differences between bacterial and
archaeal cell membranes.

2.5 Cell Walls

Prokaryote cells are generally contained within an outer rigid cell wall which
protects the cell from osmotic stress. However, there are some exceptions, with
some cells having cell walls that lack rigidity. In a few genera, such as Mycoplasma
and Chlamydia in the bacteria and Thermoplasma in the archaea, there is even a
complete absence of a cell wall. While there are various types of bacterial cell
walls, all contain a layer of the polymer peptidoglycan, otherwise known as murein,
this provides the rigidity and strength. Peptidoglycan consists of many polysaccha-
ride chains cross linked by short peptide bridges and it is uniquely found in bacteria.

Within the bacteria there are two major groups distinguished by their cell wall
structure and differentiated by the classical Gram stain. Gram-positive bacteria
retain a crystal violet-iodine complex and appear purple, whereas Gram-negative
cells lose this complex and display the pink counter stain. Gram-positive bacteria
contain thick, multiple layers of peptidoglycan along with other polymers including
teichoic and teichuronic acids. Gram-negative cell walls have a single layer of
peptidoglycan, but outside this they have an outer membrane layer, composed of
lipopolysaccharide and protein. The archaeal cell walls do not contain peptidogly-
can, but have a variety of different substances including pseudomurein, which is
structurally similar to peptidoglycan. Other materials found in archaeal cell walls
include polysaccharides, glycoproteins and proteins.

The cell wall and cytoplasmic membrane together are often referred to as the cell
envelope.
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2.6 External Structures

Outside the cell wall, some bacteria and archaea have an additional layer called a
capsule or a slime layer. Capsules and slime layers are normally made of polysac-
charide, although some are made of protein. Capsules are much more defined and
tightly attached, whereas slime layers are more diffuse, covering a greater area.
Capsulated bacteria tend to resist engulfment by phagocytic cells and therefore help
pathogens evade the immune response. Even when the bacterium is engulfed, a
capsule can protect the microorganism from intracellular killing. These layers
also assist attachment of microbes to surfaces and are important in formation of
biofilms.

Other external structures found in some bacteria are fimbriae and pili. These
filamentous protein structures have a range of functions. Fimbriae are involved in
attachment to cells and other surfaces and may have a role in pathogenic processes.
They also aid attachment of bacteria to each other and are involved in formation of
pellicles and biofilms. Pili have a range of functions including attachment, genetic
exchange and movement.

Some prokaryotes are capable of movement and motile archaea and most motile
bacteria move by means of flagella. These proteinaceous appendages protrude
through the cell wall and move with a rotary motion. They may be attached at
the poles of the cell or all around it (polar and peritrichous flagellation, respec-
tively). A range of motile bacteria do not possess flagella and can only move in
contact with surfaces, some of these move with the aid of retractile pili (twitching
motility), but others with “gliding motility” have no obvious locomotor organelles
and mechanisms for their movement are still a matter of debate.

2.7 Algae

Algae are photosynthetic eukaryotes with the cells containing chloroplasts. Algae
are autotrophic primary producers and do not cause infections; they are thus of
limited importance in the veterinary field.

2.8 Fungi

The fungi are an important and diverse group of eukaryotes; although formerly
considered to be plants, they are now known to be more closely related to animal
cells. Fungi are chemoheterotrophs and classically comprise a mass of protoplasm
contained within a filamentous structure called a hypha. Fungal cell walls, in
some ways, resemble plant cell walls but are chemically different, generally
consisting largely of chitin. Most fungi grow as a network of branching hyphae
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known as a mycelium which grows centrifugally and can spread out to cover a
very large area. Fungi generally reproduce by production of spores, which may be
a sexual or asexual process. However, some fungi, known as yeasts, grow as
single cells rather than hyphae and generally reproduce by budding rather than
binary fission. The yeasts are not a taxonomic grouping, with the term “yeast”
describing a type of morphology. Other fungi include moulds, mushrooms and
toadstools.

Most fungi are aerobes, although there are some strict anaerobes. Indeed, a
number of anaerobic fungi play an important role in digestion of herbage in the
rumen and caecum of herbivores. Most fungi are saprophytic absorbing dissolved
nutrients, or secreting enzymes which decay, and solubilise macromolecules which
can then be used as nutrients. In this regard, fungi play a major role in the
decomposition of dead tissues particularly plant matter. In fact, fungi are the agents
par excellence of decomposition of woody materials. However, a number of fungi
are pathogenic, particularly towards plants, but there are also a wide range of
human and animal pathogens. Some cause superficial infections of the skin (e.g.
Trichophyton spp.) or in the mouth and vagina (e.g. Candida spp.). Other species
cause systemic infections (e.g. of the lungs, Cryptococcus, Pneumocystis and
Coccidioides). Pneumocystis is an interesting organism as it was once thought to
be a protozoan, but genetic analysis now shows it to be a fungus, although it has
little resemblance to one. In recent years, it has been demonstrated that some
chytrid fungi are severe pathogens of frogs and are causing widespread death of
frogs worldwide.

Fungi also have a range of industrial uses that make them economically very
important. Best known of these is the use of yeast in the production of alcoholic
beverages and bread. Fungi are also a source of some of the major antibiotics such
as penicillin (Penicillium chrysogenum) and cephalosporins (Cephalosporium
acremonium) and a range of valuable fine chemicals.

2.9 Protozoa

Protozoa, otherwise known as protists, are also a very varied group. Protozoa are
nearly all chemoheterotrophs ranging from free-living cells to obligate parasites.
Euglena are exceptions in that they have chloroplasts and thus are able to photo-
synthesize, although some can also ingest and digest bacteria. Of the heterotrophs,
some use dissolved nutrients, while others are predatory. Some protozoa are free-
living, and some are involved in symbioses (e.g. some anaerobic ciliates are
symbionts in the rumen, while cellulose-degrading flagellates are important
symbionts in the guts of wood-eating termites). Examples of parasitic protozoa
and the diseases they cause are given in Table 1, and some of these diseases are
zoonotic.
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Table 1 Examples of some parasitic protozoa and the diseases

Organism Disease caused
Entamoeba histolytica Amoeboid dysentery
Giardia lamblia Gasteroenteritis
Cryptosporidium parvum Gasteroenteritis
Trypanosoma brucei African sleeping sickness
Plasmodium spp. Malaria

Toxoplasma sp. Toxoplasmosis

Eimeria Coccidiosis

Trichomonas vaginalis Vaginitis

2.10 Viruses

Viruses are infectious particles which lack a cellular structure. Since viruses do not
possess the mechanisms needed to produce energy and the ribosomes required to
synthesise proteins, they are incapable of independent metabolism, replication or
movement. As a result, viruses are completely dependent on the host cells, which
they effectively hijack, to produce new virus particles.

Outside the host cell, viruses exist as tiny particles called virions, but when they
invade host cells their components are separated and become interspersed within
the host cytoplasm. The infecting virus remains devoid of a defined structure until
the point when new virus components are constructed and assembled by the host
cell. These new viruses can then be released by the host cell and will serve to infect
other host cells.

Virions contain a nucleic acid genome and some proteins which may have
structural roles or enzymic activity (which can be crucial to the viral life cycle —
e.g. reverse transcriptase in retroviruses). The viral genome may be composed of
DNA or RNA, which may be either single- or double-stranded; the former may be
either positively or negatively stranded. Some viruses may use both DNA and RNA
at different stages of their life cycle, but the virion will only contain one of these at a
given point in time.

Viral nucleic acid is contained within a protein coat called a capsid; these
structures vary greatly in shape and size but are always very small — generally
below the resolution of light microscopy (ca. 20-300 nm), although giant
mimiviruses exist and are ~750 nm in diameter. In addition to the capsid, some
virions are enveloped, surrounded by a lipid bilayer membrane containing proteins
or glycoproteins. Not surprisingly given their small size and very limited
capabilities, the genomes of viruses are very small ranging from 3.5 to 150 x 10°
base pairs, although some are a little smaller and the largest genome is about
1.2 x 10° base pairs (mimivirus). Viral genomes are sufficient enough to code
for necessary proteins to instigate viral replication or persistence in a host cell.

Classification of viruses is principally according to the type of host organism
(animal, plant, bacterium, etc.) they infect, the type of nucleic acid in their genome
(RNA/DNA, single or double strand, retrovirus) and whether they are enveloped
or not.
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By following the old adage “big fleas have little fleas upon their backs to bite
them, little fleas have lesser fleas and so ad infinitum”, viruses are known to
parasitize all forms of life including animals, plants, fungi, protozoa and bacteria
(such viruses are known as bacteriophages) and even other viruses. In the case of
the latter, these are called virophages and an example of this is the Sputnik virus
that exploits the replication processes of a mimivirus.

As parasites, viruses damage the host cells generally causing diseases, although
some are well tolerated by their normal hosts within which they coexist, causing
little apparent damage. Some such viruses can, on occasion, spread to new hosts
which have not evolved tolerance often with disastrous results; this ability to “jump
the species barrier” can give viruses zoonotic potential.

Although generally adverse in their effects, viruses can have a positive role in
causing genetic variation and this has been exploited through the use of viruses as
biological control agents for insect pests. Similarly, bacteriophage use in a limited
way has been proposed, especially in the former USSR, to treat human bacterial
infections, although to date their value is currently limited.

2.11 Microbial Nutrition and “Lifestyle”

For survival microbes require sources of energy, carbon and several other elements
including nitrogen, oxygen, phosphorus, sulphur, potassium, sodium, calcium, magne-
sium and iron. Trace elements are also needed but in relatively small amounts. All
these elements are required for the maintenance of life processes and the synthesis
of new biomass. The type of energy source utilised varies with phototrophs using
the energy of light, and chemotrophs the energy generated from the oxidation of
reduced compounds or elements. The types of energy sources and nutrition used are
described by a range of terms defined in Table 2.

Table 2 Types of energy source and nutrition used

Autotroph Obtains all of its carbon from carbon dioxide
Heterotroph Obtaining its carbon from organic compounds
Phototroph Able to use the energy of light via photosynthesis
Chemotroph Obtains energy from the oxidation of reduced organic compounds
or elements
Lithotroph Obtains energy from oxidation of inorganic compounds or elements
Chemoheterotroph Obtains both energy and carbon from the organic compounds
Photoautotroph Obtains energy from light and carbon from CO,
Photoheterotroph Obtains energy from light and carbon from organic compounds
Chemolithoautotroph Obtains energy from oxidation of inorganic compounds
(e.g. hydrogen, ammonia or sulphide) and carbon from CO,
Mixotroph Uses inorganic energy sources but organic carbon sources
Parasite Obtain some of their nutrients from a host organism in a relationship

which damages the host. Some organisms are obligate parasites
while others may be capable of independent life
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Many microorganisms employ only one type of nutrition, but some are able to
use different modes of metabolism according to the environment they find them-
selves in and the relative availability of sources of carbon and energy. So, for
example, a cyanobacterium may be a photoautotroph when light is available or
chemoheterotrophic in the dark and when suitable organic chemicals are present.

Between them, microorganisms cover all the different nutritional types and
lifestyles available in the biosphere. Microorganisms vary from the extreme
autotrophs capable of growth on inorganic chemicals alone, to parasites like viruses,
which obtain all their requirements from their host. Some heterotrophic micro-
organisms only obtain their full nutrient and/or environmental requirements by
living within another organism. These organisms are either parasites or obligate
symbionts. In the case of symbionts, both the host and the microbe derive mutual
benefit, and with parasites the host organism is damaged or even killed by the
relationship. Some parasitic bacteria e.g. rickettsias or chlamydias are obligate
parasites and cannot be grown outside their hosts, but still have certain, if incom-
plete, metabolic capabilities. Others such as some mycobacteria and mycoplasmas
may be parasitic but can be cultured on artificial media if suitable nutrients and
conditions are provided. These microorganisms are described as facultative parasites.

The majority of bacteria are chemoheterotrophs, although there are also many
phototrophs and chemolithotrophs too. Chemoheterotrophs require carbon sources
for both energy generation and synthesis of biomass. In some cases, the same
compounds are used for energy generation and biosynthesis, but this is not always
the case and organic substrates which serve as precursors for biosynthesis of
macromolecules cannot be degraded to generate energy.

Many bacteria can use a wide range of individual organic carbon and energy
sources (in excess of a hundred) and such bacteria are referred to as being nutritionally
versatile. These bacteria, typified by species of Pseudomonas, Rhodococcus,
Acinetobacter and many Mycobacterium species, have very important roles in the
degradation of chemical pollutants. Other bacteria may be very limited in the types of
carbon sources they use and this is restricted to one or a very few energy substrates.

The nutritional groupings of microorganisms depend mainly on the carbon and
energy sources used, although obviously other elements are important. Some
elements are available in many forms and those utilised by particular microbes
depend on the organism’s ability to synthesise particular metabolites and allow
cellular uptake. Some organisms can synthesise all their required nutrition from
just inorganic ions, whereas others need preformed organic molecules. For exam-
ple, bacteria of the genus Pseudomonas can grow in the presence of a single organic
carbon source together with inorganic sources of nitrogen, phosphorus, sulphur,
magnesium potassium and iron salts. From these nutrients, Pseudomonas can
synthesise all amino acids, nucleotides, vitamins, and carbohydrates required to
produce new biomass.

Other bacteria are unable to synthesise the carbon skeletons needed to generate
many amino acids, vitamins, etc., and so a wide range of preformed organic
molecules are required to support their growth in addition to the organism’s main
carbon and energy sources. These compounds are referred to as “growth factors”
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and like most minerals tend to be required in small amounts compared to the main
carbon source. The lactic acid bacteria (including Lactobacillus, Streptococcus,
and Leuconostoc) are well known for their complex growth factor requirements
and some members of this group have greater nutritional requirements than
humans! Growth factors may be obtained by some free-living microbes from
their environments; for example, lactic acid bacteria may grow in nutrient-rich
materials such as milk or fermenting plant products. Alternatively these bacteria
may grow as harmless commensals within the bodies of animals (for example in the
mouth, gasterointestinal tract or vagina). However, some microbes may infect
plants or animals and so obtain their nutritional requirements by parasitizing their
host organism.

Organisms requiring many growth factors typically lack the genes coding the
required enzymes for their synthesis and generally these organisms have small
genomes. There is a metabolic cost to organisms in making growth factors them-
selves (in terms of the energy required for synthesis and the carriage of a large
genetic component) so if their typical environment can provide these growth factors
it may be advantageous to use preformed molecules rather than to make their own.
It is thought that this is because they have lost metabolic capabilities during their
evolution.

Most microorganisms (including all archaea, bacteria, algae, fungi and some
protozoa) are osmotrophs, which take in their nutrients by diffusion across the
cytoplasmic membrane. Some (though not all) protozoans are, however, phago-
trophs which engulf particles of food into their cells by phagocytosis. The food
particles may include live prey (bacteria and other microbes) as well as decaying
organic matter. Many ciliate and amoeboid protozoa capture live prey and can be
regarded predatory; there are even a few species of bacteria which predate other
bacteria (e.g. Bdellovibrio sp.).

2.12 Microbial Growth

Many microorganisms can be grown in the laboratory in artificial growth media.
Such media may be simple or complicated to prepare, depending on the nutritional
requirements of the organism. We generally refer to growth media as either being
defined or complex. Defined media contain only specific pure chemical components
in appropriate quantities, although they may contain many components if a lot of
growth factors and trace element are needed. Complex media may contain some
defined pure chemicals, but always contain some components of indeterminate
composition which provide most of the growth factors and trace elements needed.
Examples of such indeterminate components include meat extracts, protein
hydrolysates and yeast extracts. Complex media are very simple to prepare and
may contain few components, but their inexact composition makes it difficult to
standardise microbial growth and so variable results may be obtained using different
sources of the material.
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Many microorganisms are currently non-culturable in the laboratory. One of
the best known examples of this is Treponema pallidum, the causative organism of
syphilis. There are, however, many other examples of non-culturable microbes
from a wide range of environments. The reasons for an inability to culture micro-
organisms include the absence of a required nutrient from the medium or the
provision of incorrect environmental conditions (e.g. concentration of dissolved
oxygen, carbon dioxide or hydrogen, as well as temperature and pressures levels).
In addition, some microbes are labile and easily damaged during transfer from their
natural habitat into the laboratory. Although the existence of non-culturable bacte-
ria has been known for many years, a large number of new non-culturable microbes
are discovered every year as the results of exploration of new and often extreme
environments (Hegarty et al. 2001). It is now thought that there are many more
microbes which we are unable to culture in the laboratory than ones we can. For
some of these microbes, the growth conditions may well eventually be defined to
effect their in vitro growth.

Until recently, these non-cultivable organisms were largely studied by observa-
tion, but with the development of modern molecular biological methods, including
PCR, genome sequencing and transcriptomics, it is now possible to learn a lot about
the biochemistry and physiology of such organisms.

Viruses do not grow on their own in artificial media in the laboratory, but some
can be propagated using tissue culture where cells of suitable host organisms
(mammals, insect, plants, etc.) are grown in artificial media under well-defined
environmental conditions. Similarly, bacteriophages can be grown in bacterial cell
cultures. It has also proved possible to culture a number of obligately parasitic
bacteria (like Chlamydia trachomatis) in tissue cultures of mammalian cells.

2.13 Oxygen

Microbes vary in their response to oxygen. Strict or obligate aerobes cannot grow in
the absence of oxygen, which is required for energy generation via respiration.
Anaerobes grow without oxygen, usually employing fermentation processes. Some
microbes, however, are inhibited or even killed by exposure to oxygen (due to
the inability to cope with toxic oxygen radicals) and are therefore strict/obligate
anaerobes, an example being Clostridium tetani, the cause of tetanus.
Other microbes can grow either with or without oxygen and these are called facultative
anaerobes. Generally, facultative anaerobes grow better with oxygen, as respiration is
more efficient for energy generation than fermentation and this is the case with
Escherichia coli. Lactic acid bacteria, however, cannot respire aerobically and so
growth is no better and sometimes a little worse in the presence of oxygen; these are
referred to as aerotolerant anaerobes. Another group, the microaerophiles, require
oxygen but at low concentrations (often 2—10% saturation) and Campylobacter
species are typical examples. For some organisms which normally respire aerobically,
nitrate can substitute for oxygen as an electron acceptor allowing anaerobic growth.
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Certain microorganisms have the capacity for very rapid growth, but their growth
rate is of course constrained by the conditions pertaining in their environment.
Particularly important are the temperature, pH and the types and concentrations of
nutrients available. The rate of most chemical reactions increases with temperature
and this is true within limits for microbial growth rates. Such limits being that
all microbes have optimum, minimum and maximum growth temperatures. Growth
limits are imposed by the heat sensitivity of microbial proteins and cell membranes,
which tends to vary with the ambient temperatures pertaining in their normal
environments. Microbes can be grouped according to their normal optimum growth
temperature as being psychrophiles (<20°C), mesophiles (20-40°C) or thermophiles
(>40°C). Some thermophiles have extremely high temperature optima, often
>100°C, and are referred to as hyperthermophiles; these are all archaea and live
in geothermal regions. Psychrotrophs grow at very low temperatures (0—5°C), but
have their optimum temperature in the mesophilic range; these microorganisms can
cause problems with the preservation of foods in cold storage.

Most microbes have an optimum pH for growth in the neutral range i.e. pH 6-8,
but some (acidophiles) grow optimally at acid pHs below 5, while others grow best
at pH values above 9 (alkaliphiles).

Many fungi grow very well at pHs below 5 and are certainly acid tolerant if not
philic. Fungi often produce organic acids especially when growing on carbohy-
drates and thus reduce the local pH. Extreme acidophiles can grow in environments
with pH values <2; bacteria of this type can be found growing in the mammalian
stomach or by oxidising sulphur or metal sulphides.

To grow a microbe requires a full range of nutrients at appropriate and balanced
concentrations. In practice, normally one or more nutrients are in limited supply
compared to the others, but where growth is unlimited and under optimum environ-
mental conditions, it can be very fast. Most bacteria multiply by means of binary
fission and their growth can easily be modelled mathematically. Unlimited growth
proceeds according to a geometric progression e.g. 1-2-4-8-16-32, etc., the
number doubling every generation. A plot of cell number against time gives a
curve of ever increasing gradient. This can be described thus:

If an initial population of N bacteria is left to grow for z generations, the number
at time ¢ (N) is given by the expression

N = Ny2°.

The mean generation time, 7, is the average time taken for the population to double
in number (or mass). The number of generations in a time period of ¢ is as follows:

z=1t/T.
If we take logarithms of the expression N = Ny2°, then we get:

log,, N =log;y N 2° = log,, Ny + zlog;,2.
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By substituting and rearranging this, we get:
log oN = log,,No +  log;,2/T.

This latter equation is that for a straight line: log;¢2 = 0.301; if log;(N is plotted
against ¢ (time) then the intercept is log,o/No and the gradient is 0.301/T.

Growth of this type, with cells dividing at the same, constant rate is known as
exponential or logarithmic growth and is demonstrated by a straight line relation-
ship between logoN and time. The same relationship holds for the change of
biomass (X) with time.

Bacteria do not always grow at a constant rate. Growth in laboratory culture
usually displays a lag phase, without obvious growth, as cells adapt to new
conditions. This lag phase is followed by an acceleration phase during which
growth rate steadily increases to the maximum which is achieved during the
exponential phase. When nutrients are limited or conditions become toxic, growth
enters the deceleration phase, followed by the stationary phase in which there is no
net growth. After this, the population number may decrease in the decline phase.
The relative duration of these phases will depend on the environment and nutrition.

Bacterial growth can also be modelled in terms of the proportional increase in
biomass or numbers per unit time.

dN/dt o< N; therefore dN/dt = uN, where p is a proportionality constant, which
describes the proportional increase in numbers per unit time; by re-arranging we get
dN/N = u dt; if this equation is integrated it gives log.N/Ng = ut.

This derivation allows calculation of the specific growth rate constant (u), with
units of timef1 usually hour '. Mean generation time (also called doubling time) is
calculated in units of time, usually hours. Specific growth rate and mean generation
time can be inter-related by the equation u = 0.693/T.

The mean generation time and growth rate constant can only be calculated
during exponential growth as this is the only phase when these parameters are
constant. Growth rate/generation time depends (inter alia) on the concentration of
the limiting nutrient, a relationship which can be described mathematically.

Growth rate during the exponential phase is the fastest a bacterium is capable of
under the conditions imposed, but the organism may be able to grow much faster if
conditions are more optimal. The growth rate/generation time is a measure of how
well an organism is adapted to the growth conditions. Some microbes are capable of
extremely fast growth — the shortest generation times being around 15-20 min and
generation times of an hour are common — it should be stressed that these are in
artificial culture under ideal conditions. Theoretically such growth rates would
allow a bacterium to produce progeny equal to the weight of the earth in a few
days. This clearly cannot happen as in practice conditions rarely remain optimal for
very long and the organisms run out of nutrients or create toxic conditions which
limit their growth. Escherichia coli can grow with a generation time of 20-30 min
and one individual cell can grow on solid agar media to produce a visible colony
overnight. However, many bacteria are intrinsically slow growing and even with
optimal conditions cannot grow fast; generation times for Mycobacterium
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tuberculosis would be in the order of 24 h or more — it would take several weeks for
single cells to produce visible colonies. For many microbes, generation times will
be much longer (i.e. growth is slower) and this is especially so in the natural
environment in which generation times may be in the order of days, weeks or
even longer due to sub-optimal conditions.

In laboratory culture on solid (agar) media, bacteria grow in colonies, the shape
and appearance of which can be distinctive. In liquid culture, bacteria often grow
individually as well-separated cells in fairly homogenous suspension; this is not
always the case and some species grow as aggregates, while many adhere to sold
surfaces and grow as a biofilm. A biofilm is a more or less continuous layer of cells
often with layers of cells packed on top of each other. In nature, bacteria and
archaea generally grow as micro-colonies often attached to solid surfaces. Some-
times the surfaces are actually an organic material that the microbes are utilising as
a nutrient. In the veterinary field, bacteria grow in biofilms on the surface of teeth,
and biofilms often form on implanted surgical devices.

2.14 Interactions Between Microbes and Animals

There are several different ways in which microbes interact with animals. Symbiosis
is a commonly used term which denotes that organisms “live together”. Often in a
fashion which is generally advantageous to both parties and sometimes this is
referred to as mutualism. Some authors reserve the term symbiosis for beneficial
relationships; others use it for any “living together” existence. The exact relation-
ship varies considerably as does its importance to the partners. The degree to which
a relationship is important and advantageous often depends on the exact circums-
tances, the environment and the nutrition available. Some symbioses are casual but
advantageous; others are obligate under most conditions.

Commensalism is a relationship which is advantageous for one partner, but may
have little or no advantage for the other, but in general causes no harm. The skin of
animals and their guts often provides a habitat for a wide range of microbes that
generally do not harm the host organism but are beneficial. Microorganisms that
exist in this manner are generally referred to as the commensal microbiota or
microflora. In some cases, the relationship is stronger and is considered symbiotic.

Parasitism can be a considered a type of symbiosis in which one partner benefits
greatly at the expense of the other. Parasitic relationships cause a huge range of
diseases for humans and animals. Some parasites are obligate and have not been
shown to grow in the absence of a host organism — examples include Mycobacte-
rium leprae (cause of leprosy), T. pallidum and many of the protozoal parasites such
as Plasmodium species which cause malaria. However, many bacterial pathogens
are not obligate parasites and live as saprophytes, their “lifestyle” depending on
where they happen to be.

Symbiosis has had an important role in evolution. The mitochondria found in
most eukaryotes and responsible for energy generation have evolved from the



16 S.L. Percival et al.

obligate and permanent relationship between a bacterium and a host “ancestral
eukaryote”; mitochondria have their own prokaryote-type genome distinct from the
genome in the cells nucleus. The same it true for chloroplasts (evolved from
symbiont cyanobacteria).

Microbes are obviously a cause of animal disease, but in the veterinary context
they can be very important, indeed vital, to many animals as symbionts. Probably,
the best known and important example is the role of symbiotic microbes in the
digestion of plant-based food in the guts of many herbivorous animals. Much of
the herbage eaten by many animals as their staple diet cannot be digested by the
animals’ digestive system. This is because the ability to produce enzymes capable
of digesting the lignocellulose of plant cell walls appears to be restricted to
microbes, and lignocellulose makes up a very high proportion of the animal
diet. Ruminant animals are the most effective users of herbage due to the presence
of huge microbial populations in their rumens. The rumen contains a range of
cellulolytic microorganisms including bacteria, ciliate protozoa and anaerobic
fungi. This is a “foregut fermentation” and is particularly effective as all the
products of the ruminal fermentation including bacterial cells are available for
digestion and absorption by the animal’s own digestive system. Foregut
fermentations are not restricted to ruminants but are quite widespread, being
found in camels, kangaroos, sloths, some leaf-eating monkeys (Colubus) and in
at least one bird, the Hoatzin.

Other herbivores often have a “hindgut fermentation” with large microbial
populations occurring in an enlarged large intestine or caecum; this fermentation
is seen in rabbits, horses, elephants, rhinoceroses and some birds and reptiles. It is
less efficient than foregut fermentation since, although products from the microbial
fermentations are available to the host animal, the nutrients contained in microbial
cells are not. Some hindgut fermenters, rabbits for example, overcome this to some
extent by eating their own faeces! Even non-herbivores benefit from the presence in
the gut of a healthy population of bacteria which help to protect the animal from
pathogens and also to provide essential nutrients such as vitamins (e.g. vitamin
K and B;;). Some gnotobiotic (germ-free) animals may require additional nutrients
to overcome the lack of microbes in their guts.

Many insects (e.g. aphids) are dependent on the presence of intracellular bacte-
rial symbionts that have important roles in their nutrition.

The full range of involvement of microbes in causation of animal diseases
cannot be covered in this introduction, but it is important specifically to mention
here the role of animals in causation of human diseases.

3 Zoonoses

As already discussed, animals are host to large numbers of microbes, many of
which contribute to the health of their host. However, the majority of these
microbes have the ability to cause disease. Many of these microbes may only be
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able to infect a single species, but others are able to cross the species barrier to
infect other species, including humans. Diseases that can be passed between
vertebrate animals and humans are known as zoonotic diseases, or zoonoses.
Zoonoses can be caused by numerous microbes including bacteria, viruses, fungi
and protozoa and occur in all animals. Zoonoses are thought to be the biggest
contributor to human disease worldwide with it having been estimated that 61% of
all human diseases are zoonotic in origin. The high incidence of zoonotic disease in
the human population was likely to have been initiated with the domestication of
animals leading to closer contact between animals and humans (Christou 2011).
In recent centuries, factors such as increases in trade, travel and urbanisation may
have all contributed to the increase in the prevalence of zoonotic diseases. Some
zoonoses are specific to a few species, but there are others that can infect a wide
range of wild and domestic animals. Examples of these are the bacterial zoonoses
listeriosis, pasteurellosis, salmonellosis, tularaemia and yersiniosis, and the proto-
zoal zoonosis cryptosporidiosis.

3.1 Routes of Transmission

Microbial diseases can be spread between hosts in many ways, and many diseases
produce symptoms that can help facilitate the spread of microbes; for example,
sneezing aids the spread of influenza virus particles. Like all microbial diseases,
zoonoses can also be spread in many ways. However, there are two primary routes
of transmission, which are commonly associated with zoonoses, and these are food-
borne transmission and occupational transmission.

Food-borne transmission is typically associated with the zoonotic diseases
found in food-producing animals such as cattle, pigs and poultry. Some common
examples of food-borne zoonoses include salmonellosis and campylobacteriosis in
poultry and pigs, and E. coli O157:H7 in cattle (Ferens and Hovde 2011). This route
of transmission is facilitated by poor hygiene and inadequate food preparation. The
slaughter methods in place at abattoirs as well as procedures such as carcass
scalding are designed to reduce the amount of microbial contamination on meat
carcasses. However, in some cases, contamination will occur. For example, due to
the anatomy of poultry, it is extremely difficult to eviscerate the birds without
causing some faecal contamination of the carcasses. Thus, it is important that meat
is prepared and cooked adequately to remove any microbial contamination. Failure
to do this may result in food-related illnesses such as gastroenteritis.

Occupational transmission occurs when zoonoses are spread between animals
and the humans that work with them. Those at risk of occupational transmission
are anyone who has close contact with animals, such as farm workers,
veterinarians and abattoir workers. Examples of occupational zoonotic
microorganisms include Streptococcus suis in pigs and Bacillus anthracis in
sheep. Occupational transmission can be managed by strict monitoring of the
health of animals and workers and by using personal protective measures when in
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contact with diseased animals such as gloves, overalls and face masks. However,
many diseases do not always present symptoms in animals so it is important that
good hygiene is observed and protective measures are in place for the day-to-day
handling of animals.

3.2 Zoonoses in Farm Animals

Some of the most prevalent zoonoses are associated with farm animals. As men-
tioned above, some well-known zoonoses in farm animals are associated with the
consumption of infected meat. Bacterial zoonoses transmitted in this manner
include salmonellosis and campylobacteriosis in poultry and pork, yersiniosis,
which can occur in many domestic animals, and E. coli O157:H7 in cattle and
other ruminants. Protozoal zoonoses such as toxoplasmosis can also be transmitted
through the consumption of infected meat, and pork in particular. Another zoonosis
associated with the consumption of meat which has not yet been discussed is bovine
spongiform encephalopathy (BSE), which occurs in cattle (known as “mad cow
disease”) (Wells 2003). This disease differs from the other zoonoses mentioned
here in that it is not caused by a microorganism. The causative agents of BSE are
prions that are proteinaceous agents. Infectious prions initiate encephalopathies by
altering the folding structure of proteins in the neural tissue. Consumption of beef
from cows with BSE can lead to “new variant” Creutzfeldt—Jakob disease (CJD) in
humans, an incurable neurodegenerative disease.

Many of the zoonoses associated with farm animals are not associated with the
consumption of infected meat or animal products. Instead, they are often transmitted
to humans through close contact and inhalation of dust or aerosols. Some of the
most common of these, particularly in Europe, include leptospirosis caused by
Leptospira spp. found in the urine of rats and cattle, orf caused by poxvirus in
sheep and goats, and ringworm caused by fungi of the Tinea spp. and found in
horses, cats and dogs. A number of bacterial zoonoses are found in farm animals.
Brucellosis, a febrile disease, is caused by bacteria of the Brucella genus and is
found in many animals including cattle, sheep, goats and pigs. Anthrax is caused by
B. anthracis and is found in many animals, particularly sheep, cattle and horses.
Low-level exposure to the spores of B. anthracis can lead to cutaneous anthrax
lesions in persons working with animal hides and wool. This organism has also
been cultivated in vitro for use as a biological weapon. Bovine tuberculosis caused
by Mycobacterium bovis can be contracted from cattle, badgers and deer and, along
with brucellosis and anthrax, is a notifiable disease in the UK. Other bacterial
zoonoses associated with farm animals include S. suis in pigs, ovine chlamydiosis,
which causes enzootic abortion in ewes, psittacosis in poultry caused by
Chlamydia psittaci, and Q-fever in sheep and cattle as well as other mammals,
caused by Coxiella burnetti. Most of these zoonoses present with “flu-like”
symptoms in humans, but can lead to more complicated illnesses. A protozoal
zoonosis associated with farm animals is cryptosporidiosis caused by protozoa of



Introduction to Microbiology, Zoonoses and Antibiotics 19

the Cryptosporidium genus, which are found in numerous animals worldwide.
Cryptosporidia is excreted in the faeces of animals and often contaminates water
supplies. Viral zoonoses associated with farm animals include orf in sheep and
goats as mentioned above, hepatitis E in pigs and influenza in pigs and poultry.
Influenza is an extremely important zoonotic disease and is discussed further under
emerging zoonoses.

3.3 Zoonoses in Pets

Human contact with animals is not restricted to food consumption or occupation.
Many of us live with animals as pets and are constantly exposed to the microbial
populations they host. In fact, man’s best friend may be anything but! A number
of zoonotic diseases have been associated with dogs, including bacterial zoonoses
such as campylobacteriosis, leptospirosis, Glanders or farcy, caused by the bacteria
Burkholderia mallei and E. coli O157:H7 (Weber 2005). Ringworm is a common
fungal zoonosis of dogs, as are the protozoal zoonoses toxocariasis, leishmaniasis
and Hydatid disease caused by the protozoan Echinococcus vogeli. Cats are no less
a source of zoonotic diseases, also being host to campylobacteriosis, Glanders,
ringworm, toxocariasis and toxoplasmosis. Cats are the definitive host for Toxo-
plasma spp. and are implicated in the infection of pigs with this protozoan.

Horses are another animal which many humans have prolonged social contact
with. One of the most common zoonoses associated with horses is ringworm.
Horses are also known to be a source of anthrax, Glanders and E. coli O157:H7.
They can also serve as a secondary reservoir for the Hendra virus of fruit bats
(known in horses as equine morbillivirus), which if transmitted to humans can cause
a fatal encephalopathy.

The introduction of more exotic pets into our homes has exposed us to some
exotic strains of common bacterial zoonoses. In recent years, there have been
reports of humans having been infected with Salmonella chameleon and Salmo-
nella arizonae from pet reptiles.

3.4 Emerging Zoonoses

The term “emerging zoonoses” can have a number of meanings. Diseases that were
not previously considered zoonotic, but have the potential to be so, may be consi-
dered emerging. In addition, well-known zoonoses that are coming to the fore due
to a number of contributing factors are often described as “emerging”. A good
example of this is influenza (Taubenberger and Kash 2010). Influenza is a virus
which has a highly unstable genome and is thus continually mutating. It has long
been known that influenza has the ability to cross the species barrier, and when it
does so it can be highly virulent with devastating effects. The influenza pandemic
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which followed World War II killed around 21 million people and it is thought that
the strain which was responsible for this pandemic may have originated from pigs.
Influenza made a return to the public eye at the beginning of the twenty-first century
with outbreaks of avian influenza H5N1 in birds, and of influenza HIN1 in humans.
Pigs are often implicated in influenza outbreaks as they carry receptors for both
avian and human influenza virus particles. It is possible that pigs could serve as a
“mixing vessel” in which the virulent HSN1 avian influenza might be able to
recombine with a human strain giving it the ability to infect humans. Therefore,
there is much anticipation of the global zoonotic threat that influenza might pose in
the future.

A potentially emerging zoonotic bacterium that was not previously considered
as such is Clostridium difficile. Clostridium difficile is a bacterium which causes
disease associated with the administration of antibiotics. It is therefore usually
considered a hospital-acquired infection. However, it is also found in a number of
animals including pigs, cattle and horses. Recent studies have shown an increase in
human infections in the Netherlands with the type of C. difficile, which infects pigs,
known as PCR ribotype 078, although there is as yet no evidence to confirm
transmission of this organism from pigs to humans.

Another emerging zoonotic bacterium which is again considered to cause hospi-
tal-acquired infection is methicillin-resistant Staphylococcus aureus (MRSA).
Staphylococcus aureus and MRSA are well-known pathogens of humans, but
recently MRSA has been isolated from a variety of animals including pigs, rabbits
and birds (Springer et al. 2009). Some studies have identified MRSA infections in
humans who have had close contact with infected animals, and research has shown
that veterinarians may be more likely to be carriers of MRSA than the general
population. The emergence of MRSA in animals brings a new dimension to the
study of zoonotic diseases. Antimicrobial resistance can only add to the arsenal of
zoonoses, contributing to the future challenges of tackling these diseases.

Microbes certainly often have the potential to cause diseases and it is important
to consider how this disease may be controlled or cured by antimicrobial chemo-
therapy — the use of chemical agents to kill microbes or prevent their growth — some
of these antimicrobials are, of course, produced by microbes.

4 Antibiotics

Antibiotics are the products of microbes that, in dilute solution, inhibit or kill other
organisms. Antimicrobial agents include antibiotics and synthetic compounds that
have the same effect. Naturally occurring antibiotics may be modified to give semi-
synthetic derivatives, which often differ from their parent compound in their
antimicrobial activity or their pharmacological properties.

Often the term “antibiotic” is applied very loosely and includes antibacterial
agents as well, although this is strictly incorrect. An antibiotic is a chemical
produced by a microorganism that, in small amounts, inhibits or kills the growth
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of other microorganisms. Since sulphonamides and later drugs such as trimetho-
prim and the quinolones are man made, they cannot be accurately described as
antibiotics, although commonly this is how they are categorised. The real problem,
however, comes with the semi-synthetic compounds such as ampicillin, which is an
artificial derivative of penicillin. As it is a derivative of an antibiotic rather than
being the product of a microorganism, it cannot truly be described as an antibiotic,
but it is not entirely artificial. To save bother, all but the most pedantic of
microbiologists frequently use the term “antibiotic” to cover true antibiotics, their
semi-synthetic derivatives and the artificial antimicrobial compounds.

Antimicrobial agents may have one of two effects: they may inhibit microbes or
they may kill them. Agents that inhibit microbes are said to be STATIC; those that
kill microbes are said to be CIDAL. The effects of static and cidal antimicrobials
can easily be seen by looking at the effects of drugs on growing populations of
bacteria. Static drugs prevent growth until the drug is removed; cidal drugs cause
the death of cells in a culture (Fig. 1).

Static antibiotics combat many infections because they “buy time” for the host
defences to eliminate the causative infectious agent, although there are conditions
where only the use of cidal drugs will effect a cure. The terms “-cidal” and ““-static”
are used to describe the action of disinfectants as well as antibiotics. For example,
chloramphenicol is bacteriostatic and gentamicin is bactericidal; phenol is germi-
cidal, whereas mercury ions are bacteriostatic. Germicidal is distinct from bactericidal
since it may represent an agent that is active against many different microorganisms
and not just bacteria.

In Fig. 1, the down arrows indicate the point at which drug is added to the
culture; the up arrow indicates where the static drug is removed from the culture,
permitting growth to resume.

The efficacy of an antimicrobial agent may be assessed by measuring its Minimum
Inhibitory Concentration, or MIC for short. A serial dilution of the drug to be
investigated is made in a suitable broth medium and a standard inoculum of the test
organism is added to each tube. Two controls are included, broth with no antibiotic, to
show that the organism grows under the test conditions that are being used and a sterile
broth to which no drug or inoculum is added and thus should remain sterile.
The cultures are incubated at a suitable temperature and for an appropriate time.
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The MIC is the lowest concentration of the agent that prevents growth of the inoculum.
The broth will remain clear in that tube but will appear cloudy in subsequent dilutions
where the test organism is able to grow. Subculturing from all the clear tubes onto
drug-free medium will permit estimation of the Minimum Bactericidal Concentration,
or MBC, of an antibacterial antibiotic. This is defined as the minimum concentration
required to kill the cells in the culture, as shown by the inability of the subculture
to yield colonies on subculture. With static drugs, the MIC and the MBC will differ
vastly; with cidal drugs, the MBC of the drug is very close to its MIC.

Using serial dilutions is a relatively crude measure of drug efficacy, and one tube
difference is often seen in the MBC and MIC of cidal drugs. This is because the real
MIC will lie between the last tube that is seen to prevent growth and the first tube to
permit growth. In practice, MICs on a number of isolates are often determined on
agar plates containing a serial dilution of the drug to be tested. This only permits
estimation of the MIC, but it has the advantage that the process can be semi-
automated with a replica plating machine and up to 50 isolates may be tested on
a single set of plates.

Antimicrobial agents may, when used in combination, affect each other. The
effect may simply be additive. In some cases, the activity of one drug enhances that
of a second drug and this is referred to as synergy. Alternatively, drugs may
interfere with each other, which is antagonism. Where drugs are indifferent to
one another, a straight line determining where the drug activity stops is seen
when increasing concentrations of each drug are tested in a checkerboard pattern.
When drugs are antagonistic, growth occurs at higher concentrations of each drug,
and when drugs are synergistic, growth is seen at lower concentrations. Antagonistic
combinations are problematic for combined drug therapy. An example is the
combined use of penicillin and erythromycin. Erythromycin is a static drug that
prevents bacterial growth; penicillin is a cidal drug that requires cells to be actively
growing for the drug to be effective. By combining these two agents, the effective-
ness of penicillin is reduced. Synergistic combinations are often exploited in the
chemotherapy of challenging infections. In the treatment of endocarditis, it
is essential to use cidal therapy since vegetations seal off the pathogen from host
defences. A combination of penicillin and gentamicin is often used in such cases.

4.1 The History of Antimicrobial Chemotherapy

Rational antimicrobial chemotherapy was one of the greatest triumphs of the
twentieth century. Before the First World War, a lab technician in the Botany
Laboratories at Cambridge University used to collect cultures of Penicillium
fungi to make a salve to cure “the gatherings”. In Victorian times, Joseph Lister
pioneered studies on antibiotics. He used his own urine as a growth medium and
noted the effect fungi had on bacteria that he cultured. He persisted with irrigation
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of wounds with fungal extracts for a number of years, but could not obtain sufficient
antibiotic to make the therapy reliably successful.

The first antimicrobials were described as “Magic Bullets” by their discoverer,
Paul Ehrlich. Together with his student Sahachiro Hata, he pioneered the use of
arsenical compounds in the successful treatment of syphilis and fever induced by
malaria. These replaced mercury which was an ineffective treatment. To highlight
the ineffective nature of mercury on treatment of syphilis, it used to be said that
“a night with Venus would lead to a lifetime on Mercury”. From the arsenical
compounds, sulphonamides, the first successful broad-spectrum antimicrobial
compounds, were developed by Gerhard Domagk.

In the 1920s, Alexander Fleming was attributed with the discovery of penicillin.
He claimed that the fungus responsible for the antibiotic contaminated his plate
during the time of inoculation. This is unlikely since fungi take much longer to
grow than do bacteria and more likely was that the agar already had fungal growth
on it. The inhibition of bacterial growth by the fungus, as observed by Fleming, is
because the fungus had had time to produce sufficient penicillin to prevent bacterial
growth. The agent, Penicillin G, was the first true antibiotic and was first used
therapeutically by a team led by Howard Florey and Ernst Chain in Oxford in 1941.
At that time, it was more valuable than gold, but due to the united Allied efforts
under wartime conditions, problems of its mass production were quickly solved.
The first patient treated was a reserve policeman with an overwhelming staphylo-
coccal infection. He died when the supply of penicillin ran out, so the next person to
receive penicillin was a small boy with a streptococcal infection: he did not need
such large amounts of the drug and he survived. When penicillin was in short supply
in the early years of the Second World War, penicillin was used to treat soldiers
with gonorrhoea rather than those injured in battle. This decision was taken at the
highest level, but makes good sense in that a soldier with gonorrhoea can be
returned to duty after a single dose of the drug, whereas one suffering wound
trauma would need time for injuries to heal before returning to front-line duties.

4.2 Selective Toxicity

Bacteria are good targets for the activity of antimicrobial substances. Aspects of
their structure and metabolism are significantly different from that of humans. These
differences can be exploited to damage the bacterium without harming its host.

Antibiotics may act upon bacterial reactions that are not found in human cells,
or, if they are found, are inaccessible to antibiotics. This provides the basis for the
selective toxicity of antibiotics, affecting the bacteria but not the human host. Fungi
and protozoa have a metabolism that is much closer to that of humans than that of
bacteria, while viruses depend almost exclusively upon human metabolism for their
replication. Where there are less obvious unique targets for antibiotics, difficulties
can arise both in the production of effective agents and in reducing associated toxic
effects.
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Selective toxicity is not absolute and a minority of individuals may experience
life-threatening allergic reactions to penicillin, suffering anaphylaxis or, much
more rarely, Stevens Johnson syndrome, in which the epidermis separates from
the dermis. Penicillin allergy is due to the presence of the thiazolidine ring of
penicillins. It is the B-lactam ring rather than the thiazolidine ring that is responsible
for the antibiotic activity (Fig. 2).

4.3 Antiviral Agents

Viruses are obligate intracellular parasites. Many of the drugs that affect the replica-
tion and spread of viruses are too toxic for human use. There are, however, agents to
treat specific virus infections. The development of these agents has been enhanced
considerably by the emergence of AIDS and research into HIV and other emerging
virus infections. Research into compounds that will act as antiviral agents focuses
on the replication cycle of viruses; key points in the replication cycle include:

» Entry of the virus into a new host cell

» Uncoating of the virus

¢ For retroviruses, reverse transcription of the virus genome

e Integration of the virus genome into the host genome, if appropriate
¢ Protease inhibition

e Virus replication and assembly

e Virus release

Translation of viral RNA is also targeted in a novel manner, using compounds to
inhibit transcription factors, antisense RNA, and also using ribozymes. Antisense
RNA is a short sequence of RNA that comprises the reverse complement of an
mRNA molecule. The antisense RNA binds to its specific mRNA to form a double-
stranded structure that prevents translation of that mRNA. Ribozymes are RNA
molecules in which the tertiary structure confers enzymatic activity, for example
causing hydrolysis of other RNA molecules.

Amantadine is used in the treatment and prevention of Influenza A infections;
rimantadine, a racemate of optical isomers, is also used for this purpose. Both
antivirals work by targeting the penetration and uncoating process. Acyclovir is a
nucleoside analogue used to treat infections caused by the herpes viruses, especially
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herpes simplex virus and varicella zoster virus. Acyclovir was the first successful
antiviral agent to be released and inhibits the activity of the virus thymidine kinase.
Gancyclovir is a derivative of acyclovir that is more active against cytomegalovi-
rus. Ribavirin is another nucleoside analogue that has a broad spectrum of activity.
It is used to treat infections caused by respiratory syncytial virus, in particular,
bronchiolitis, in infants.

Zidovudine (AZT) was the first of a family of reverse transcriptase inhibitors.
It is used to slow the progress of the human immunodeficiency virus, HIV, when the
patient has developed full-blown AIDS. Lamivudine is another inhibitor of reverse
transcriptase. Viruses may produce “polyproteins” that are hydrolysed by specific
proteases to release mature virus proteins. These proteases are the target for
antiviral drugs known as protease inhibitors; an example is nelfinavir used in the
management of HIV infection. Combination therapy (use of a mixture of agents
with different mechanisms of action) for people with AIDS is proving successful in
the management of individuals with the disease and also in delaying the emergence
of drug resistance of HIV. The approach is often referred to as HAART — highly
active antiretroviral therapy. To delay emergence of resistance, drugs with different
modes of action are used. This approach is not without problems; administration
may involve complex timetables for dosing and the drugs are associated with
significant side effects, making patient compliance difficult in some cases.

Oseltamivir (Tamiflu) and zanamivir (Relenza) are neuraminidase inhibitors that
prevent release of influenza virus from infected cells. Heavy use of oseltamivir
during the HIN1 influenza pandemic has led to the emergence of resistant strains of
this virus.

4.4 Antifungal Agents

Fungi are eukaryotic and share many similar metabolic processes with humans.
There are relatively few antifungal drugs that can be safely used to treat fungal
infections. Given the success of agents that target the bacterial envelope, it is
perhaps surprising that it took until 2006 to develop agents that attacked the fungal
cell wall. The echinocandins are a family of drugs that inhibit the synthesis of
glucan in the fungal cell wall. It is thought that they act by inhibiting the 1,3-f
glucan synthase, which is an enzyme responsible for polymerisation of the sugars in
the wall. Examples include anidulafungin, caspofungin and micafungin.

Polyenes act by binding with sterols in eukaryotic membranes causing their
destabilisation. Common polyenes include nystatin used to treat oral and genital
Candida infections and amphotericin B, used for the treatment of systemic myco-
ses. Amphotericin B is potentially toxic to humans and is often given with a second
antifungal or in a lipid preparation. It penetrates poorly into cerebrospinal fluid
when it is used to treat meningitis caused by a fungus and it may be delivered directly
into the ventricles of the brain. For life-threatening fungal infections, amphotericin
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B remains the drug of choice. It is often administered together with 5-flucytosine
since combining these two drugs allows a lower dose of amphotericin B to be used.

Flucytosine (5-FC) is a synthetic pyrimidine that is metabolised in fungi to
5-flurouracil and is primarily active against pathogenic yeasts. As an analogue of
nucleotides that occur naturally, it acts by interfering with the synthesis of nucleic
acids. It may be administered by the oral route as well as by intravenous infusion,
either alone or in combination with amphotericin B, where it is used to treat, for
example, systemic candidiasis and cryptococcal meningitis. When used as a single
agent, there is a significant risk of selecting resistant mutants of the pathogen being
treated, a major drawback in the use of 5-flucytosine, necessitating susceptibility
testing during therapy.

The azoles are a large group of synthetic compounds that inhibit ergosterol
synthesis, leading to membrane leakage. There are two families of azoles that are
used clinically: the imidazoles including clotrimazole, miconazole, econazole and
ketoconazole and the triazoles, which include fluconazole, itraconazole, vori-
conazole and posaconazole. These days, the imidazoles are considered too toxic to
be used to treat systemic infections, but are still used topically to treat superficial
fungal infections. Triazoles have a wide variety of applications, although fluconazole
is only active against yeasts and dimorphic fungi; other triazoles are active against
moulds and yeasts. Yeast species are developing resistance to fluconazole and some
species, for example Candida krusei, are intrinsically resistant to this agent.

Terbinafine is a synthetic antifungal agent introduced into the UK in 1991 and is
used to treat skin and nail infections where it inhibits ergosterol biosynthesis.
Griseofulvin is a naturally occurring compound and so is a true antibiotic with
antifungal properties. It binds to the proteins involved in microtubule formation and
prevents separation of chromosomes at mitosis. Why griseofulvin does not affect
human cells is not known. It is used in the treatment of ringworm and other fungal
infections of the skin or nails.

4.5 Antiprotozoal Agents

Protozoa are unicellular eukaryotes. This makes selective toxicity more difficult to
achieve than in the treatment of bacterial infections. Nevertheless, protozoa have
targets that can be exploited in antiprotozoal therapy. Examples of antiprotozoal
drugs include chloroquine, mefloquine and pyrimethamine. Chloroquine and meflo-
quine are thought to interfere with the parasite’s metabolism of haem, disrupting its
nutrition. Pyrimethamine targets the parasite’s dihydrofolate reductase, an enzyme
essential for the synthesis of folic acid. For some protozoal infections and also in the
treatment of infections caused by the fungus Preumocystis jiroveci, a combination
of sulphamethoxazole and trimethoprim may be used. These block steps in folic acid
synthesis. This combination therapy was used for many years to treat bacterial
infections, but in the UK, the combination is no longer available for antibacterial
therapy, because of the level of resistance to sulphonamides in clinically important
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bacteria and also because of the increased risk of side effects for the patient. The
combination is still used elsewhere in the world.

Metronidazole was developed as an antiprotozoal drug. It induces strand breaks
in the DNA of sensitive organisms and also disrupts membrane integrity. It is used
in the treatment of Trichomonas vaginalis and Entamoeba histolytica. Careful
clinical trials showed that it is highly effective in the treatment of infections caused
by anaerobic bacteria.

4.6 Antibacterial Antibiotics

The prokaryotic cell offers a number of targets that are suitable for selective toxicity
caused by antibacterial agents. These include:

e The cell envelope

¢ Membrane integrity

* DNA metabolism and packaging
¢ RNA polymerase

¢ Protein synthesis

4.7 Agents Affecting the Cell Envelope

The bacterial cell envelope offers a number of targets for antibacterial agents.
The bacterial cell wall contains peptidoglycan, a unique biopolymer that contains
both L- and p-amino acids. As such it should make an ideal target for agents that
show “selective toxicity”. In fact, antibiotics that interfere with the integrity of cell
walls may be toxic to humans too. An example is bacitracin which in diagnostic
laboratories may be used to differentiate Streptococcus pyogenes from other
B-haemolytic streptococci. However, because of its toxicity it is only used rarely
and, when it is used, is applied topically.
Clinically useful inhibitors of cell wall synthesis include:

» Cycloserine

» Fosfomycin

¢ Glycopeptides
e [B-Lactams

4.8 Cycloserine and Fosfomycin

Cycloserine acts inside the bacterial cell and inhibits the racemase enzyme that
converts L-alanine into p-alanine (Calvo and Martinez-Martinez 2009). It is rarely
used except in the treatment of infections caused by M. tuberculosis where other
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treatments have failed. Fosfomycin, also known as phosphomycin and
phosphonomycin, is another drug that acts inside the cell to prevent synthesis of
the peptidoglycan precursor. The fact that resistance to this drug readily evolves
means that it is not used commonly, but is gaining popularity in the treatment of
urinary tract infections.

4.9 Glycopeptides

Glycopeptides such as vancomycin are chemically large and can only act against
Gram-positive bacteria, where they prevent incorporation of peptidoglycan mono-
mers into the growing cell wall. The glycopeptide molecules are too large to
penetrate the outer membrane of Gram-negative bacteria and thus cannot reach
the peptidoglycan target. Vancomycin is the mainstay treatment of infections
caused by MRSA and is also used in the treatment of severe pseudomembranous
colitis caused by C. difficile, when metronidazole has failed.

4.10 The B-Lactams

All B-lactam antibiotics have a four-membered ring structure known as the B-lactam
ring. These antibiotics are the most widely prescribed of the antibacterial antibiotics.
Benzyl penicillin (penicillin G) was the first true antibiotic in clinical practice. This
agent is acid labile so must be delivered parenterally. The first oral penicillin was
phenoxymethyl penicillin (penicillin V). Ampicillin was the first penicillin with
activity against members of the family Enterobacteriaceae. Like benzyl penicillin,
this can only be delivered parenterally, the oral equivalent being amoxicillin.
Meticillin was the first anti-staphylococcal penicillin and has a side chain that prevents
hydrolysis by staphylococcal B-lactamase. Meticillin has largely been superseded by
drugs such as cloxacillin and flucloxacillin. The B-lactam ring forms a structural
analogue of p-alanyl-p-alanine, found as the terminal residues on the peptidoglycan
monomer. The -lactams antibiotics act by interfering with penicillin-binding proteins
which are the enzymes involved in the synthesis and maintenance of peptidoglycan.
Other B-lactam antibiotics include:

e The cephalosporins — a family of broad-spectrum antibiotics that are among the
most frequently prescribed antibacterial agents

* Monobactams — drugs active primarily against Gram-negative bacteria and are
little used in clinical practice

e Carbapenems, another family of broad-spectrum agents used in the empirical
treatment of serious infections, particularly before culture results have been
obtained
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The cephalosporins have a six-membered thiazine ring next to the B-lactam ring.
Monobactams need to only have the B-lactam ring, other rings being coincidental
and not necessary for antibacterial activity. In carbapenems, the sulphur atom found
in the thiazolidine ring of the penicillins has been replaced by a carbon atom.
Clavulanic acid is a B-lactam agent that has very little antibacterial activity. It does,
however, act as a competitive inhibitor of many bacterial B-lactamases, enzymes
that can hydrolyse the B-lactam ring, destroying the antibacterial activity of these
drugs. When used in combination with a B-lactam drug, it will overcome resistance
due to B-lactamase, restoring the efficacy of the antibiotic. The first successful
combination was amoxicillin and clavulanic acid, marketed as “Augmentin”. Now,
several combinations of B-lactam and B-lactamase inhibitors are available.

4.11 Agents Affecting Membrane Integrity

There are antibiotics that target the integrity of the bacterial membrane. Some are
toxic and are only used when other options are unavailable. The polymyxins are a
family of antibiotics with a cyclic peptide structure, principally active against
Gram-negative bacteria. They are nephrotoxic and neurotoxic and this has severely
limited their clinical use. These antibiotics are, however, increasingly used to treat
infections caused by pathogens that are resistant to other therapies.

The gramicidins are used topically to treat infections caused by Gram-positive
bacteria, but their use is also limited because of toxicity problems. Metronidazole is
a broad-spectrum antimicrobial agent that has very wide applications. It is used in
the treatment of certain protozoal infections as well as being the mainstay of treat-
ment of anaerobic bacterial infections. Although its primary target is to inhibit DNA
gyrase, it is thought that it also causes damage to membranes as a secondary target.

4.12 Agents Affecting DNA

The sulphonamides were the first antimicrobial agents that successfully targeted
DNA metabolism. Humans require an exogenous source of folic acid, a vitamin with
a role in nucleic acid synthesis, while bacteria make their own folic acid. This
provides target therefore for selective toxicity. Folic acid is involved in the synthesis
of purines and many bacteria make folic acid from para-aminobenzoic acid.
This pathway serves as a target for the action of sulphonamides and trimethoprim.
Sulphonamides specifically inhibit dihydropteroate synthetase, the enzyme that
catalyses the first step in folic acid synthesis, while dihydrofolate reductase is the
target for trimethoprim. Trimethoprim was first introduced to potentiate the activity
of sulphonamides. In in vitro tests, sulphonamides and trimethoprim are synergistic,
but this synergy is not seen when the combination is used to treat bacterial infections.
Although used in combination for many years, trimethoprim is now available as
a single agent and it is widely used in the treatment of urinary tract infections.
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Despite the perceived selective toxicity, problems of host toxicity do occur and this,
together with high levels of resistance, means that sulphonamides are rarely used
these days.

In addition to agents that target DNA metabolism, there are drugs that directly
affect DNA. The bacterial chromosome, when linearised, is many times longer than
the cell that contains it. Bacterial DNA thus requires packaging to fit into the cell in
which it is housed. This is achieved by enzymes such as DNA gyrase, which is
responsible for supercoiling DNA. This and similar enzymes introduce twists into
the DNA molecule causing it to package in a manner similar to elastic bands that
have been twisted into supercoils. Nalidixic acid was the first quinolone antibiotic
that directly targeted DNA, but toxicity problems have limited its use. In the mid-
1980s, ciprofloxacin, the first of the fluoroquinolones, was introduced into clinical
practice. This is a broad-spectrum oral agent that is generally well tolerated. It has
a wide range of applications and achieved notoriety when it was used to treat
victims of the postal anthrax attack in the USA in 2001. The fluoroquinolones
belong to a very successful family and new agents are still being developed.
Examples of newer fluoroquinolones include moxifloxacin and levofloxacin. Met-
ronidazole is thought to act in a manner similar to the quinolone drugs.

4.13 Agents Affecting RNA Synthesis

The bacterial DNA-dependent RNA polymerase is inhibited by rifampicin, but this
drug has little effect on eukaryotic cells. Rifampicin is active against the mitochon-
drial RNA polymerase, but its penetration into mitochondria is so poor that it
displays very little activity in intact eukaryotic cells. Rifampicin prevents produc-
tion of messenger RNA, ultimately limiting protein synthesis. Clinically, rifampicin
is used in treating tuberculosis and for prophylaxis against meningococcal menin-
gitis. In such cases, it is offered to close contacts of people with the disease. It has
also been used to treat infection caused by vaccinia virus. The synthetic anti-
bacterial nitrofuran compounds also act by preventing messenger RNA production.

4.14 Agents Affecting Protein Synthesis

Although similar in structure to the ribosomes found in mitochondria and chloro-

plasts, bacterial ribosomes are a good target for selective toxicity with several

families of drug targeting these structures. The organelle ribosomes are not easily

targeted by antibacterial antibiotics because they are protected by the cell plasma

membrane and the organelle membranes, making drug penetration difficult.
Antibiotics that inhibit bacterial protein synthesis include:

e Aminoglycosides
e Tetracyclines
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e Chloramphenicol
¢ Macrolides

¢ Lincosamides

» Fusidic acid

e Mupirocin

e Linezolid

e Streptogramins

4.15 Aminoglycosides

With their broad spectrum of activity and bactericidal action, the aminoglycosides
are a clinically important group of antibiotics. The family includes streptomycin,
gentamicin, tobramycin, kanamycin, amikacin and netilmicin. Of these, gentamicin
is the most commonly used for the treatment of serious infections. The older
members of the family are not pure compounds, but rather they comprise mixtures
of similar compounds. In contrast, amikacin and netilmicin are pure compounds.
These were developed in part with the hope of reducing the toxicity associated with
aminoglycosides.

All the aminoglycosides are associated with serious side effects including neph-
rotoxicity and damage to the VIIIth cranial nerve leading to deafness and balance
problems. The therapeutic window is very narrow and use of the aminoglycosides
requires careful monitoring to ensure that adequate therapeutic levels are main-
tained, without the accumulation of toxic levels.

Aminoglycosides have a variety of effects within the bacterial cell, but princi-
pally they inhibit protein synthesis. This is achieved by binding to the 30S ribosomal
subunit, thus preventing the formation of an initiation complex with messenger
RNA. Aminoglycosides also cause misreading of the messenger RNA message,
leading to the production of nonsense peptides. Another important function of the
aminoglycosides is that they increase membrane leakage. These multiple effects
mean that the aminoglycosides are rapidly bactericidal.

4.16 Tetracyclines

The tetracyclines are a family of antibiotics that have a four ring structure, giving
this family its name. They inhibit binding of the aminoacyl tRNA to the 30S
ribosomal subunit in a wide array of bacteria, giving the family a broad spectrum
of activity. The activity of tetracyclines is bacteriostatic and can therefore be
alleviated upon removal of the drug. The clinical use of tetracyclines is generally
confined to adults as they can affect bone development and can cause staining
of teeth in children. Tigecycline is a new, broad-spectrum tetracycline that is
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cidal in its activity. It is used in the treatment of meticillin-resistant S. aureus
(MRSA).

4.17 Chloramphenicol

The broad-spectrum bacteriostatic agent chloramphenicol is toxic to humans. It has
been recognised as a cause of aplastic anaemia and so its use is restricted to life-
threatening infections where no alternative therapy is available, although it is used
widely in the “Third World” because it is cheap to produce and is relatively stable.
Chloramphenicol blocks the formation of the peptide bond in nascent peptides by
inhibiting peptidyl transferase activity following binding to the 50S ribosomal
subunit. In eukaryotic cells, it is a potent inhibitor of mitochondrial protein
synthesis.

4.18 The Macrolides and Lincosamides

The macrolides are a group of antibiotics that have a large, lactone ring structure.
These may be 14- or 16-membered rings. The most widely used macrolides in
human medicine are erythromycin and clarithromycin and these are relatively non-
toxic antibiotics, mostly active against Gram-positive bacteria. In adults, use of
erythromycin is associated with diarrhoea as the drug decreases transit time through
the intestine dramatically. This makes compliance in adults problematic. Fortu-
nately, newer macrolides, such as azithromycin and clarithromycin, are less often
associated with diarrhoea.

Despite the spectrum of activity being primarily against Gram-positive bacteria,
erythromycin is, nevertheless, the treatment of choice for Legionnaire’s disease
caused by the Gram-negative bacillus Legionella pneumophila and it may also be
active against isolates of Haemophilus influenzae, another Gram-negative bacillus.
Erythromycin binds to the 50S ribosomal subunit and inhibits either peptidyl trans-
ferase activity or translocation of the growing peptide. The lincosamide antibiotic,
lincomycin and its semi-synthetic derivative clindamycin have similar modes of
action to the macrolides, although they have a broader spectrum of activity.
Clindamycin is not widely used because of its association with pseudomembranous
colitis, severe diarrhoea associated with antibiotic use and caused by C. difficile.

4.19 Fusidic Acid

The steroid antibiotic fusidic acid is used to treat Gram-positive infections where it
acts by preventing translocation of peptidyl tRNA. Resistant mutants may be
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selected easily and this may occur during therapy. Therefore, fusidic acid is usually
administered in combination with another antibiotic which reduces the risk of
selecting resistant mutants.

4.20 Oxazolidones

Linezolid is the first of a new class of bacterial protein synthesis inhibitors, the
oxazolidone antibiotics. Linezolid prevents the initiation of protein synthesis by
interfering with the interaction between mRNA and the two ribosomal subunits
necessary for the initiation of translation of the messenger RNA into the nascent
peptide chain. The antibiotic is active against Gram-positive cocci, including
meticillin-resistant S. aureus and vancomycin-resistant enterococci (VRE).

4.21 Mupirocin

Mupirocin is an analogue of isoleucine and was formerly known as pseudomonic
acid. Mupirocin inhibits the iso-leucyl-transfer RNA synthetase, thereby preventing
the incorporation of isoleucine into growing polypeptide chains. It is not toxic to
humans, but can only be used topically for skin infections. This is because humans
rapidly metabolise the drug to an inactive form so in systemic use it is destroyed
before it can exert its antibiotic effective. This agent is widely used to clear
colonisation with MRSA.

4.22 Streptogramins

There are two classes of streptogramin referred to as Type A and Type B. Type A
streptogramins have a large, polyunsaturated non-peptide ring. Streptogramins
related to streptogramin B are cyclic peptides. Both inhibit bacterial protein syn-
thesis, but they differ in their mode of action. Type A streptogramins distort the
ribosome, preventing binding of tRNA, while Type B streptogramins act by
blocking translocation of the nascent peptide. Because of the challenges in contro-
lling MRSA, a combination of dalfopristin and quinupristin has recently been
introduced. Dalfopristin is a Type A streptogramin and quinupristin is a Type B
streptogramin. In combination, these drugs show a synergistic effect.
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4.23 Antimycobacterial Agents

Treatment of mycobacterial infections poses serious challenges because of the
waxy cell walls of these bacteria and the intracellular habitat of mycobacteria that
cause serious infections. Streptomycin was the first drug used successfully to treat
tuberculosis. It was discovered by Albert Schatz, working in Selman Waksman’s
laboratory, and acts by the inhibition of protein synthesis. Rifampicin is also used as
an antimycobacterial drug and its mode of action is by interfering with the DNA-
dependent RNA polymerase of bacterial cells. The action of rifampicin prevents
production of messenger RNA and thus ultimately stops protein synthesis.

The antimycobacterial drug isoniazid inhibits the formation of very long chain
fatty acids such as those found in the cell walls of mycobacteria. Isoniazid is used in
the treatment of tuberculosis and other mycobacterial infections. Ethambutol is
a first-line antimycobacterial drug that inhibits cell wall synthesis, although its
mode of action remains to be fully elucidated. Pyrazinamide is another first-line
antimycobacterial drug that inhibits mycobacterial metabolism. Again, its mode of
action remains to be determined. Pathogenic mycobacteria grow very slowly, and
M. leprae can only grow in humans and animal models. Consequently, treatment of
mycobacterial infection extends over months or years. As a consequence, resistant
mutants are easily selected if single agents are used for therapy. Emergence of
resistance can be slowed significantly if drugs are combined. Local resistance
patterns will help to dictate which combinations should be used. Another issue in
the management of mycobacterial infection is patient compliance. Daily observed
therapy, “DOT?”, has been introduced in many areas to ensure that patients take their
drugs regularly.

5 Antibiotic Resistance

Antibiotic resistance emerged as a clinical problem almost as soon as antibiotics
were introduced into clinical practice and the genes that encode certain types of
resistance have been identified in bacteria isolated before the era of antimicrobial
chemotherapy (Tanwir and Khiyani 2011). There are several mechanisms by which
bacteria resist antibiotics, some of which are intrinsic to the organism, others
that result from mutation of the genome of a previously susceptible bacterium,
and others again that result from the acquisition of one or more mobile genetic
elements that encode resistance (Martinez and Silley 2010). In the laboratory, it
is relatively easy to select for resistance to some antimicrobial agents. Indeed,
the spontaneous mutation rate from a susceptible to a resistant phenotype may be
so rapid that it compromises the therapeutic use of some antimicrobials as single
agents. Such resistance results from an alteration in the target structure that prevents
interaction with the antibiotic. Mycobacteria that cause human infection are intra-
cellular for much of their life cycles and so cannot easily exchange genetic material
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with other bacteria. For these pathogens, resistance occurs from mutation in the
genome. Another case where resistance of endogenous genes occurs through point
mutation is resistance to the quinolone family of antimicrobial agents. In these
instances, almost all resistance that causes clinical problems result from alterations
in DNA gyrase or topoisomerase, the targets for these synthetic drugs. In most
resistant clinical isolates, however, resistance is either intrinsic to the organism or
results from the expression of mobile genetic elements that encode resistance.
Bacteria use several mechanisms to evade the action of antibiotics:

* Absence of a target

» Inaccessible target

* Modification of the target

» Bypassing the antibiotic target
* Modification of the antibiotic

A single bacterium may express more than one mechanism of resistance to
a particular antibiotic.

5.1 Absence of a Target

The genus Chlamydia includes C. trachomatis, the bacterium responsible for non-
specific urethritis and a major cause of infertility. Worldwide this organism is also
responsible for more cases of blindness than any other single agent. These bacteria
are not susceptible to the action of cell wall inhibitors such as penicillins because
they do not have a peptidoglycan cell wall. Interestingly, chlamydia does contain
penicillin-binding proteins, and these are the enzymes that are required to make
peptidoglycan on the surface of other bacteria. This leaves us with the so-called
chlamydia paradox. Other bacteria that lack peptidoglycan include the rickettsias
and mycoplasmas.

5.2 Inaccessibility of the Target and Efflux Pumps

Penicillin G was the first of the B-lactam family of antibiotics to be introduced into
clinical practice, although its use now is relatively limited. Its side chain does not
permit it to pass through the outer membrane of enteric Gram-negative bacteria
such as E. coli. The outer membrane encloses peptidoglycan in Gram-negative
bacteria and hence these bacteria are intrinsically resistant to penicillin G. The
intrinsic resistance of some Gram-negative bacteria to penicillin G is related to
the structure of the side chain of penicillin G and its interaction with the Gram-
negative outer membrane. Altering the nature of the side chain on the penicillin
nucleus modifies the spectrum of activity of the resultant antibiotic. Ampicillin is
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another antibiotic in the penicillin family, but its side chain allows it to pass through
the outer membrane of Gram-negative bacteria such as E. coli.

The outer membrane of Gram-negative bacteria acts as a permeability barrier to
large antibiotics such as the glycopeptides. Although vancomycin prevents cell wall
formation in Gram-positive bacteria, it cannot penetrate the outer membrane of
Gram-negative bacteria. Likewise, macrolide antibiotics such as erythromycin
are unable to penetrate the outer membranes of many Gram-negative bacteria. In
cell-free protein synthesis systems derived from E. coli, however, erythromycin
inhibits the process as efficiently as it does in cell-free systems from Gram-positive
bacteria.

Inaccessibility of a target due to structures such as the outer membrane of Gram-
negative bacteria is a passive process. Inaccessibility of a target may also be an
active process. There is a family of resistance genes that code for resistance to the
tetracycline antibiotics by actively pumping them out of the bacterial cell. These
are the “efflux pumps” and the process requires metabolic energy to move the drug
up a concentration gradient.

5.3 Modification of the Drug Target

When bacterial mutants are generated in the laboratory, the basis of their antimi-
crobial resistance is frequently modification of the drug target. Early work on
streptomycin resistance yielded numerous mutants in which the structure of the
ribosome was altered to a degree where the drug is no longer able to be active.
In the case of streptomycin resistance, a second class of mutants exists where
bacteria have modifications to their ribosomes so that they cannot function unless
streptomycin is present in the growth medium. Such organisms are streptomycin-
dependent, being unable to grow in the absence of this drug.

In clinical settings, the consequences of chromosomal mutants may be even
more problematic. As mentioned above, an important example of target modifica-
tion causing clinical resistance is the family of mutations affecting DNA gyrase or
topoisomerase enzymes. These mutations confer quinolone resistance on their
hosts. Again as mentioned above, the pathogenic mycobacteria are very slow
growing. In artificial culture, it may take over 24 h for a cell of M. tuberculosis to
divide. One consequence of this is that antimycobacterial therapy is prolonged.
Using old drug regimes, patients have to take anti-tuberculous drugs, some of which
are very toxic to humans, for up to 2 years. The prolonged treatment time allows the
opportunity to select for chromosomal mutants that are able to resist the action of
the antimycobacterial therapy. It is for this reason that treatment of tuberculosis and
leprosy now involves giving patients drugs in combination to delay the selection of
resistant strains. If the chance of selecting resistance to a single agent “A” is 10°
and resistance to a second agent “B” emerges at a rate of 10, one in one million
cells exposed to agent “A” will carry a mutation that confers resistance to drug “A”.
One in one hundred million bacteria exposed to drug “B” will resist its antibacterial
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action. When a population of bacteria is exposed to a mixture of both drugs “A” and
“B”, then the chances of selecting a bacterium that is resistant to both drugs is
10 x 107®. This is equivalent to 10"'*. These are much better odds for avoiding the
selection of resistant mutants!

5.4 Bypassing the Target

Resistance to trimethoprim frequently results from the expression of a dihydro-
folate reductase with reduced affinity for trimethoprim. The genes encoding altered
enzymes are frequently found on plasmids that are self-transmissible. Such
enzymes are produced in cells that also produce a wild-type dihydrofolate reduc-
tase, but the presence of the altered enzyme overcomes the block on folic acid
synthesis that trimethoprim imposes on the wild-type enzyme. Sulphonamide
resistance works by a similar mechanism, with an alternative dihydropteroate
synthetase conferring resistance.

5.5 Modifying the Drug

The commonest mechanism by which clinical isolates become resistant to
antibacterial drugs is through the acquisition of genes that code for enzymes that
modify or destroy the target antibiotic. These genes are frequently located on
mobile genetic elements, including plasmids and transposons, and through the
very high mobility of these elements, can spread to sites with which they have no
genetic homology.

In the case of resistance genes that form part of a transposable element, these
may move between the chromosome and other replicons in the bacterial cell,
including plasmids. Resistance genes on certain plasmids may also become
integrated within the bacterial chromosome. Study of the evolution and dissemina-
tion of antibiotic resistance genes shows how remarkably fluid the bacterial genome
is, particularly in the face of the selective pressure applied by the use of antibiotics
in clinical and veterinary practice and in agriculture.

One of the earliest reports of antibiotic resistance was of a bacterium that
produced a B-lactamase, an enzyme that hydrolyses the B-lactam bond in B-lactam
antibiotics such as penicillin. The B-lactam bond is essential in the activity of
B-lactam antibiotics, acting as an analogue of the peptide bond that joins the
terminal D-alanine to the peptidoglycan monomer. The B-lactamases are now
a large family of enzymes, all of which cleave this bond to render various B-lactam
antibiotics inactive. The earliest B-lactamases only had a narrow spectrum of
activity, hydrolyzing the B-lactam bond of either penicillins or cephalosporins.
Recently, broad-spectrum B-lactamases that have activity against both penicillins
and cephalosporins have evolved. There are families of such enzymes that have



38 S.L. Percival et al.

arisen as the result of point mutations accumulating in the genes that code for
penicillinases. Many of these new enzymes are encoded by self-transmissible
plasmids and these new resistance determinants can spread with great ease.
Resistance to chloramphenicol is often accomplished with the aid of an enzyme
that acetylates the drug, rendering it inactive. Acetylation is also a common
method of inactivating aminoglycoside antibiotics. Other modifications that cause
aminoglycoside resistance include phosphorylation and adenylation.

5.6 The MRSA Story

Soon after the introduction of benzyl penicillin into clinical practice, strains of
S. aureus producing B-lactamase were seen causing infections that were resistant to
penicillin treatment. Alternative treatments had to be sought and early in the history
of the development of semi-synthetic penicillins, compounds were manufactured
that were able to resist the activity of staphylococcal B-lactamase. These drugs
had side chains that prevented the staphylococcal B-lactamase from binding to the
antibiotic and hydrolysing it. Meticillin, a penicillin that is stable in the presence of
staphylococcal B-lactamase, was introduced into clinical practice during the 1960s.
Infections caused by strains of S. aureus that produce B-lactamase could be treated
with a B-lactam antibiotic once more. Shortly after the introduction of meticillin,
formerly known as “methicillin”, into medical practice, resistant strains of S. aureus
were isolated from hospital units where the drug was in regular use (Pantosti and
Venditti 2009).

Meticillin resistance is greater at 30°C than at 37°C. Resistance is due to the
temperature-sensitive production of an extra penicillin-binding protein, PBP 2. This
cell wall enzyme, which is not susceptible to inhibition by meticillin, is produced in
larger quantities at low incubation temperatures. Meticillin-resistant S. aureus also
produces B-lactamase and these bacteria are generally resistant to a very wide range
of antimicrobials. Infections caused by meticillin-resistant S. aureus can thus
be difficult to treat (Gould et al. 2011; Pletz et al. 2010). In some cases, almost
the only drugs available to effectively treat infections caused are the glycopeptides
such as vancomycin. Bacterial resistance to this agent was unknown until relatively
recently.

Vancomycin resistance, and cross-resistance to other glycopeptides, first
appeared in enterococci, probably due, at least in part, to the practice of feeding
farm animals avoparcin, another glycopeptide, used for growth promotion. This
practice is now banned in the European Union. Enterococci resistant to glyco-
peptides are not susceptible to nearly all currently available standard antimicrobial
therapies. In an experiment of dubious ethical status, the gene encoding vancomy-
cin resistance was transferred in the laboratory from a vancomycin-resistant entero-
coccus into a meticillin-resistant S. aureus. In 1997, the first naturally occurring
vancomycin-resistant, meticillin-resistant S. aureus appeared in Japan (Hiramatsu
et al. 1997). How long will it be before we enter the post-antibiotic era?
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Introduction to Biofilms
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Abstract In the seventeenth century, a dry-goods merchant named Antonie van
Leeuwenhoek first observed “animalcules” swarming on living and dead matter.
Leeuwenhoek’s curiosity and inventiveness were remarkable; he discovered these
“animalcules” in the tartar on his own teeth and even after meticulous cleansing, the
remaining opaque deposits isolated between his teeth were still “as thick as if it were
batter”. These deposits contained a mat of various forms of “animalcules” that we
now know were the bacteria of dental plaque. It is reasonable to suggest that this
early study of dental plaque was the first documented evidence of the existence of
microbial biofilms. Today, we generally define such biofilms as microbial
communities adhered to a substratum and encased within an extracellular polymeric
substance (EPS) produced by the microbial cells themselves. Biofilms may form on
a wide variety of surfaces, including natural aquatic systems living tissues, indwell-
ing medical devices and industrial/potable water system piping. The vast majority of
microbes grow as biofilms in aqueous environments. These biofilms can be benign
or pathogenic, releasing harmful products and toxins, which become encased within
the biofilm matrix. Biofilm formation is a phenomenon that occurs in both natural
and man-made environments under diverse conditions, occurring on most moist
surfaces, plant roots and nearly every living animal. Biofilms may exist as beneficial
epithilic communities in rivers and streams, wastewater treatment plant trickling
beds or in the alimentary canal of mammals. Given the prevalence of biofilms in

S.L. Percival (P<)
Department of Pathology, Medical School, West Virginia University, Morgantown, WV, USA
e-mail: Biofilms@hotmail.co.uk

S. Malic « D.W. Williams

Oral Microbiology Group, Tissue Engineering and Reparative Dentistry, School of Dentistry,
Cardiff University, Heath Park, Cardiff CF14 4XY, UK

H. Cruz
Division of Microbiology and Risk Assessment, National Food Institute, Technical University of
Denmark, Mgrkhgj Bygade 19, Building H, 2860 Sgborg, Denmark

S.L. Percival et al. (eds.), Biofilms and Veterinary Medicine, 41
Springer Series on Biofilms 6, DOI 10.1007/978-3-642-21289-5_2,
© Springer-Verlag Berlin Heidelberg 2011



42 S.L. Percival et al.

natural environments, it is not surprising that these growth forms are responsible for
infection in humans and animals. In humans, biofilms have been linked with
numerous conditions and equally in animals equivalent infections may occur.

1 Introduction and Historical Perspectives

In the seventeenth century, a dry-goods merchant named Antonie van Leeuwen-
hoek first observed “animalcules” swarming on living and dead matter. Leeuwen-
hoek’s curiosity and inventiveness were remarkable; he discovered these
“animalcules” in the tartar on his own teeth and even after meticulous cleansing,
the remaining opaque deposits isolated between his teeth were still “as thick as if it
were batter”. These deposits contained a mat of various forms of “animalcules” that
we now know were the bacteria of dental plaque. It is reasonable to suggest that this
early study of dental plaque was the first documented evidence of the existence
of microbial biofilms. Today, we generally define such biofilms as microbial com-
munities adhered to a substratum and encased within an extracellular polymeric
substance (EPS) produced by the microbial cells themselves.

After van Leuwenhoek’s early work, it was not until 1940 that the so-called
“bottle effect” in marine microorganisms was first observed (Heukelekian and
Heller 1940). This showed that the growth of bacteria was substantially increased
when they were attached to a surface. Further advancements in our knowledge of
biofilms were made by Zobell in 1943 when he noted that bacteria on surfaces were
greater in number compared with the surrounding seawater. From his studies,
Zobell also postulated that the adhesion of bacteria consisted of a two-stage process
of reversible and then irreversible adhesion.

Despite the above studies being the first documented ones on biofilms, the
extensive physical and chemical analysis of bacterial biofilms did not begin until
the late 1960s and early 1970s, when a few investigators recognised the prevalence
of bacterial biofilms (Jones et al. 1969; Characklis 1973; Costerton et al. 1978).
Jones et al. (1969) used scanning and transmission electron microscopy to examine
biofilms on trickling filters in a wastewater treatment plant. From this work it
was shown that biofilms were composed of a variety of different microorganisms
and revealed that the matrix material or EPS was primarily composed of polysac-
charides. The investigation of biofilms around this time was greatly aided by the use
of electron microscopy, which provided information, not only on biofilm structure,
but also on the presence of EPS. In 1973, Characklis who investigated microbial
slimes in industrial water revealed that biofilms were both tenacious and highly
resistant to the antimicrobial effects of chlorine (Characklis 1973).

The first true analysis of biofilms per se was not recognised until 1978 (Costerton
et al. 1978), when studies showed that many bacteria spent the majority of their
existence within surface-attached, sessile communities.

Work on dental plaque and sessile communities in mountain streams enabled
Costerton et al. (1978) to hypothesise the mechanisms by which microorganisms
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adhered to living and non-living materials and derived benefit from this ecologic
niche.

Since the 1970s, the study of biofilms in industrial, ecological and medical
settings has followed similar paths. Initial biofilm studies generally concentrated
on composition, especially of the polymer matrix or “glycocalyx” that was thought
to conserve and concentrate the digestive enzymes released by the bacteria, thus
increasing the metabolic efficiency of the cells. Research by Costerton and Geesey
(1979) indicated that this glycocalyx also acted as an ionic exchange matrix,
trapping nutrients that were then transported into cells by highly efficient permeases.

In 1981 (Costerton et al. 1981), glycocalyx was characterised as a hydrated
polyanionic polysaccharide matrix produced by polymerases affixed to the lipopoly-
saccharide component of the bacterial cell wall. In aqueous environments, biofilm
production of glycocalyx is prevalent with organic and inorganic nutrients being
concentrated at the solid/liquid interface. Additionally, the glycocalyx provides a
physical/chemical barrier that offers partial protection against antibacterial agents.

Since biofilms form under diverse conditions, and may be composed of single or
multiple species, the structures of various biofilms will necessarily have distinct
features. Nevertheless, biophysical, structural and chemical studies have led to a
useful basic concept of a “biofilm model” (Costerton et al. 1995). In this model,
microorganisms form microcolonies surrounded by copious amounts of expolysac-
charide. Between the microcolonies are water-filled channels, and it has been pro-
posed that these promote the influx of nutrients and the efflux of waste products. This
biofilm model will be discussed in detail both in this chapter and later on in the book.

In 1998, important advances to our understanding of the development and
behaviour of biofilms were made, when studies that combined molecular genetic
approaches with confocal laser scanning microscopy (CLSM) emerged.

Bacteria are remarkably adept at surviving “feast and famine”, and also adjust-
ing their needs to accommodate highly diverse environments. Scientific inquiry has
discovered a number of the microbial characteristics that facilitate the way bacteria
adapt to changing environments. The capacity to form and maintain biofilms is key
to these adaptations. Traditionally, microbiologists have performed physiological
experiments with microorganisms grown in liquid monocultures where the cells are
“free swimming” or planktonic. Whilst it may seem that microbiologists are always
striving for pure cultures, most of the bacteria in the world live in these polymicro-
bial ecosystems called biofilms; a complex community of microorganisms that are
not “free swimming”, but are instead attached to surfaces.

2 Prevalence and Importance of Biofilms in Animals
and Humans

Biofilms may form on a wide variety of surfaces, including natural aquatic systems
living tissues, indwelling medical devices and industrial/potable water system
piping. The vast majority of microbes grow as biofilms in aqueous environments.
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These biofilms can be benign or pathogenic, releasing harmful products and toxins,
which become encased within the biofilm matrix.

Biofilm formation is a phenomenon that occurs in both natural and man-made
environments under diverse conditions, occurring on most moist surfaces, plant
roots and nearly every living animal. Biofilms may exist as beneficial epithilic
communities in rivers and streams, wastewater treatment plant trickling beds or in
the alimentary canal of mammals (Costerton et al. 1981).

Biofilms are not, however, confined to solid/liquid interfaces, and can also be
found at solid/air or liquid/liquid interfaces (e.g. airborne pathogens and deteriogens
have been shown to be important factors in the biodeterioration of surface coatings;
biofilms at liquid/liquid interfaces have been implicated in hydrocarbon degrada-
tion, including fuels, oils and industrial coolants).

In humans, an estimated 65% of all hospital infections are of biofilm origin
(Costerton et al. 1999; Donlan 2001; Donlan and Costerton 2002; Douglas 2003;
Ramage et al. 2006). Once established, biofilm infections are very difficult to
eradicate due to their resilience to removal by host defence mechanisms and
antimicrobials. Table 1 outlines several examples of clinically significant biofilm
infections. Of particular note are biofilm infections in patients with medical devices,
Pseudomonas aeruginosa infection in cystic fibrosis patients, tooth decay and
periodontal disease, and chronic wound infections. As well as increasing patient
morbidity and mortality, there is also an economic burden to biofilm infections with

Table 1 Comparison of biofilm and planktonic lifestyles

Characteristic Lifestyle

Physiological

Free swimming, often in an aqueous environment Planktonic

Metabolic products continuously removed from the milieu, stresses Planktonic
of physical, chemical and biological nature

Slow growth Biofilm

Found ubiquitously Biofilm

Generally higher tolerance to antibiotics, hydrogen peroxide, Biofilm
phagocytosis

Stress conditions: lower metabolic activity (e.g. decreased nutrient Biofilm

accessibility, limitation of oxygen, increased osmotic pressure,
pH variation, problems with accumulation of waste metabolites)

Bacteria develop stress responses Biofilm

Source of infections Planktonic and biofilm
Display unique gene expression patterns Biofilm

Attachment can influence metabolic activities Biofilm

Express virulence factors Biofilm and planktonic
Structural

Attached to a solid substrate Biofilm

Many cells are dormant, likely to be smaller, not actively engaged in cell Biofilm
division

Flagella function in transport and initiation of cell-to-surface interactions Biofilm
and detachment
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those involving medical devices estimated to cost $20 billion in the USA alone.
Furthermore, biofilms in air-conditioning and other water retention systems can
cause human infection if ingested or inhaled, and examples include those biofilms
caused by Legionella species, which persist in water storage tanks despite chlorina-
tion (Percival and Walker 1999).

3 Why Do Microorganisms Form Biofilms?

There are a number of possible advantages gained when a microorganism is in a
biofilm compared to a planktonic existence. These include the increased expression
of beneficial genes, phenotypic changes in colony morphology, acquisition of
antibiotic resistance genes by plasmid transfer, the production of copious amounts
of extracellular polymers (Costerton et al. 1987), enhanced access to nutrients and
closer proximity between cells facilitating mutualistic or synergistic associations
and protection (Costerton and Lappin-Scott 1989). This list is by no means
complete but helps to highlight the possible advantages of survival in biofilms.

Microbiology research has traditionally focused on the in vitro analysis of single
species in liquid culture. The study of planktonic microorganisms has undoubtedly
been of value in expanding our knowledge on microbial physiology and biochem-
istry. However, in recent years, the importance of biofilm growth has been
recognised (Percival and Bowler 2004; Wilson 2001) with microorganisms in a
biofilm shown to differ markedly from their planktonic counterparts in terms of
behaviour, structure and physiology (Table 2). These differences have significance
both to the pathogenic potential of microorganisms together with their susceptibil-
ity to antimicrobials.

Table 2 Clinically significant examples of biofilm infections

Infection Typical biofilm organism

Dental caries Streptococcus spp.

Periodontitis Fusobacterium nucleatum, Porphyromonas gingivalis, Bacteroides
forsythus, Prevotella intermedia

Otitis media Streptococcus pneumoniae, Haemophilus influenzae, Moraxella
catarrhalis, S. aureus, S. epidermidis, P. aeruginosa

Cystic fibrosis P. aeruginosa, Burkholderia cepacia

Chronic wounds Staphylococci, streptococci, enterococci, facultative Gram-negative
bacilli, anaerobic bacteria such as Fusobacterium spp. and
peptostreptoocci

Foreign body/medical device infection

Urinary catheters Proteus mirabilis, Morganella morganii, P. aeruginosa, Klebsiella
pneumoniae, Proteus vulgaris

Native valve Streptococci, staphylococci, Gram negative bacteria, fungi

endocarditis (NVE)
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4 Definition of a Biofilm

Biofilms are not easily defined as they vary greatly in structure and composition
from one environmental niche to another. Microbial biofilms are extremely com-
plex microbial ecosystems consisting of microorganisms attached to a surface and
embedded in an organic polymer matrix of microbial origin. As well as microbial
components, non-cellular materials such as mineral crystals, corrosion particles,
clay or silt particles, or blood components, may also be found in the biofilm matrix.
Biofilms, particularly in water systems, can be highly complex, whilst others such
as those on medical devices, may be simpler, and composed of single, coccoid or
rod-shaped organisms. Given these differences, it does not seem plausible to
suggest that a true “biofilm model” can be defined that is applicable to every
ecological, industrial and medical situation. Therefore the definition of a biofilm
has to be kept general and thus may be redefined as “microbial cells immobilised in
a matrix of extracellular polymers acting as an independent functioning ecosystem,
homeostatically regulated” (Percival et al. 2000).

5 The Biofilm Model

Despite ongoing discussions on the so-called “biofilm model” the diversity of
biofilms suggests that strict phraseology for a constantly changing dynamic ecosys-
tem is not possible. It is feasible to suggest that biofilms in distinct settings form
different structures comprising different microbial consortia dictated by biological
and environmental parameters. These biofilms can quickly respond and adapt both
phenotypically, genetically and structurally to constantly changing internal and
external conditions (Percival et al. 2000). Whilst a so-called “biofilm model” has
been proposed and will be discussed in detail throughout the book, it must be borne
in mind that applying laboratory-based observations to an otherwise chaotic, totally
unpredictable biofilm in the environment may well aid in clouding independent
thought of a “true biofilm model”, if in fact one exists. From the authors’
experiences and research it is clear that environmental/industrial and medical
biofilms cannot be truly replicated and reproduced to the conditions that prevail
in the field. Therefore one must endeavour to move away from the single “gold
standard” and possibly concede to the fact that a “true biofilm model” does not exist
and that nature determines the complexities of a biofilm that cannot be reproduced
in vitro. However, we need to start somewhere, which is where laboratory-based
analysis is warranted. Therefore to appreciate the biofilm and to address the
“biofilm model” concept we need to fully understand what a biofilm is and how
it forms. This will be discussed in detail below.

The development of a mature biofilm is a multistage process and is dependent on
a number of variables including the type of microorganism, the surface to which
attachment occurs, environmental factors and expression of biofilm essential genes
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(Carpentier and Cerf 1993; Dunne 2002). Aspects of biofilm development are
discussed below and elsewhere in this book.

Primary adhesion between bacteria and abiotic surfaces is often non-specific
(e.g. mediated by hydrophobic interaction), whereas adhesion to living tissue tends
to be through specific molecular (lectin, ligand or adhesin) mechanisms (Carpentier
and Cerf 1993; Dunne 2002). Primary adhesion is reversible and in biological
systems occurs between a conditioned surface and a planktonic microorganism.
The conditioning film is provided by body fluids bathing the surface and its
composition may alter the affinity of a microorganism to the surface (Dunne 2002).

Bacteria and host surfaces express multiple adhesins and receptors to facilitate
specific adherence. For example, Staphylococcus epidermidis and Staphylococcus
aureus produce a polysaccharide intercellular adhesion (PIA), which is associated
with cell-to-cell adhesion and subsequent biofilm formation (Crampton et al. 1999;
Heilmann et al. 1996; Mack et al. 1994, 1996).

After microorganisms have successfully adhered to a surface, they form aggre-
gates and produce an extracellular polysaccharide matrix (Costerton et al. 1999),
which serves to encase the initial colonisers and biofilm formers. Coaggregation is a
specific means of cell-to-cell adherence (Kolenbrander et al. 2006) which can be
highly specific and plays arole in the development of multi-species biofilms in many
different environments such as dental plaque (Rickard et al. 2002, 2003a, b),
urogenital system (Reid et al. 1988), crops of chickens (Vandevoorde et al. 1992)
and in aquatic biofilm-forming bacteria (Buswell et al. 1997; Rickard et al. 2000).

The maturation of biofilms involves recruitment of additional microorganisms
from the local environment. Biofilms are heterogeneous environments and in
addition to aggregates of microbial cells, interstitial voids and channels develop
within the matrix, which separate micro-colonies (Sutherland 2001). The purpose
of these channels is to enable the delivery of nutrients and gasses as well as the
removal of waste products.

6 Stages in the Formation of Biofilms

The process of biofilm formation is complex, but generally recognised as consisting
of five stages (Palmer and White 1997):

1. Development of a surface conditioning film

2. Movement of microorganisms into close proximity with the surface

3. Adhesion (reversible and irreversible adhesion of microbes to the conditioned
surface)

4. Growth and division of the organisms with the colonisation of the surface,
microcolony formation and biofilm formation; phenotype and genotype changes

5. Biofilm cell detachment/dispersal

Each of these processes will be considered in turn.
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6.1 Development of Conditioning Films and Substratum Effects

Within the natural environment, microorganisms do not adhere directly to a sub-
stratum per se, but actually adhere to a conditioning film, which is known to form
on most substrata. The composition of the conditioning film is complex and results
in chemical modification of the original surface, thus influencing the rate and extent
of microbial adhesion (Mittelman 1996).

The first documented evidence that a “conditioning” film existed was by Loeb
and Neihof (1975), although whether a conditioning film is a pre-requisite for
bacterial attachment is still debateable with evidence of this still elusive in the
scientific literature.

In aquatic or terrestrial environments, the conditioning layer has been shown
to consist of complex polysaccharides, glycoproteins and humic compounds
(Chamberlain 1992; Marshall et al. 1971; Baier 1980; Rittle et al. 1990). In
comparison human host conditioning films may also be complex and determined
by the site being conditioned.

An area of “biofilmology” that has been studied extensively is the role of dental
plaque in oral disease. In this regard, the enamel of teeth is conditioned by a
proteinaceous “pellicle” composed of albumin, glycoproteins, lipids, lysozyme,
phosphoproteins and other components of saliva and gingival crevicular fluids
(Marsh 1995). Other types of conditioning films have also been reported, particu-
larly on biomaterials used for human use. In these situations the components of
blood, tears, urine, saliva, intravascular fluid and respiratory secretions may all
contribute to the conditioning film.

The role of the conditioning film in biofilm development is in its ability to modify
the physico-chemical properties of the substratum, as well as providing a concentrated
nutrient source and important trace elements. It is important to note that conditioning
films may actually inhibit rather than promote the adhesion of certain bacteria.

The topography of the surface to which a microbial cell attaches is also funda-
mental to biofilm formation. Generally, as the roughness of a surface increases,
bacterial adhesion will also increase (Characklis et al. 1990a). There are several
possible reasons for this, including most specifically the provision of shelter for the
microbes from the effects of shear forces. Apart from increasing the available
interfacial area, a rough surface enhances mass transfer coefficients and allows
cells to “anchor” to micro-irregularities, where they are better protected from
possible desorption (Characklis et al. 1990b). Regardless of surface roughness,
the attachment of living particles is energetically favourable if the change in the
free energy during the process is negative. Despite metallic surfaces being energet-
ically favourable to the attachment of the pioneer colonisers, the chemical compo-
sition of surfaces may interfere with adhesion, cellular metabolism and production
of exopolymers (Beech and Gaylarde 1989). The surface effect of certain metals on
bacterial adhesion was reported by Vieira et al. (1992), who found that Pseudomonas
fluorescens preferentially fouled aluminium surfaces within a few hours, followed by
copper and brass.



Introduction to Biofilms 49

In addition to surface roughness, the physicochemical properties of the surface
effects bacterial adhesion in that microorganisms attach more rapidly to hydropho-
bic, non-polar surfaces such as Teflon and other plastics than to hydrophilic
materials such as glass or metals (Pringle and Fletcher 1983; Bendinger et al.
1993; Percival and Thomas 2009). However, such results need to be addressed
with care, as many studies have proved contradictory, primarily due to non-avail-
ability of standardised methods for surface hydrophobicity measurements.

6.2 Transport Mechanisms Involved in Adhesion
of Microorganisms to a Surface

The transport of microbial cells and nutrients to a surface is generally achieved by a
number of well-established fluid dynamic processes. These include mass transport,
thermal (Brownian motion, molecular diffusion) and gravitational effects (differ-
ential settling, sedimentation; Characklis 1981).

Within fluid transport pipes, two main flow conditions exist: laminar and turbulent
flow. In the blood stream and urinary system, laminar flow is evident and characterised
by parallel smooth flow patterns with little or no lateral mixing with the fastest flow in
the centre (Fletcher and Marshall 1982; Lappin-Scott et al. 1993). During laminar
flow, microorganisms and nutrients maintain a straight path and remain in a stabilised
position dictated by flow rate (Lappin-Scott et al. 1993). In contrast, turbulent flow is
random and chaotic, ultimately increasing the mixing of bacteria and nutrients
(Characklis et al. 1990a, b) and microbial adherence (Percival et al. 1999).

Eddying currents (random and unpredictable flow) are evident in turbulent flow
and these cause up- and down-sweep forces, which propel bacteria to within short
distances of the surface thereby increasing the chance of adhesion.

Adhesion in static or quiescent environments is aided by a number of factors
including Brownian diffusion, gravity and microbial motility (Bryers 1987). Motility
of a bacterium is known to increase the chances of adhesion (Fletcher 1977; Marmur
and Ruckenstein 1986). This is possibly due to the provision of enough potential
energy to overcome any repulsive forces known to operate between the bacterial
surface and the substratum in question. To reinforce this, it is generally found that a
reduction in motility decreases adhesion (Fletcher 1977). Another mechanism known
to be a factor affecting surface colonisation is gravitational cell sedimentation, often
only of relevance in flowing systems when co-aggregation occurs (Walt et al. 1985).

6.3 Adhesion

Following surface conditioning and transport of bacteria into an area close to the
substratum surface, adhesion of the microorganism usually takes place. Adhesion,
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as previously mentioned, was first proposed in 1943 (Zobell 1943), as consisting of
a two-step sequence involving reversible and irreversible processes. Reversible
adhesion is the initial weak attachment of microbial cells to a surface (Rittman
1989) and irreversible adhesion and permanent bonding of the microorganisms to a
surface, generally follows. Bacteria influence this process, through expression of
specific bacterial adhesins (Whittaker et al. 1996), which bind to receptors on the
substratum and in the extracellular polymeric matrix (Marshall et al. 1971).

Bacterial adhesion appears to be related to the distance between the microorganism
and the surface (Busscher and Weerkamp 1987). At distances greater than 50 nm,
Van Der Waals forces occur, whilst at distances of 10-20 nm, both Van Der Waals
and electrostatic interactions occur. When a microorganism is less than 1.5 nm from
a surface Van Der Waals, electrostatic and specific interactions occur between the
cell and the surface.

The surface of a microbial cell has a major impact on adhesion to a substratum.
Cell surface hydrophobicity, the presence of fimbriae and flagella, and particularly
the extent and composition of generated EPS, influence both the rate and extent
of microbial adhesion. A possible role of proteins for bacterial adhesion has
been proposed with treatment of adsorbed cells by proteolytic enzymes found to
cause a marked detachment of bacteria (Bashan and Levanony 1988; Danielsson
et al. 1977).

Fimbriae contain a high proportion of hydrophobic amino acid residues
(Rosenberg and Kjelleberg 1986), which can affect cell surface hydrophobicity
and therefore attachment to a surface. It is probable that such fimbriae are able to
overcome the initial electrostatic repulsion barrier that exists between the cell and
substratum (Corpe 1980; Bullitt and Makowski 1995).

Korber et al. (1989) used motile and non-motile strains of P. fluorescens and
demonstrated that the former attached in highest numbers and against flow (back
growth). In addition, non-motile strains do not recolonize or seed vacant areas on a
substratum as evenly as motile strains, resulting in comparatively slower biofilm
formation.

6.4 Extracellular Polymeric Substances

If cells reside at a surface for a certain time, irreversible adhesion forms through the
production of extracellular cementing substances. As mentioned earlier, this extra-
cellular material, associated with the cell has also been referred to as glycocalyx
(Costerton et al. 1978), a slime layer, capsule or a sheath.

The EPS of biofilms may account for 50-90% of the total organic carbon of
biofilms (Flemming et al. 2000). Glycoproteins, proteins and nucleic acids are also
found within this organic matrix (Humphrey et al. 1979).

EPS varies in chemical and physical properties, but in the case of Gram-negative
bacteria, is primarily composed of neutral or polyanionic polysaccharides. Uronic
acids (such as p-glucuronic, p-galacturonic, and mannuronic acids) or ketal-linked
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pyruvates are known to constitute part of the EPS matrix. These give anionic
properties to the biofilm allowing cross-linking of divalent cations such as calcium
and magnesium (Flemming et al. 2000; Sutherland 2001). Biofilms that primarily
contain Gram-positive bacteria produce an EPS that is primarily cationic.

The involvement of extracellular polymers in bacterial attachment has been
documented for both fresh and marine water bacteria (Corpe 1970; Marshall et al.
1971). Analysis of bacteria isolated from these environments has shown such
polymers are largely composed of acidic polysaccharides (Fletcher 1980). The
extent to which polysaccharides are involved in the adhesion process remains
open to question. Some evidence suggests that excess polymer production may
even prevent adhesion, although trace amounts of polysaccharide might be required
initially for adhesion (Brown et al. 1977).

EPS is highly hydrated, and can be both hydrophilic and hydrophobic with
varying degrees of solubility. The polysaccharide content of EPS has a marked
effect on the biofilm (Sutherland 2001) as the composition and the structure will
determine their primary conformation. Bacterial EPS contains backbone structures
of 1,3- or 1,4-B-linked hexose residues, which are rigid and generally poorly soluble
or insoluble, whereas other EPS molecules are more readily soluble in water.

EPS provides many benefits to a biofilm (Characklis and Cooksey 1983) includ-
ing the promotion of cohesive forces, increased absorption of nutrients and heavy
metals (Bryers 1984; Marshall 1992), the sequestration of microbial products and
other microbes, protection of immobilised cells from environmental changes and
the provision of a medium for intercellular communication and transfer of genetic
material.

Extending polymers on cell surfaces interact with vacant bonding sites on the
surface by polymer bridging and as a result, the cell is held near the surface.
Possible mechanisms for polymer bridging have been suggested (Characklis and
Cooksey 1983) but remain to be fully elucidated. Bacteria can be connected to
the substratum via exopolymer—substratum interactions, which are predominately
covalent bonds. Research into the ecology of sessile microbial populations often
focused on the extracellular polymers produced by the cells (Corpe 1970; Costerton
et al. 1981; Uhlinger and White 1983).

In aquatic habitats, microbial exopolymers commonly occur as discrete capsules
firmly attached to the cell surface or as slime fibres loosely associated with, or
dissociated from, the cells. While it is now believed that many of the capsular
polymers serve as holdfasts, anchoring cells to each other and to inert surfaces, the
extent to which they facilitate other interactions between sessile bacteria and their
environment is less well understood.

EPS influences the physical properties of the biofilm, including diffusivity,
thermal conductivity and rheological properties. EPS, irrespective of charge density
or its ionic state, has some of the properties of diffusion barriers, molecular sieves
and adsorbents, thus influencing physiochemical processes such as diffusion and
fluid frictional resistance. The predominantly polyanionic, highly hydrated nature
of EPS also means that it can act as an ion exchange matrix, serving to increase
local concentrations of ionic species such as heavy metals, ammonium, potassium,
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etc., whilst opposite effects are generated on anionic groups. EPS has little effect on
uncharged molecules including potential nutrients such as sugars (Hamilton and
Characklis 1989). However, biofilm bacteria are thought to concentrate and use
cationic nutrients such as amines, suggesting that EPS can act as a nutrient trap,
especially under oligotrophic conditions (Costerton et al. 1981). Conversely the
penetration of charged molecules such as biocides and antibiotics may be at least
partly restricted by this phenomenon (Costerton and Lashen 1984).

7 Microcolony and Biofilm Formation

The adsorption of macromolecules and attachment of microbial cells to a substra-
tum are only the initial stages of biofilm development. These are followed by
microbial growth, development of microcolonies and recruitment of additional
microorganisms. As attachment of microorganisms occurs, the colonising bacteria
grow with the production and accumulation of extracellular polymers. The
microorganisms eventually become embedded in this hydrated polymeric matrix
and immobilised. As a result, the cells are dependent upon substrate flux from
the liquid phase and/or exchange of nutrients with neighbouring cells in the biofilm.
An important feature is that the microorganisms are immobilised in relatively close
proximity to one another. Additional microorganisms may be located within or on
top of the biofilm matrix. Specific functional types of microorganisms may, through
their activities, create conditions that favour other complementary functional
groups of microorganisms. This leads to the establishment of spatially separated,
but interactive, functional groups of organisms, which exchange metabolites
at group boundaries achieving physiological cooperation (Blenkinsopp and
Costerton 1991).

As biofilm communities tend to be complex, both taxonomically and function-
ally, there is the potential for synergistic interaction among constituent organisms.
Homeostatic mechanisms can develop that protect the biofilm microorganisms
from outside perturbations and these are extremely important in natural
communities exposed to disturbances, such as episodes of pollution. As biofilm
heterogeneity increases, chemical and physical microgradients develop including
those of pH, oxygen and nutrients.

Generally, when the biofilm reaches a thickness of 10-25 pm, conditions at its
base become anaerobic and indicate that the biofilm is approaching a state of
maturity, with high species diversity and stability (Hamilton 1987). The thickness
of a biofilm is actually very hard to define, as it is not universal and dependent on
the local environment. Medical biofilms tend to be thinner than those found within
industrial environments. As already mentioned, biofilms are highly hydrated with
microorganisms known to only occupy a small component (Costerton et al. 1995).
With the use of staining and dehydration techniques used to prepare biofilms for
examination for light and electron microscopy, the structure of the biofilm can
become distorted leading to errors in determining biofilms thickness and structure.
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This, however, has been overcome with the introduction of CLSM which allows
biofilms to be studied in their native, hydrated state providing an accurate picture
of structure and dimensions (Lawrence and Neu 1999; Palmer and Sternberg 1999).
It is now possible to make some general comments about biofilms based on this
form of analysis. Oral biofilms have been reported to be up to 1 mm thick, those
in CAPD catheters 30 um thick, whilst a study of biofilms on 50 indwelling bladder
catheters found that their thicknesses varied from 3 to 490 um with layers of cells
documented to be 400 cells deep.

Biofilm structure has now been described in the literature for both mixed and
pure cultures in many different environments. Most of these biofilms demonstrate
heterogeneity, often evident as a patchy biofilm configuration. With the use of
CLSM together with microelectrode measurements, researchers have established
that the biofilm consists of cell clusters located in an EPS matrix. These clusters
have been shown to vary in shape often ranging from cylinders to filaments forming
a “mushroom” structure (Lewandowski et al. 1995; Caldwell et al. 1992; Costerton
et al. 1994; de Beer et al. 1994; Keevil et al. 1993). Open channels are evident in
biofilms (particularly within potable water systems) and are also referred to as voids
and pores, and represent further evidence of biofilm spatial and temporal complex-
ity. Voids facilitate mass transfer, which favours higher nutrient concentrations in
the void spaces and also allows cellular metabolites and byproducts to be more
concentrated under cell clusters. These stack systems, which are evident within
oligotrophic environments, have been replicated in simple computer simulations
(Wimpenny and Colasanti 1997).

Overall, the development of a biofilm is generally governed by a number of
parameters including ambient and system temperatures, which are in turn related to
season, day length, climate and wind velocity; hydrodynamic conditions (shear
forces, friction drag and mass transfer); nutrient availability (concentration, reac-
tivity, antimicrobial properties); surface roughness, hydrophobicity and electro-
chemical characteristics of the surface; pH (an approximately neutral pH of the
water is optimal for the growth of most biofilm-forming bacteria); the presence of
particulate matter (which can become entrapped in the developing biofilm and thus
provide additional attachment sites); and the effectiveness of biofilm control
measures. Of these, the four major influencing factors are the surface or interface
properties, hydrodynamics, nutrients and biofilm consortia (Stoodley et al. 1997).
The controversial factor known to affect biofilm structure is the hydrodynamic
forces, which operate within flowing conditions. It is now well established that
biofilms exposed to high turbulent flow develop a phenomenon known as “stream-
ing”. The significance of this is still unclear.

7.1 Microbial Interaction in Biofilms

In biofilms in natural environments, there is evidence of a high level of cellular
interaction and competitive behaviour (Connell and Slatyer 1977; Fredrickson
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Fig. 1 Candida albicans
and Streptococcus mutans
attached to titanium

1977) arising as a consequence of resource availability. As a result of competition
strategies by microorganisms, the biofilm system is consistently under a state of flux
(Connell and Slatyer 1977; Baier 1984; Wahl 1989) with microbial succession
being a common feature. During adhesion, pioneer colonisers have defined
requirements, dictated by the conditioning film. The succession of the biofilm
community is then governed by a number of physiological and biological events
initiated by this initial coloniser (Fletcher and Loeb 1979; Characklis 1981;
Baier 1984).

Since microorganisms in a biofilm are in close proximity, they invariably
interact and this may be beneficial to one or more of the microorganisms involved,
or may be antagonistic (James et al. 1995; Stewart et al. 1997). Figure 1 demon-
strates evidence that Streptococcus mutans and Candida albicans interact together
demonstrating a mutualistic relationship. Synergistic mechanisms are considered
important in mixed species biofilm development (Hofstad 1992) and a good exam-
ple of this is the consumption of oxygen by aerobes, which locally increases the
redox potential allowing anaerobes to also survive. Other synergistic effects include
the sharing of biochemical pathways to fully exploit available nutrients as well
combining approaches to protect against host immune defences and antimicrobial
agents. In terms of pathogenic potential, polymicrobial interaction may well play a
key role for biofilms in delayed wound healing. For example, microorganisms with
low invasive capacity may act synergistically with more virulent ones.

Quorum sensing (QS) is microbial cell-to-cell communication through chemical
messages (Jones 2005) and is considered key in regulating colonisation and viru-
lence factor expression within the biofilm (Yarwood and Schlievert 2003). QS
chemicals are often referred to as microbial pheromones or autoinducers and their
concentration often correlates to the population density. Until relatively recently,
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such inter-bacterial signalling was thought to only occur in a few microorganisms,
namely Vibrio fisheri and Vibrio harveyi, Enterococcus faecalis, Myxococcus
xanthus and Streptomyces spp. Research into inter-bacterial signals uncovered
the use of acyl homoserine lactones (AHLs) as QS molecules in Gram-negative
bacteria. These small signal molecules are excreted by cells and accumulate in
cultures as a function of cell density, termed the quorum; the accumulated AHLs
interact with receptors on the bacterial cell surface and signal to control gene
expression. In this way coordinated expression of sets of genes can be achieved
in response to local cell density. The dense populations of cells in biofilms led to
speculation that AHLs may have specific functions in these communities. AHLs
were subsequently detected in natural biofilms growing on submerged stones taken
from a river and in biofilms that had formed in vivo on urethral catheters. AHLs in a
developing biofilm cause the transformation of individual cells from the planktonic
to the biofilm phenotype and coordinate their behaviour in some way so that they
build the complex structures of the multicellular communities.

Gram-positive bacteria have not yet been reported to use the autoinducer-based
signalling systems; in some, however, an oligopeptide pheromone has been
involved in inter-bacterial signalling. Pheromone-based inter-bacterial regulatory
systems are thought to regulate bacterial cell density, bioluminescence, conjugative
transfer of bacterial plasmids, genetic competence, production of hydrolytic
enzymes and secondary metabolism. Several of the systems regulated by QS are
involved in the regulation of the virulence determinates of bacterial pathogens.
The best understood example of a human pathogen involved in quorum sensing is
P. aeruginosa. Xie et al. (2000) showed that certain dental plaque bacteria modulate
the expression of the genes encoding fimbrial expression (fimA) in Porphyromonas
gingivalis. Porphyromonas gingivalis would not attach to Streptococcus cristatus
biofilms grown on glass slides whilst P. gingivalis, readily attached to S. gordonii.
Streptococcus cristatus cell-free extracts substantially affected expression of
fimA in P. gingivalis, as determined by a reporter system. Streptococcus cristatus
is therefore able to modulate P. gingivalis fimA expression and prevent its attach-
ment to the biofilm.

8 Detachment and Dispersal of the Biofilm

Characklis et al. (1990a, b) suggested that the detachment of biofilms could be
categorised into three areas, namely erosion, sloughing and abrasion. Characklis
referred to detachment as an interfacial transfer process, which involved the transfer
of cells and other components from the biofilm compartment to the bulk liquid, with
the detachment of microbial cells and related biofilm material occurring from the
moment of initial attachment.

Many different parameters known to affect biofilm detachment have been
examined, including pH, temperature and the presence of organic macromolecules
either absorbed on the substratum or dissolved in the liquid phase (McEldowney
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and Fletcher 1988). The effects these have on bacterial detachment are generally
species specific. Surface roughness of the substratum may also be a significant
factor in biofilm detachment, with early events in biofilm formation being con-
trolled by hydrodynamic forces (Powell and Slater 1982). As detachment increases
with increasing fluid shear stress at the substratum surface, macro and micro
roughness may significantly influence the detachment rates of the biofilm due to a
sheltering effect from hydrodynamic shear. The detached cells may be transported
close to the surface (in a viscous sublayer) resulting in collisions with the surface
providing more opportunity for reattachment.

To date, detachment still remains a poorly researched and understood phenome-
non, which therefore complicates the formation of satisfactory models. This is
surprising considering that the detachment of biofilms from surfaces into surroun-
ding environments does have important implications to public health. In microbio-
logical terms, detachment from surfaces may at first be seen to be a disadvantage to
the biofilm. However, it has been found that biofilms with greater detachment rates
have larger fractions of active bacteria. It has also been reported that detachment
can occur as a result of low nutrient conditions indicating a survival mechanism,
which may be genetically determined. Therefore, detachment is not just important
for promoting genetic diversity, but also for escaping unfavourable habitats aiding
in the development of new niches.

Biofilm dispersal/detachment of biofilm cells are routinely detached from
biofilms and have very important implication in medical settings. Raad et al.
(1992) determined a relationship between biofilm detachment and catheter-
related septicaemia, whilst the detachment of biofilm aggregates from native
heart valves has implications in infective endocarditis. It is these clumps of
cells from biofilms, which also may contain platelets or erythrocytes, that lead
to the production of emboli with serious complications to the host. Furthermore,
biofilms in hospital water systems containing potentially pathogenic organisms
might also detach as aggregates and, especially for those organisms with a low
infective dose, consumption or exposure to water containing these organisms
might result in infection. This may be a cause of the increasing incidences of
nosocomial infections.

8.1 Resistance of Biofilms to Host Defence Mechanisms

Microorganisms within a biofilm grow in a protected microenvironment largely
through production of a biofilm matrix composed of extracellular polysaccharides,
proteins and nucleic acids (Davey and O’Toole 2000). The fact that biofilm-based
infections are rarely resolved, even in individuals who have a competent innate and
adaptive immune response, highlights the high degree of resistance exhibited by
biofilms (Stewart and Costerton 2001).
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8.2 Tolerance of Biofilms to Antimicrobial Agents

Biofilm structure and the physiological attributes of microorganisms within the
biofilm also provide an intrinsic tolerance to antimicrobial agents (antibiotics,
disinfectants, germicides or antifungals). Indeed, biofilms can be up to 1,000
times more tolerant to antibiotics than equivalent planktonic cultures (Hoyle and
Costerton 1991; Mah and O’Toole 2001). Whilst biofilm cells may employ a
variety of mechanisms to resist the action of antimicrobial agents (Mah et al.
2003), studies have also shown that a number of key factors contribute to reduced
antimicrobial susceptibility of biofilms (Percival and Bowler 2004).

A reduced ability of the antimicrobials to gain access to the microorganisms
located within the matrix of the biofilm is thought to be important in biofilm
resistance against certain antimicrobials. This could arise through chemical interac-
tion with extracellular biofilm components or adsorption to anionic polysaccharides.
For example, it has been shown that penetration of positively charged amino-
glycosides into a biofilm is retarded by binding to negatively charged matrices,
such as the alginate produced in P. aeruginosa biofilms (Walters et al. 2003).
Another study showed that extracellular matrix from coagulase-negative
staphylococci reduced the effect of glycopeptide antibiotics, even in planktonic
cultures (Fux et al. 2005; Konig et al. 2001). In addition, Mah et al. (2003) showed
that bacteria within a biofilm may actively employ distinct mechanisms including
antibiotic sequestration in the periplasm to prevent them from reaching their target
sites. The enzyme [B-lactamase, produced by several bacterial species can inhibit the
activity of B-lactam ring structured antibiotics such as penicillins and cephamycins.
-Lactamase can accumulate in the biofilm matrix due to secretion or cell lysis, and
deactivate B-lactam antibiotics at biofilm surface layers more rapidly than they
diffuse into the biofilm (Anderl et al. 2003). It is, however, known that the biofilm
matrix does not form a completely impenetrable barrier to antimicrobial agents
(Percival and Bowler 2004) and other factors are likely to be involved.

8.3 Growth Rate of Biofilm Bacteria and Its Effect
on Antimicrobial Tolerance

Antibiotics are generally more effective at killing actively reproducing cells.
Hence, reduced activity of microorganisms could render these cells less susceptible.
It has been known for sometime that non-dividing bacteria escape the killing effects
of antibiotics targeted at growth-specific factors (Davies 2003). Antibiotics, such as
ampicillin and penicillin, which inhibit cell wall synthesis, are unable to kill non-
dividing cells (Costerton et al. 1999; Stewart and Costerton 2001).

The most likely location of slower growing bacteria in a biofilm is in the lower
region of the biofilm (Davies 2003) and these cells are more likely to be metaboli-
cally inactive because of reduced access to essential nutrients and gaseous
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exchange. Biofilm embedded cells may be metabolically dormant and in this state
phenotypically equipped to persist in hostile environments (Anwar et al. 1992b;
Rhoads et al. 2007). These so-called persister cells represent a small and slow-
growing sub-population of the biofilm which have differentiated into an inactive,
but highly protected state (Roberts and Stewart 2005; Percival et al. 2011). It has
been estimated that these cells constitute 0.1-10% cells in a biofilm and it has been
hypothesised after antimicrobial challenge that it is this subpopulation of cells that
“re-seed” the biofilm (Harrison et al. 2005; Roberts and Stewart 2005).

8.4 Induction of a Biofilm Phenotype Tolerant to Antimicrobials

Once microorganisms attach to a surface, they may express a general and
more virulent biofilm phenotype compared with planktonic counterparts (Mah
and O’Toole 2001; Saye 2007). Gilbert et al. (1997) suggested that cells with a
biofilm-specific phenotype may be induced. These phenotypes may express active
mechanisms such as the expression of bacterial periplasmic glucans to bind to, and
physically sequester antibiotics to reduce the efficacy of antibiotics (Gilbert et al.
1997; Maira-Litran et al. 2000; Percival and Bowler 2004).

Altered gene expression by organisms within a biofilm or a general stress
response of a biofilm could reduce susceptibility to antimicrobial agents (Brown
and Barker 1999). In theory, bacterial cells have a small number of target sites
for antibiotics. It could therefore be that biofilm cells use specific genes to pheno-
typically alter these target sites to protect themselves (Saye 2007). Exact details
about the physiological changes that occur during the transition from a planktonic
to a biofilm state are not known. It has been suggested that multidrug resistance
(MDR) efflux pumps may substantially contribute to the resistance of biofilms
(De Kievit et al. 2001; Mah and O’Toole 2001).

8.5 Clinical Importance of Biofilms

Given the prevalence of biofilms in natural environments, it is not surprising that
these growth forms are responsible for infection in humans and animals. In humans,
biofilms have been linked with numerous conditions and equally in animals equiv-
alent infections may occur.

Native valve endocarditis (NVE) is a condition that results from the interaction
of bacteria, the vascular endothelium and pulmonic valves of the heart. The causes
of NVE are varied, but it is frequently associated with streptococci, staphylococci,
Gram-negative bacteria and also fungi (Braunwald 1997). These microorganisms
gain access to the blood and the heart via the oropharynx, gastrointestinal and
urinary tract. Once the intact endothelium is damaged, microorganisms adhere to it
and non-bacterial thrombotic endocarditis (NBTE) develops at the injury. At the
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point of injury, the thrombus develops, which is an accumulation of platelets, fibrin
and red blood cells (Donlan and Costerton 2002). Treatment is less effective due to
a combination of mass transfer limitations and inherent resistance of biofilms
(Donlan and Costerton 2002).

Microbial biofilms often develop on, or within indwelling, medical devices, e.g.
contact lenses, central venous catheters, mechanical heart valves, pacemakers,
peritoneal dialysis catheters, prosthetic joints, urinary catheters and voice prostheses
(Donlan 2001; Percival and Kite 2007) and a number of microorganisms can
produce biofilms on these surfaces. Staphylococcus spp. (S. aureus, S. epidermidis)
are members of the commensal microflora of the skin and can form biofilms on
implantable medical devices, such as intravenous catheters, and hip and knee joint
prostheses (Bayston 1999; Habash and Reid 1999; Khardori and Yassien 1995).

Implantation of mechanical heart valves causes tissue damage, and circulating
platelets and fibrin tend to accumulate where the valve has been attached. Once the
tissue is damaged, it facilitates a greater tendency for microorganisms to colonise
these locations (Anwar et al. 1992a). The resulting biofilms develop on the heart
tissue (Carrel et al. 1998; Illingworth et al. 1999) surrounding the prosthesis or the
sewing cuff fabric used to attach the device to the tissue (Donlan 2001; Karchmer
and Gibbons 1994).

In humans, urinary catheters are used to remove and monitor urine production
from impaired patients. Urinary catheters also facilitate repair of the urethra after
surgical procedures and manage urinary retention and incontinence in the elderly
and disabled patients (Moore and Lindsay 2001; Stickler 2005). Yeasts such as
Candida parapsilosis are very adapt at growing on urinary catheters when these
are composed of silicone (Fig. 2). Biofilms associated with urinary catheters are
particularly important because they cause infections in 10-50% of patients who
undergo catheterisation (Mulhall et al. 1988; Stickler 2002). Proteus mirabilis,

Fig. 2 Evidence of Candida
parapsilosis on silicone
tubing after 2 h exposure

to urine
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Morganella morganii, P. aeruginosa, K. pneumoniae and Proteus vulgaris are
commonly found in urinary catheter biofilms. A number of these bacteria (e.g.
P. mirabilis) express urease, an enzyme which hydrolyses urea found in the urine,
resulting in the production of ammonia. Ammonia causes an increase in the pH of
the urine, which in turn allows mineral precipitation including that of calcium and
magnesium phosphates, leading to blockage of the catheter and infection (Stickler
et al. 1999; Tunney et al. 1999). The problem is compounded because these
organisms tend to be antibiotic resistant and as a biofilm forms within the catheter,
they are less susceptible to host defences and antimicrobial treatments (Trautner
and Darouiche 2004).

Unfortunately, urinary catheters also provide a passageway for bacteria from a
heavily contaminated external skin site to a vulnerable body cavity. Polymicrobial
communities will eventually develop, but initial infections are usually by single
bacterial species (Stickler 2005).

9 Management of Biofilm Infections

Viewing bacteria from the perspective of multicellular behaviour is altering our
view of microbiology and of Koch’s postulates (Percival et al. 2010). It is evident
that 99.9% of organisms prefer attachment, and that bacterial cells have the ability
to aggregate into particular three-dimensional assemblages (Davey and O’Toole
2000). Biofilms have been recognised as being important in human disease and the
number of biofilm-associated diseases seems to be increasing (Davies 2003). It is
important to understand the characteristics of the biofilm mode of growth and the
various aspects of biofilm formation. To successfully treat biofilm infections,
knowledge of the phenotype of the bacterial population is required. This is impor-
tant, as antibiotic treatment may not be totally effective if more than one phenotype
exists. Some of these cells might remain intact serving to re-infect the host once the
antimicrobial treatment has finished (Brooun et al. 2000; Davies 2003; Spoering
and Lewis 2001).

A key factor to combating biofilm infections is to understand the physiology of
biofilm development. Davies (2003) suggested that chemotherapeutic agents could
be developed to promote or prevent transition from one stage of biofilm maturation
to the next by targeting unique biofilm regulatory or signalling molecules. Specific
agents might be discovered or developed which will interfere with the production
of virulence factors, or promote or inhibit the shedding of biofilm bacteria
(Davies 2003).

As mentioned before, biofilm resistance depends on aggregation of bacteria
into multicellular communities. Therefore, one antimicrobial strategy might be to
develop therapies to disrupt the multicellular structure of the biofilm. It could be
that host defences might be able to resolve the infection once the multicellularity of
the biofilm is reduced, and then the effectiveness of antibiotics might be restored
(Stewart and Costerton 2001). Other potential therapies include enzymes that
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dissolve the matrix polymers of the biofilm, chemical reactions that block biofilm
matrix synthesis and analogues of microbial signalling molecules that interfere with
cell-to-cell communication, required for normal biofilm formation (Nemoto et al.
2000; Parsek and Greenberg 2000; Yasuda et al. 1993). Already a number of
QS inhibitors have been identified such as the inhibitory peptide RNAIII, which
inhibits the agr system of Gram-positive bacteria (Rhoads et al. 2007). In
P. aeruginosa, furanones derived from plants have been demonstrated to block
AHL pathways (Heurlier et al. 2006).

For in vivo indwelling device-associated infections, effective, preventive and
therapeutic strategies still need to be developed. One such therapy could be the
production of materials with anti-adhesive surfaces, for example, heparin (Tenke
et al. 2004). Tenke et al. (2004) showed that on heparin-coated catheter stents, no
biofilm formation was evident between 6 and 8 weeks, whereas uncoated tubes
were obstructed within 2-3 weeks. Heparin coating seems one possible solution,
but further development of materials resisting bacterial colonisation is needed
(Tenke et al. 2004).

Progress has already been made, but the future of biofilm research and manage-
ment relies upon collaborative efforts to fully explore these complex systems of the
microbial world.

10 Conclusion

Infectious disease processes due to bacteria associated with biofilms such as otitis
media, periodontitis, cystic fibrosis, native valve endocarditis and chronic prostati-
tis all appear to be caused by biofilm-associated microorganisms. In addition,
indwelling medical devices have been shown to harbour biofilms, which have
been implicated in infections.

In hot water and also potable water distribution systems, biofilms have been
shown to harbour pathogens, such as Mycobacterium avium, Legionella
pneumophila and now Helicobacter pylori and Arcobacter spp. (Percival et al.
2001; Percival and Thomas 2009). How the interaction and growth of pathogenic
organisms in a biofilm result in an infectious disease process is presently unknown
and warrants extensive research.

To date we can appreciate that biofilms are important in infectious disease
processes. The principles by which this is evident is when we consider detachment
of cells or biofilm aggregates resulting in the production of emboli, bacteria may
exchange resistance plasmids within biofilms, cells in biofilms have dramatically
reduced susceptibility to antimicrobial agents, biofilm-associated Gram-negative
bacteria may produce endotoxins and biofilms are resistant to host immune system
clearance.

Biofilms are highly resistant to most antimicrobial agents and disinfectants.
Sessile bacteria within a biofilm are able to acquire resistance through the transfer
of resistance plasmids. This acquisition of resistance is particularly important in the
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healthcare environment for patients with colonised urinary catheters and orthopae-
dic patients. Many organisms are shown to carry plasmids encoding resistance to
multiple antimicrobial agents, particularly in the medical setting.

Microorganisms are capable of growing in both a free form (planktonic) or as
biofilms attached to solid surfaces. Biofilms are communities of microorganisms,
often adhered to a surface and encased within an extracellular polysaccharide
matrix (Kumamoto and Marcelo 2005). Examples of surfaces supporting biofilm
growth include inanimate environmental materials, biomaterials interfacing with
host tissue and systems or the host tissue itself. The behaviour and phenotype
of microbes existing in either planktonic and biofilm states are known to differ
significantly and this is perhaps best exemplified by studies on antimicrobial
efficacy against the different growth phases (Hill et al. 2003).

In the oral environment, candidal biofilms on prostheses and the oral mucosa
have been associated with infection (Kumamoto and Marcelo 2005). Intra-oral
biofilms can develop on the tooth enamel, oral mucosa or on introduced oral
prostheses and these can all provide a reservoir of potentially pathogenic organisms
promoting dental caries and periodontal disease. Furthermore, in the case of oral
tissue, certain microorganisms such as yeast of the genus Candida have been shown
to actually invade the tissue, invoking a pathogenic effect. Similarly, within a
chronic wound, it may well be the case that the occurrence of a biofilm results
in clinical problems due to the existence of the microbes in a more persistent
state. Examples of clinically important biofilms include P. mirabilis on urinary
tract catheters (Stickler 2005), Candida spp. on denture surfaces and bacteria
(polymicrobial) within chronic wounds (Hill et al. 2003). Significantly, when
biofilms are present on the surface of medical devices, a failure of the device can
occur, as encountered in the blocking of urinary catheters and the obstruction of
airways within artificial voice box prostheses (Douglas 2003; Van der Mei et al.
2000; Percival et al. 2009). Furthermore, biofilms tend to exhibit heightened
resistance to antibiotics, possibly by diffusion limitation or by the presence of
biochemically inert microbes within the biofilm (Donlan and Costerton 2002).
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Zoonotic Infections: The Role of Biofilms

Ana B. Garcia and Steven L. Percival

Abstract A zoonosis or zoonose is any infectious disease that can be transmitted
from non-human animals, both wild and domestic, to humans. Infectious diseases
transmitted from humans to non-human animals is sometimes called reverse zoonosis
or anthroponosis. Sixty one percent of the pathogens known to affect humans
are zoonotic. Biofilm formation is used as a mechanism by zoonotic and environmen-
tal pathogens to infect animals and humans. It has been suggested that biofilms
are involved in 65-80% of infections treated by doctors in developed countries.
Microorganisms can resist extreme temperatures, antibiotic treatments and low levels
of nutrients by forming biofilms. Therefore the selection of the right antibiotics to treat
human and animal infections caused by biofilms is paramount. It is apparent that
more research into biofilm infections in humans and animals, biofilm resistance
mechanisms and new strategies for effective treatment need to be developed.

1 Introduction

As mentioned throughout this book, biofilm is a term used to refer to a ““vast number
of microbial aggregates” as reported by Julian Wimpenny in (2000). However,
through the last decade different definitions of biofilms have been reported in
the literature as new discoveries in biofilmology are being made. Today biofilms
can be defined as a community of microbial organisms which become adherent to
each other to form microcolonies. The presence of microcolonies is used as a
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biomarker for the existence of biofilms. Microcolonies are encased in a matrix of
extracellular polymeric substances (EPS) and have been identified in the sputum of
cystic fibrosis patients (Bjarnsholt et al. 2009), in chronic wounds (Cochrane et al.
2009) and on catheters (Percival et al. 2005).

Biofilm aggregates have also been found in anthropogenic and natural aquatic
environments and are known to harbour pathogenic organisms that may be trans-
mitted to humans (Jennings et al. 2003; Knulst et al. 2003). Consequently, the
dissemination of a biofilm known to harbour pathogens is considered to be a public
health hazard, particularly in hospital environments. In fact, recent findings have
suggested that biofilm dissemination is akin to metastasis of a tumour and as such
the detached biofilm fragments might cause serious problems when they detach
within the circulatory system of both humans and animals (Stoodley et al. 2001).
Detached biofilm fragments once in the circulatory system are free to colonise new
niches and as such have been linked to conditions such as endocarditis.

From an evolutionary and natural selection process, the ability of a microorgan-
ism to form a biofilm is very important since this phenotypic state will aid in and
promote a greater flexibility in microbial adaptation (O’Toole and Kolter 1998;
Van Loosdrecht et al. 2002; Costerton et al. 2003).

2 Biofilm Formation and Composition

Bacterial components such as flagella, membrane proteins, pili and fimbriae have been
shown to have arole to play in attachment to surface and therefore in biofilm formation
(Cloete et al. 1989; Prakash et al. 2003; Lelieveld 2005). The presence of flagella
and fimbriae is very important in adhesion as they are able to overcome the repulsive
forces bacteria encounter when they first attach to a surface (Corpe 1980; Korber et al.
1989; O’Toole and Kolter 1998; Pratt and Kolter 1998; Giron et al. 2002).
Proteomic studies involving Pseudomonas aeruginosa biofilms have enabled
identification of the stages bacteria go through during adhesion and biofilm forma-
tion, a commonality shared by most if not all prokaryotes. The non-specific binding
of bacteria to a surface followed then by multiplication of the adherent micro-
organisms is the first steps to biofilm formation, as discussed in Chap. 2. Following
microbial adhesion the microorganisms multiply, produce EPS culminating in the
formation of microcolonies. These microcolonies are maintained and supported at
the surface by fluid flow and overtime result in the formation of a “mature” biofilm.
The architecture of the “mature” biofilm is affected by the abundance, or limited
availability, of nutrients and pH. Biofilms are highly heterogeneous and within
in vitro models they have been shown to be complex, being composed of features
such as stacks, mushrooms, water channels and streamers. Within a natural biofilm
a similar architecture to that found in the in vitro biofilm has been hypothesised to
occur. However, within these natural biofilms a more diverse microflora composed
of fungi, bacteria, algae and protozoa have been reported which have displayed
features significantly different to those observed in pure culture models. A biofilm
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is able to modulate its internal environment significantly aiming to add stability and
protection for the inherent microorganisms present. Whilst the biofilm matrix is in a
constant nutritional and biochemical flux a balance between the inherent microbiota
of the biofilm is achieved through microbial commensalism, antagonism, mutual-
ism and competition (Lelieveld et al. 2001; Sauer et al. 2002; Prakash et al. 2003;
Bartram 2007).

Microbial biofilms which are formed on the surfaces of normal human tissues are
purported to offer protection to the host. This phenomenon has been named as the
“mucus blanket”. It covers the trachea and intestine aiding protection from invasive
pathogens (Lambe et al. 1991; Costerton et al. 2003). Biofilms formed by commen-
sal bacteria attached to gut epithelial cells represent a barrier against foodborne
pathogens by preventing their attachment (Lee et al. 2000).

Dental plaque on teeth, in both healthy and diseased mouths, is a known biofilm.
The microbial composition of these biofilms has been shown to have important
implications to health and disease in both animals and humans (Bradshaw et al.
1996; Parsek and Fuqua 2004). In fact, it has been shown that intrauterine infections
can be caused by microorganisms initially present in the oral cavity (Fardini et al.
2010). Preterm birth can be caused by infection of the intrauterine environment.
Traditionally it has been stated that intrauterine infections predominantly originate
from the vaginal tract. However, thanks to technological advances, microbial
species that do not belong to the vaginal microflora have been identified in
intrauterine infections. Fardini et al. (2010) systemically examined what proportion
of the oral microbiome could translocate to the placenta using pregnant mice.
Several bacterial species that have been associated with intrauterine infections in
humans were identified and the majority of these species were oral commensal
organisms. Interestingly, some bacterial species were present with a higher preva-
lence in the placenta than in oral cavity samples and therefore it was concluded that
the placental translocation was species specific.

Many areas of the human body constitute anatomical barriers for preventing the
formation of biofilms such as epithelial cells found within the bladder (Uehling
1991). Some organs like the liver need to be maintained in aseptic conditions and as
such biofilm development is rare on these organs (Sung et al. 1992).

The formation of biofilms is a dynamic and complex process generating an
architecture which aims to protect the inherent microorganisms from chemical
or physical removal in some areas and allowing them to colonise new niches
(Wimpenny et al. 2000; Allison 2003; Hall-Stoodley et al. 2004; Clutterbuck et al.
2007). Studies have shown that adverse conditions promote biofilm formation and
also dispersal (van der Wende and Characklis 1990; Stoodley et al. 2002). It has been
suggested that biofilm formation might select in favour of virulent microbial strains
(Declerck 2010). It is well documented that some bacteria might help other
microorganisms to resist adverse conditions. For example, in biofilms composed
of Pseudomonas fluorescens their presence has been shown to increase the resistance
of Salmonella typhimurium to chlorine (Leriche and Carpentier 1995). In addition to
this, Staphylococcus aureus, a common causative agent of community-acquired and
hospital-acquired infections, has been shown to be able to survive and colonise a
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range of environments due to its metabolic versatility and potential to form
a recalcitrant biofilm (O’Neill et al. 2007).

Genetic and environmental factors influence biofilm formation. The genes
expressed in bacteria present in biofilms are reported to differ significantly from
the genes expressed in the same bacteria in free-living form. In fact, expression of
particular genes such as those that regulate flagella, surface-adhesion proteins and
the formation of the extracellular matrix seems essential for biofilm formation
compared to planktonic phenotypes (Cramton et al. 1999; Whitchurch et al. 2002;
Valle et al. 2003; Hall-Stoodley et al. 2004). Advances in molecular technologies
such as microarrays and proteomics have been used to investigate gene expression
in cells forming biofilms advancing further our understanding of biofilms (Sauer
et al. 2002; Tremoulet et al. 2002; Wagner et al. 2003).

3 Exploring Public Health Aspects and Zoonotic Potential
of Biofilms

Biofilms have been present since prehistoric times, especially in hydrothermal
environments (Hall-Stoodley et al. 2004). They have a role to play in nutrient
cycling and from an environmental perspective they can be beneficial in different
ways. In addition, biofilms are useful for water treatment, bioremediation and
providing colonisation resistance against pathogens on natural mucosal surfaces
(Lebeer et al. 2007; McBain 2009). However, they also have adverse effects by
causing infections of humans and animals. In fact it has been suggested that
biofilms are involved in 65-80% of infections treated by doctors in developed
countries (Ghannoum and O’Toole 2004). Zoonotic and environmental pathogens
use biofilm formation as a mechanism to infect animals and humans.

Biofilm formation is one of the most important virulence factors for the devel-
opment of staphylococcal infections. A number of factors are known to induce
biofilm formation in staphylococci, including MRSA and MSSA. The presence of
glucose is an example, while sodium chloride seems to induce biofilm formation
in MSSA isolates. Sodium chloride is known to activate the transcription of ica
operon and MSSA biofilm formation is dependent on icaADBC operon while
MRSA biofilm formation is icaADBC independent (Fitzpatrick et al. 2005;
O’Neill et al. 2007).

The formation of biofilms allows microorganisms to survive hostile
environments and to resist conventional treatments. In fact, the formation of biofilms
seems to be the preferred method of growth for microbial organisms (Costerton et al.
1999; Watnick and Kolter 2000; Webb et al. 2003; Parsek and Fuqua 2004). By
forming biofilms microorganisms can resist the constraints of extreme temperatures,
antibiotic treatments and low levels of nutrients (Prakash et al. 2003; Bartram 2007).
They are also highly resistant to acid treatments, dehydration exposure to UV light
and phagocytosis (Jefferson 2004; Hall-Stoodley and Stoodley 2005). Whilst UV
light has been successfully used against pathogenic microorganisms such as Giardia
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muris, Bacillus subtilis, Cryptosporidium parvum and Legionella pneumophila in
experimental conditions, it has shown to be ineffective against biofilms in water
systems (Zhang et al. 2006).

Human infections associated with biofilm formation frequently involve micro-
bial colonisation of medical devices (Lynch and Robertson 2008). Microorganisms
can form biofilms in hospital water and medical equipment used to treat humans
and animals. In fact, biofilm formation has been associated with persistent
infections in medical tools such as Mycobacterium avium infection in an intravas-
cular catheter (Schelonka et al. 1994). Changes induced by biofilm formation in
intravascular catheters are known to result in total obstruction of the catheter which
has led to the development of novel anti-biofilm agents (Stickler et al. 1993;
Percival et al. 2009). Biofilm infections of medical devices seem more commonly
associated with urinary catheters (Darouiche 2001; Donlan and Costerton 2002;
Kite et al. 2004). Several pathogens of public health importance such as E. coli,
S. aureus, Clostridium perfringens and Candida have been isolated from biofilms
contaminating medical devices. In particular, S. aureus infections tend to be more
acute producing an acute immune response and significant tissue damage (Lynch
and Robertson 2008). Biofilm infections of Candida albicans have been associated
with high mortality (Kojic and Darouiche 2004: Ramage et al. 2005). Biofilm-
forming S. aureus and S. epidermidis have been isolated from humans (Krepsky
et al. 2003), dialysis medical devices (Chaieb et al. 2005), bovine mastitis
(Vasudevan et al. 2003) and food processing environments (Moretro et al. 2003).

Biofilm formation has been suggested as a risk factor for chronic bovine
intramammary infections caused by S. aureus. In fact, chronic mastitis caused by
S. aureus can be very difficult to treat due to antibiotic resistance (Taponen et al.
2003; Cucarella et al. 2004; Fox et al. 2005). Furthermore, S. aureus could be
present in milk and dairy products derived from animals with clinical or subclinical
mastitis. Dairy cattle suffering from clinical mastitis should be milked last and/or
using separate milking equipment if possible. In fact, animals suffering from
mastitis should be treated and their milk should not be used for human or animal
consumption. However, subclinical mastitis might not be diagnosed posing a risk to
public health; the use of pasteurisation and decontamination technologies has been
recommended as part of food safety assurance systems applied to the production of
milk and dairy products.

Staphylococcus epidermidis present on human skin and P. aeruginosa, an
environmental microorganism, can cause serious chronic infections in compro-
mised hosts (Costerton et al. 1995). S. aureus and S. epidermidis are responsible
for medical device-associated biofilm infections. S. aureus (like P. aeruginosa) can
regulate virulence factors via two quorum-sensing (QS) systems (Yarwood et al.
2004). The production of adhesins by Staphlococci has been considered as the
best-understood mechanism of biofilm development (McKenney et al. 1998).
S. epidermidis has been recognised as a nosocomial pathogen causing human and
medical device-related biofilm infections. Tormo et al. (2005) demonstrated that
SarA represents an important regulatory element for S. epidermidis virulence factors
including biofilm formation. Genetic expression profiling of a S. epidermidis biofilm
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proved that this microorganism exhibited a varied range of genes expressed to
increase protection from antibiotics and from the host immune system during
biofilm infections (Yao et al. 2005). Regulatory genes such as agr and sarA are
responsible for the production of virulence factors by S. aureus and for the
expression of specific genes during different stages of infection and biofilm forma-
tion (Dunman et al. 2001). In fact, genes can be expressed or repressed during
biofilm formation and the use of transcriptome analysis identified 84 genes that
were repressed and 48 genes that were induced for S. aureus biofilm growth
(Beenken et al. 2004). Furthermore, mutations affecting sarA can inhibit S. aureus
biofilm formation while mutations affecting agr seemed to have a neutral or even
increasing effect on S. aureus biofilm formation (Beenken et al. 2003). Vectors
called staphylococcal cassette chromosome (SCC) contain the mecA gene respon-
sible for methicillin resistance that gets integrated into Staphylococci genetic
material to produce the MRSA phenotype (Baba et al. 2002; Boyle-Vavra et al.
2005; Jemili-Ben Jomaa et al. 2006). It has been recognised that mecA genes may
spread between humans via S. epidermidis (Silva et al. 2001) and 40% of healthcare
workers may carry the mecA gene on their hands (Klingenberg et al. 2001).
Furthermore, the zoonotic potential of the mecA mobile genetic element responsi-
ble for methicillin resistance exhibited by some microorganisms such as Stapy-
lococci has been recognised (Epstein et al. 2009) although more consideration
should be given to this zoonotic potential (Guardabassi et al. 2004; Morris et al.
2006; Vengust et al. 2006). In fact, the types of SSCmec found in pets are similar to
those found in humans (Malik et al. 2006). MRSA can be embedded in biofilms
conferring antimicrobial resistance properties. Furthermore, MRSA may form part
of biofilm infections in humans.

Biofilms are also responsible for chronic infections in the urinary tract. Manage-
ment of urinary infections and the use of a combination of antibiotics (fluoroquino-
lone and macrolide or fluoroquinolone and fosfomycin) should be considered to
treat biofilm infections in the urinary tract (Kumon 2000). Raad et al. (2007)
investigated the efficacy of different antibiotics against MRSA present in biofilms.
These authors concluded that newer antibiotics such as daptomycin, minocycline
and tigecycline should be used in combination with rifampin for antibiotic treat-
ment against MRSA infections. The incidence of MRSA infections is increasing
and the emergence of human MRSA infections in hospitals represents a major
public health concern (Panlilio et al. 1992; O’Neill et al. 2007). In fact, cross-
infection of MRSA between animals and humans has been recognised (Baptiste
et al. 2005; Witte et al. 2007) indicating the possibility that mecA genes could
spread across species (Boost et al. 2007).

Staphylococcus intermedius has been isolated from pigeons, dogs, dog bites-
wound sites (Talan et al. 1989; Futagawa-Saito et al. 2006), from human patients
after invasive procedures (Vandenesch et al. 1995) and a human patient with otitis
externa (Tanner et al. 2000). S. intermedius produces many virulence factors such
as coagulase, clumping factor, leukotoxin, enterotoxins and biofilm formation
(Raus and Love 1983; Futagawa-Saito et al. 2006). The production of extracellular
proteases has been recognised as an important virulence factor in S. aureus and
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S. intermedius (Karlsson and Arvidson 2002). Meticillin-resistant S. intermedius
(MRSI) is emerging as a pathogen of concern due to mecA gene acquisitions
(Bannoehr et al. 2007). In fact, the zoonotic potential of MRSI and biofilm-forming
S. intermedius from dogs to humans has also been recognised (Tanner et al. 2000;
Futagawa-Saito et al. 2006; van Duijkeren et al. 2008).

Animals might serve as reservoirs for pathogens causing periodontal disease in
humans. Porphyromonas gingivalis and Tannerella forsythia are highly prevalent
in humans with periodontitis. Interestingly, Porphyromonas and Tannerella spp.
can be present in the oral cavity of cats. A recent study conducted by Booij-Vrieling
et al. (2010) determined the presence and prevalence of Porphyromonas gulae, P.
gingivalis and Tannerella forsythia, and in the oral microflora of cats and their
owners by culture and polymerase chain reaction (PCR). This study suggested that
the isolates the owners were P. ingivali and those isolated from cats were P. gulae.
However, in one cat/owner couple the T. forsythia isolates were identical. There-
fore, it was hypothesised that transmission of T. forsythia from cats to owners
is possible and that cats may be a reservoir for this pathogen (Booij-Vrieling
et al. 2010).

Periodontal disease in humans has been associated with chronic obstructive
pulmonary disease (COPD). Leuckfeld et al. (2010) found high amounts of
Veillonella in the subgingival microflora of COPD subjects. These authors
identified subgingival Veillonella isolates by phenotypic and genetic methods in
order to assess if Veillonella strain properties correlated with periodontal disease or
COPD. The majority of the subgingival Veillonella isolates examined were
identified as Veillonella parvula. Furthermore, a subgingival and pulmonary isolate
obtained from one COPD subject was found to be genetically identical strains of
V. parvula. Small cocci co-aggregating with larger cocci on the airway epithelium
of this patient were observed by electron microscopy. However, no correlation
between the subgingival Veillonella strains and the presence of periodontitis or
COPD was found. These authors concluded that subgingival V. parvula can trans-
locate to the lungs but no particular Veillonella genotype could be associated with
periodontal disease or COPD.

L. pneumophila is considered responsible for 90% of human legionellosis cases
causing pneumonic and non-pneumonic disease (Yu et al. 2002). Legionella grows
at high temperatures and hot springs represent natural habitats for this microorgan-
ism (Mashiba et al. 1993). However, L. pneumophila can transfer from natural
habitats to other environments where it can form biofilms and parasitise protozoans
as survival mechanisms (Declerck et al. 2005, 2007; Bartram 2007). Legionella
forms associations with other microorganisms already forming part of biofilms
(Watnick and Kolter 2000). L. pneumophila can form algal-bacterial biofilms
(Hume and Hann 1984). Furthermore, L. pneumophila shows necrotrophic growth
as another survival mechanism (Temmerman et al. 2006). The survival of
Legionella forming biofilms also depends on relationships and interference with
other microorganisms. In fact, P. fluorescens SSD, known as the best bacteriocin
producer, had the ability to inhibit L. pneumophila present in biofilms (Guerrieri
et al. 2008). L. pneumophila can survive, replicate and detach from biofilms using
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infected amoebae such as Naegleria spp. which possess an additional flagellate
stage. Furthermore, infected amoebae can release very small vesicles containing
L. pneumophila that get transported over considerable distances posing a risk to
human health (Berk et al. 1998; Greub and Raoult 2004; Weissenberger et al. 2007).
Legionella can spread by aerosols and human infection may result from inhalation.
In fact, this organism can colonise hot and cold water systems (at temperatures
of 20-50°C), humidifiers, whirlpool spas and other water-containing devices.
L. pneumophila can survive in air-conditioned systems and has caused fatal
casualties in hotels and hospitals (Wright et al. 1989). Biofilms including
Legionella can be found in poorly maintained buildings and water systems
representing a risk for public health (WHO 2005).

Burkholderia pseudomallei (also known as Pseudomonas pseudomallei) causes
melioidosis, a disease affecting humans mainly in Southeast Asia and Australia.
This microorganism can be very persistent in the environment (Stone 2007).
Humans can be infected through a break in the skin or through the inhalation of
aerosolised B. pseudomallei cells. B. pseudomallei can be transmitted from infected
rodents to humans through biofilms contaminating soil and water causing persisting
chronic disease. The mean incubation period for acute melioidosis is 9 days
(with a range between 1 and 21 days). Human infection can present a wide range
of symptoms; however, the bacteria can hide in the body and some patients may
remain symptom free for a very long time (Stone 2007). However, bacteria might
detach from biofilms and cause acute infections and bacteraemias. In fact, this
seemed to be the cause when hundreds of people stressed by seasonal starvation
died of acute melioidosis in northeast Thailand (Vorachit et al. 1995). Glanders is
primarily a disease of animals such as horses, mules and donkeys and occasionally
cats, dogs and goats and is caused by Burkholderia mallei. Glanders disease and
melioidosis can cause similar symptoms in humans. These microorganisms are
being studied at laboratories worldwide due to their potential use in biological
warfare (Wheelis 1998). However, Glanders is rare in humans; it is sporadic and
usually an occupational disease affecting people in frequent contact with infected
animals such as animal caretakers, abattoir workers, veterinarians and laboratory
personnel (Al-Ani and Roberson 2007). In 2000, a human case of Glanders disease
was reported in a laboratory worker in the USA (Srinivasan et al. 2001). B. mallei is
usually sensitive to most common antibiotics (tetracyclines, novobiocin, ciproflox-
acin, gentamicin, streptomycin and the sulphonamides) although resistance to
chloramphenicol has been reported.

Immune compromised individuals and people with medical devices are more at
risk of suffering infections from biofilm formation. However, host defences are
usually not effective against biofilms (Khoury et al. 1992). In fact, cells involved in
immune defence mechanisms can actually aid in the formation and maintenance
of biofilms when emigrating to the injured body area (Walker et al. 2005).
P. aeruginosa biofilm infection in children suffering from cystic fibrosis has
shown to increase mortality rates (Ghannoum and O’Toole 2004).

Some bacteria such as S. aureus might even be able to use the immune reaction
as a virulence mechanism (Gresham et al. 2000). Staphylococci bacteria growing
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in biofilms have been associated with resistant infections in humans (Vuong and
Otto 2002). In fact, in vitro experiments have shown that bacteria present in
biofilms can be 10-100 times more resistant to treatments in comparison with
the same strain free floating bacteria (Amorena et al. 1999; Olson et al. 2002).
Observational studies have been employed to investigate the role of biofilms in
causing infections by studying biofilms extracted from infected tissues or
contaminated materials recovered from patients. However, in many cases of
biofilm chronic infections, it was very difficult to culture bacteria or to recover
bacteria from biofilms by using traditional microbiological methods. Therefore,
diagnosis and treatment of these infections may prove difficult (Costerton et al.
2003; Lynch and Robertson 2008).

4 Biofilms in Veterinary Medicine and Zoonotic Infections

Microorganisms of veterinary and medical importance are frequently found in
biofilms. In animals, biofilm infections might be caused by environmental and
even commensal microorganisms such as S. aureus. S. aureus has been reported
to be a concern in postoperative wound biofilm infections (Galuppo et al. 1999) and
mastitis (Melchior et al. 2006a, b). In some cases, the same microorganisms can be
responsible for biofilm infections in animals and humans. Such bacteria have
included Acinetobacter baumannii which have been reported to be responsible for
wound infections in humans, dogs, cats and horses (Boerlin et al. 2001; Tomaras
et al. 2003). A. baumannii has also been isolated and the cause of catheter-related
infection in horses (Vaneechoutte et al. 2000). Actinobacillus equuli is a Gram-
negative bacterium commensal of equine oral cavity and upper respiratory tract
found to be responsible for sleepy foal disease (Rycroft and Garside 2000) and
postoperative wound infections in horses resistant to antibiotics (Smith and Ross
2002). Actinobacillus lignieresii, A. equuli and Actinobacillus suis can be present in
the oropharyngeal flora of cattle, horses and pigs, respectively, and therefore may
cause bite wound infections in humans (Weyant et al. 1996). In fact, A. equuli was
isolated from a 53-year-old butcher affected with septicaemia and presented at
hospital suffering acute septic shock (Ashhurst-Smith et al. 1998).

Aeromonas hydrophila is a Gram-negative organism causing septicaemia
and pneumonia in humans, pigs, cattle and horses (Lallier and Higgins 1988;
Zong et al. 2002). Pasteurellosis is considered one of the most important zoonosis;
Pasteurella haemolytica has been involved in human infections (Takeda et al.
2003). Pasteurella can cause infections in animals. Aspiration of P. haemolytica
biofilms by feedlot cattle results in severe respiratory infections that might be lethal
in 2% of the animals (Morck et al. 1987; Morck et al. 1990).

Aspergillosis is a term used to define a range of infections caused by the fungus
of the Aspergillus spp. that mainly affects mainly birds but also other animal species
and man. It is considered a zoonosis although transmission to humans usually
occurs through contaminated soil or organic material in the environment.
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Aspergillosis infections in humans can have serious consequences especially in
inmunocompromised patients (Seidler et al. 2008). Aspergillus biofilms has been
reported on cardiac devices resulting in endocarditis in numerous immunocompro-
mised patients (Lynch and Robertson 2008).

Candida spp. has been recovered from humans, animals and the environment
(Beran and Steele 1994) and zoonotic concerns have been raised (Marshall 2003).
Candida spp. have been responsible for hospital-acquired infections and associated
with catheter-related infections (Hawser and Islam 1999; Chandra and Ghannoum
2004). C. albicans, in particular, has also been associated with biofilm formation in
medical devices and high mortality (Kojic and Darouiche 2004). Kuhn et al. (2002)
suggested that C. albicans produces quantitatively more biofilm than other Candida
species. Candida forms complex three-dimensional biofilms offering optimal spa-
tial construction for the establishment of microniches throughout the biofilm.
Candida biofilms present multiple resistance mechanisms making the organism
resistant to a range of antifungal products (Douglas 2003; Ramage et al. 2005).
Candida and Aspergillus are emerging as dangerous pathogens (patient survival
rate as low as 50%) although their prevalence of implant infections has been shown
to be only around 8% (Anderson and Marchant 2000).

M. avium and M. intracellulare (M. avium-intracellulare complex, MAIC) are
slow-growing, atypical mycobacteria, ubiquitous in the environment. M. avium
produces granulomatous lesions that are indistinguishable from the tubercular
lesions produced by M. tuberculosis and M. bovis (Greene and Gunn-Moore
1990; Zeiss et al. 1994). M. avium and M. intracellulare are potentially zoonotic
and have been found growing in biofilms in drinking water systems (Falkinham
etal. 2001). Therefore, samples should be collected from pipe biofilms when testing
water systems. M. avium adheres to surfaces, grows at low levels of oxygen and is
resistant to heavy metals forming biofilms on metallic surfaces (Falkinham et al.
2004). Mycobacterium ulcerans causes necrotising skin lesions in humans,
a disease known as Buruli ulcer (BU) considered an emerging disease (Walsh
et al. 2009). M. ulcerans has been found in biofilms attached to aquatic plants
(Marsollier et al. 2002). It has been suggested that insect bites may play a role in
transmitting M. ulcerans (Marsollier et al. 2005). Mycobacterium marinum and
M. ulcerans sequences for the 16S rRNA gene are highly similar (Portaels et al.
1996). M. marinum causes disease in fish usually called “fish tank granuloma”
(Walsh et al. 2009). M. marinum can infect humans through skin lesions and
produce superficial and self-limiting lesions in hands, forearms, elbows and knees
(Steitz et al. 1997). Demangel et al. (2009) propose that M. ulcerans originated
from M. marinum by transfer of a virulence plasmid carrying genes for mycolactone
production. Recently, some closely related mycolactone-producing mycobacteria
have been discovered causing public health concern (Chemlal et al. 2002; Gauthier
and Rhodes 2009). Mycobacterium haemophilum causes bone, joint, skin and
pulmonary infections in immunocompromised adult humans and lymphadenitis in
children (Kiehn and White 1994; Samra et al. 1999). M. haemophilum infections in
animals have been reported including a case of pulmonary infection in a royal
python (Hernandez-Divers and Shearer 2002) and zebrafish infections (Kent et al.
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2004; Whipps et al. 2007). M. haemophilum was isolated from infected fish at a
research facility (University of Georgia) where biofilm samples obtained were also
positive for M. haemophilum (Whipps et al. 2007). The possibility of the biofilm
acting as a reservoir for infection was considered. M. haemophilum has been
isolated from biofilms growing in water distribution systems (Falkinham et al.
2001). Overall, aquatic Mycobacteria can affect many species of fish and represent
a potential zoonotic risk to humans. Water and associated biofilms have been
recognised as natural habitats for Mycobacterium spp. (Pedley et al. 2004). There-
fore, the implementation of programmes for the prevention, reduction or elimina-
tion of these pathogens (living free or as part of biofilms) in aquatic facilities is
paramount. M. avium paratuberculosis (MAP) causes Johne’s disease in animals
including primates; however, its role in Chrones disease in humans is still contro-
versial. The identification of MAP in blood extracted from patients suffering from
Chrones disease in a case-control study suggested that MAP has a role in the
pathogenesis of this disease although more research seems necessary to clarify its
role (Naser et al. 2004). Bull et al. (2003) observed that the identification of MAP in
the majority of tested individuals with chronic intestinal inflammation suggested
causality and the fact that MAP causes chronic inflammation of the intestine of a
broad range of animal species made this organism the ideal suspect for Chrones
disease. Animals can be infected with MAP for years without showing clinical
symptoms and shed MAP in their milk and in faeces contaminating the environ-
ment. MAP may survive in the environment for a very long time and possible
amplify within environmental protozoa (Grant et al. 2002; Ayele et al. 2005). In
this way, MAP may be transmitted to humans through drinking water or aerosols
(Hermon-Taylor et al. 2000; Fazakerley et al. 2001; Percival et al. 2000; Bull et al.
2003). Aerosol droplets can concentrate bacteria and in that way mycobacteria can
spread via aerosols (Pickup et al. 1999; Beard et al. 2001; Whittington et al. 2004).
M. avium subsp. paratuberculosis infection in livestock is endemic in areas of
Wales; furthermore, this microorganism has been isolated from the river Taff in
Wales. Epidemiological data suggested that the inhalation of M. avium subsp.
paratuberculosis from the river Taff might be responsible for the clustering pattern
of Crohn’s disease observed in Cardiff (Pickup et al. 2005). M. avium subspecies has
been isolated from environments worldwide (Falkinham 1996); they are known to
persist in biofilms in drinking water distribution systems (Falkinham et al. 2001;
Torvinen et al. 2007). It has also been suggested that potable hot water systems may
contain M. avium concentrations greater than expected (du Moulin et al. 1988).
In fact, M. avium may survive traditional water disinfection treatments and can
be more resistant to chlorine when growing in biofilms (Taylor et al. 2000; Steed
and Falkinham 2006). MAP ability to form biofilms seems to vary between isolates
and under different conditions (Carter et al. 2003; Johansen et al. 2009). MAP has
also been found to survive in biofilms in food-producing animals watering systems.
Therefore, the control of biofilms on farms should be included in any farm manage-
ment programmes (Cook et al. 2010).

Commensal and biofilm-forming environmental microorganisms such as Listeria
monocytogenes, Campylobacter, E. coli, Salmonella, S. aureus, S. epidermidi,
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Pasteurella multocida, P. haemolytica, Streptococcus suis, S. agalactiae,
Actinobacillus pleuropneumoniae and Mycoplasmas cause more than half of the
infections in mildly compromised individuals (Costerton et al. 1999; Donlan 2001;
Prakash et al. 2003).

Treatment of biofilm infections can prove difficult. Antibiotics can be effective
against planktonic cells released from biofilms but cannot eliminate biofilms
(Marrie et al. 1982). This fact could explain recurring symptoms, after cycles of
antibiotic treatments, until the sessile bacterial population is removed or eliminated
(Costerton et al. 1985). Studies of polymicrobic biofilms revealed symbiotic
interactions and enhanced transfer of antimicrobial resistance genes (Hansen
et al. 2007; Seidler et al. 2008).

Some of the major zoonotic microorganisms that are known to be avid biofilm
formers and therefore of public health importance are presented below.

4.1 Listeria monocytogenes

L. monocytogenes is a Gram-positive pathogen that can cause severe infections
among pregnant women and immunocompromised patients (Farber and Peterkin
1991). L. monocytogenes can form biofilms on a variety of surfaces, such as stainless
steel and rubber (Blackman and Frank 1996; Meyer 2003). Borucki et al. (2003)
demonstrated that L. monocytogenes are able to form biofilms in static conditions.
Rieu et al. (2008) using laser-scanning confocal microscopy (LSCM) compared
L. monocytogenes biofilms grown under two different environmental conditions
(static growth media and flow conditions). They reported that L. monocytogenes
formed biofilms under flow conditions which appeared to be more organised with
rounded microcolonies surrounded by a network of knitted chains compared to static
conditions. Furthermore, biofilms formed by L. monocytogenes under different
conditions depended on different patterns of gene expression (Hefford et al. 2005;
Rieu et al. 2008).

4.2 Helicobacter

Helicobacter species have been isolated from the stomachs of several animals such
as cats, dogs, pigs, birds, mice, chickens, ferrets and monkeys (Mirkin 2009).
Helicobacter spp. DNA has been detected in the oral cavity of dogs representing
a risk factor for Helicobacter spp. infections in humans (Recordati et al. 2007).
Vertical faecal-oral transmission of H. pylori infection of Mongolian gerbil pups
from an infected mother has been demonstrated (Oshio et al. 2009).

Helicobacter spp. cause stomach problems in humans and may also cause other
conditions such as liver disease, clotting, heart attacks and certain skin conditions
(Meining et al. 1998). A large number of different species of Helicobacter have
been isolated from animals with transmission likely to human. These have included
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H. helmannii (Mention et al. 1999), H. rappini, H. felis, H. cinaedi, Helicobacter
sp. strain Mainz (Vandamme et al. 2000), H. fennelliae, H. pullorum, H. hills,
H. hepaticus, H. billis and H. canis (Ferenci 2000). One of the most researched
Helicobacter spp. in both animals and humans is Helicobacter pylori a bacterium
well known to form biofilms both within in vivo and within in vitro conditions.

H. pylori is a Gram-negative microaerobic rod of public health importance
because it causes gastric ulcers, gastritis and contributes to the development of
gastric cancer (Amieva & El-Omar 2008; Kandulski et al. 2008). In fact, H. pylori
has been considered as carcinogenic since 1994 and can be found all over the world
but seems more prevalent (90% prevalence) in developing countries (van
Duynhoven and de Jonge 2001). Human infection by H. pylori can occur through
multiple pathways.

Cole et al. (2004) observed that the presence of mucin increased the number of
planktonic H. pylori and suggested that H. pylori biofilm formation might be more
difficult in the mucus-rich stomach of humans and animals. However, Carron et al.
(2006) photographically documented the presence of mature dense H. pylori
biofilms on samples of human gastric mucosa obtained from patients undergoing
esophagogastroduodenoscopies. Animals constitute a reservoir for H. pylori and
the possibility of transmission through the food chain has been considered. In fact,
H. pylori might survive in foods in a viable but non-culturable form (VBNC) and
therefore difficult to isolate from foods leading to underestimation of its prevalence
(Dimola and Caruso 1999; van Duynhoven and de Jonge 2001). Quaglia et al.
(2008) have detected H. pylori DNA in raw goat, sheep and cow milk by using a
Nested Polymerase Chain Reaction (Nested-PCR) assay. In addition these flies
have been shown to potentially transmit H. pylori mechanically through excreta.
It has been suggested therefore that flies might contaminate food with H. pylori
(Griibel et al. 1997).

H. pylori can survive up to 1 year in fresh water as viable coccoid forms that are
non-culturable but represent a public health hazard (Shahamat et al. 1989; Adams
et al. 2003; Konishi et al. 2007). It has been demonstrated that the consumption
of environmental water or dirty water is a risk factor for human infections with
H. pylori (Goodman et al. 1996; Ahmed et al. 2007). In fact, H. pylori infections in
humans seem to be correlated with biofilm formation and access to contaminated
water (Percival and Thomas 2009). Biofilms can provide a protective environment
for H. pylori to survive in water and even to reach concentrations that could cause
harm to humans (Gido et al. 2008). They have also been documented to survive with
amoeba and as such its transmission could be similar to that of M. avium.

4.3 Campylobacter

Campylobacter spp. are Gram negative, microaerophilic but reported to be unable
to grow in air and outside an animal or human host (Park 2002). However,
Campylobacter are very robust and can survive environmental stresses. In fact
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Campylobacter sp. are considered to be the main pathogen causing human gastro-
intestinal infections in developed countries (Kalmokoff et al. 2006; Murphy et al.
2006). The majority of human Campylobacter infections are caused by C. jejuni
and C. coli, with C. jejuni being the more common species isolated from human
cases of campylobacteriosis (Skirrow 1994).

Trachoo et al. (2002) suggested that C. jejuni might form VBNC forms within
biofilms isolated from chicken houses. As with all microorganisms, biofilm forma-
tion protects Campylobacter organisms from the environment and therefore
enhances their survival. Trachoo and Frank (2002) demonstrated that the effective-
ness of sanitizers against C. jejuni was decreased by the presence of biofilms.
However, C. jejuni biofilms are inactivated by chlorine (Dykes et al. 2003).

Campylobacter jejuni can form different types of biofilms when surviving in
different environmental conditions. This variability in biofilm formation could
partly explain the survival of Campylobacter in the environment and the high
incidence of Campylobacter-related infections (Gaynor et al. 2005; Joshua et al.
2006). C. jejuni biofilms have been isolated from water and in fact, C. jejuni can
form biofilms in a variety of materials used in animal production watering systems
(Reeser et al. 2007).

Biofilms with low levels of oxygen will promote the growth of microaerophilic
bacteria such as Campylobacter. Furthermore, the presence of organic material will
also assist on the survival and growth of Campylobacter in environmental biofilms
(Humphrey et al. 1995; Kusamaningrum et al. 2003).

4.4 Salmonella

Salmonella causes abdominal pain, diarrhoea and fever. Most individuals infected
with Salmonella recover without treatment and require oral fluid replacement in
4-7 days. However, some patients need to be hospitalised and treated with
antibiotics when suffering from persistent diarrhoea and sometimes bacteraemia
or septicaemia can develop. Salmonellosis can be fatal in immunocompromised
patients (CDC 2008).

Salmonella species are known to colonise the intestines of mammals, birds and
reptiles and when shed into the environment they have been reported to survive for
long periods in water, soil and foods. Most human infections with Salmonella in
developed countries are related to the consumption of contaminated foods (Angulo
et al. 1999). Salmonella serotype typhimurium and Salmonella serotype enteritidis
seem to be the most common serotypes involved in human infections (Rodrigue
et al. 1990; Rubino et al. 1998; Herikstad et al. 2002; Galanis et al. 2006).

Salmonella enteritidis are known to form biofilms under a number of conditions
and on different materials (Austin et al. 1998; Bradshaw and Marsh 1999). Inter-
estingly Salmonella have been reported to form biofilms on gallstones which is
known to enhance their proliferation in these organs. The use of antibiotics has been
shown not to eradicate Salmonella from infected gallstones (Lai et al. 1992) and
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surgery is considered an unfeasible solution for individuals with Salmonella
infected gallstones in developing countries (Crawford et al. 2008).

It has been demonstrated that S. enterica serovar typhimurium can compete and
outgrow even displace E. coli when forming biofilms on HEp-2 epithelial cells
(Esteves et al. 2005). Research directed to the study of “biofilm genes” has been
conducted with a number of potentially pathogenic Gram-negative bacteria includ-
ing Salmonella (Solano et al. 2002), E. coli (Pratt and Kolter 1998) and Vibrio
cholera (Watnick and Kolter 1999).

4.5 Shigella

Shigella is a Gram-negative, rod-shaped bacteria usually transmitted via faecal
contamination through humans, food, water and flies and therefore associated with
poor hygienic conditions (Troller 1993; ICMSF 1996). Poor staff hygiene in food
processing establishments may lead to food contamination. Gunduz and Tuncel
(2006) have isolated Shigella from a feeding unit and an aging tank in an ice-cream
processing plant which were shown to pose a risk to public health.

4.6 Giardia and Cryptosporidium

Giardia and Cryptosporidium are parasitic protozoa causing disease in humans and
animals frequently transmitted through contaminated water (Brandonisio 2006;
Cheng et al. 2009). Wildlife and livestock can contribute to the maintenance of
these parasites in the environment (Paziewska et al. 2007) although in a study
conducted by Heitman et al. (2002) genetic differences that may indicate host
specificity were discovered by genetic characterisation of Cryptosporidium isolates
collected from humans, dogs, cats, pigs, steer, calfs and beaver hosts.
Cryptosporidium has been responsible for disease outbreaks related to
contaminated water in developed countries. The interaction of Cryptosporidium
oocysts with biofilms present in water distribution systems has been reported but
further investigation is required for this (Angles et al. 2007). Biofilms can provide a
protective environment for the accumulation of C. parvum oocysts assisting on the
propagation of this pathogen and the contamination of the environment and water
systems (Searcy et al. 2006; Wolyniak et al. 2009). Epidemiological studies
revealed that water contamination with animal faeces was the main suspected
source of an outbreak of Cryptosporidium in Lancashire (UK) in 2000. Further-
more, the persistence of Cryptosporidium oocysts after switching to another water
source indicated the possibility of oocysts being protected by biofilm formation
(Howe et al. 2002). Ecological studies, epidemiological data and risk assessment
form the basis for the implementation of effective water treatment to protect public
health (Szewzyk et al. 2000). Giardia are known to attach to the intestinal epithelial
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surface forming part of biofilms. Pathogens need to attach to the intestinal lumen
and overcome the forces produced by intestinal mucus to remove not properly
attached microorganisms (Costerton et al. 2003).

4.7 E. coli

Reisner et al. (2006) conducted an extensive analysis of E. coli biofilm formation
and reported very different responses to various environmental conditions and great
variation between diverse E. coli isolates to form biofilms in vitro. In fact, an
association between pathogenic E. coli strains and increased biofilm formation
capabilities was not observed like it has been reported in other microorganisms
such as Enterococcus faecalis (Mohamed et al. 2004).

4.8 E.coli0157

E. coli 0157 infections in humans can be severe in immunocompromised patients
and children. Animals are known to act as reservoirs for E. coli 0157 contaminating
the environment. Humans can become ill through direct contact with carrier
animals or contaminated food or water. Investigations into an outbreak of E. coli
0157 in people visiting a farm in Pennsylvania revealed that 13% of the farmed
cattle were carrying E. coli 0157 and these isolates had the same distinct molecular
pattern that was found in isolates from 51 patients tested in the case-control study
(Crump et al. 2002). The possibility of E. coli 0157 requiring another microorgan-
ism such as Pseudomonas aeuroginosa to assist in its ability to form biofilms has
been investigated (Klayman et al. 2009).

4.9 Yersinia

Yersinia can cause illness in humans through the consumption of contaminated raw
or undercooked meat, seafood, tofu and contaminated water. Y. pseudotuberculosis
can cause lymphadenitis and septicaemia and Y. enterocolitica causes gastrointes-
tinal syndromes (Naktin and Beavis 1999; Gerald 2009). Yersinia entercolitica
can form biofilms and its flagella play an important role in biofilm formation.
Y. enterocolitica and Y. pseudotuberculosis are motile but Y. pestis is non-motile
(Kim et al. 2008).

Yersinia pestis is responsible for plague syndromes in humans. Y. pestis infects
rodents and is transmitted to humans by fleas. Y. pestis produces dense biofilms on
the hydrophobic surface of spines inside the proventriculus in the flea’s foregut
(Jarrett et al. 2004). However, it has been suggested that Y. pestis strains that are
unable to form biofilms can also cause plague (Eisen et al. 2007).
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4.10 Clostridium botulinum

C. botulinum is a Gram-positive, anaerobic, spore-forming rod responsible for
botulism. This microorganism produces a potent neurotoxin which causes flaccid
paralysis. Different Clostridium species are known to produce seven types of toxins
(A-G). Clostridium produce spores and these are known to be resistant to
antimicrobials and aids survival in the environment and in foods (Hirsh and
Birbenstein 2004). Foodborne botulism is a severe condition (high mortality rate
if not treated properly) caused by ingestion of contaminated foods. The botulinum
toxin is only destroyed at high temperatures (80°C for 10 or more minutes) and
therefore represents a highly significant public health concern. C. botulinum type
C forms biofilms and survives in biofilms within grass; this has been suggested to be
the cause of equine dysautonomia (Grass Sickness) (Hirsh and Birbenstein 2004).
Clostridium spores have been implicated in food poisoning cases. The hydro-
phobicity of Clostridium spores plays a key role in their adhesion to surfaces,
biofilm formation and increased resistance to sterilisation treatments (Wiencek
et al. 1990). Hydrophobic interactions have been associated with the adhesion of
bacteria to surfaces and biofilm formation (Rosenberg and Kjelleberg 1986).

4.11 Clostridium perfringens

C. perfringens is an ubiquitous bacteria, Gram-positive, anaerobic that can be found
in the environment, in animals (Narayan 1982; Songer 1997), as part of the
microbiota in human intestine (Carman et al. 2008) and has the ability to form
biofilms enabling it to adapt to different environments (Varga et al. 2008).
C. perfringens biofilms have been shown to provide recalcitrance to antibiotics
and may contribute to antibiotic-associated diarrhoea (Asha et al. 2006; Varga et al.
2008). Some strains of C. perfringens such as type C, D and E can colonise the guts
of mammals and cause enteric infections in livestock (Songer 1997) and can also
form biofilms (Varga et al. 2008).

C. perfringens biofilms exhibited a dense extracellular matrix containing
carbohydrates and type IV pilin proteins (Varga et al. 2008). These authors
observed that biofilm formation increased in absence of glucose or carbohydrates
which could represent a survival mechanism for C. perfringens in low nutrient or
starvation conditions. However, other survival mechanisms have been observed in
stressful conditions such as endospore production and enhanced motility (Varga
et al. 2004; Mendez et al. 2008).

4.12 Streptococcus sp.

Some members of the genus Streptococcus are part of the normal microflora in the
human body but sometimes they might produce opportunistic infections such as
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dental caries. However, exogenous pathogens of the genus Streptococcus can cause
a wide range of infections from mild conditions to life-threatening illnesses
(Cvitkovitch et al. 2003).

Streptococcus-related infections are considered zoonotic with some Streptococ-
cus sp. more commonly associated with human infections than others (Acha and
Szyfres 2003). The most frequently detected Streptococci in human infections have
included Streptococcus equi subsp. zooepidemicus and S. equi subsp. equi (Krauss
et al. 2003). Other Streptococci of human significance have included S. pyogenes
which are known to produce several illnesses including a toxic shock-like syndrome
(Demers et al. 1993). S. pyogenes are known to form biofilms which assits in their
tolerance to antimicrobial treatments (Baldassarri et al. 2006).

Streptococcus pneumoniae and Enterococcus (Streptococcus) faecalis have
been shown to have increased resistance to antibiotics and are known to cause
serious problems in immunocompromised and hospitalised people (Appelbaum
1992). Raw milk and eggs are considered a source for Streptococcus infections in
humans (Gerald 2009).

4.13 Streptococcus suis

S. suis type 2 can be isolated from carrier adult pigs’ upper respiratory tract and
tonsils and may cause disease in young pigs and humans. S. suis is usually isolated
from infected pig carcases but it can also be found in the faeces of infected herds
(Huang et al. 2005). S. suis type 2 has been isolated from human patients
(associated to the pig industry) which suggests an occupational zoonosis route.
However, a few cases have been detected in humans with no known contact with
the swine industry (Zanen and Engel 1975; Clifton-Hadley 1983; Sriskandan and
Slater 2006). S. suis human infections have been reported in New Zealand,
Australia, Argentina, several Asian and European countries and Canada (Lun
et al. 2007). In fact, S. suis is one of the most common causes of bacterial
meningitis in Hong Kong (Hui et al. 2005). The possibility of the emergence of
a new more virulent S. suis strain has been raised based on epidemiological
studies of outbreaks caused by this particular strain in China (Sriskandan and
Slater 2006).

S. suis can form biofilms as reported by Grenier et al. (2009). Grenier et al.
(2009) characterised a biofilm formed by S. suis type 2, isolated from a pig with
meningitis, and observed that S. suis strain 95-8242 produced a dense biofilm when
sucrose, glucose or fructose was used as the primary nutrient source. Within this
study S. suis 95-8242 was shown to be more resistant to penicillin G and ampicillin
when grown as a biofilm compared to its planktonic counterpart.

Fittipaldi et al. (2007) have used selective capture of transcribed sequences
(SCOTS) and identified 28 genes preferentially expressed by S. suis when
interacting with cells of the porcine brain microvascular endothelial cells, some
of these genes were considered potential new virulence factors.
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4.14 Vibrio

V. cholera can form biofilms on crustacean shells, aquatic organisms and aquatic
plants to reach an infective dose. Consequently, these biofilms have been reported
to act as reservoir for V. cholera in a non-culturable coccoid form (Hall-Stoodley
and Stoodley 2005; Alam et al. 2007). In addition to V. cholera, Vibrio parahae-
molyticus has been isolated from seafood and associated with foodborne illness
(D’Mello 2003).

4.15 Aeromonas

Aeromonas sp. are Gram-negative and rod shaped. They are motile aquatic bacteria
considered important pathogens in reptiles, amphibians and fish. In particular, they
are known to be a major problem in fish farming. Fish are thought to act as a
reservoir of A. hydrophila possibly leading to infection in mammals (Lallier and
Higgins 1988; Lynch et al. 2002).

In humans, Aeromonas sp. are known to cause gastroenteritis (from mild to
cholera-like symptoms) and other infections such as endocarditis, septicaemia,
haemolytic uraemic syndrome, peritonitis, respiratory infections, myonecrosis,
osteomyelitis, ocular infections and meningitis. A. hydrophila and E. coli have
been reported to grow well in biofilms detected in drinking water systems (Walker
et al. 2000). As well as water Aeromonas sp. have also been isolated from foods
(seafood, raw milk, meat and vegetables) as they are well known to form biofilms
utilising QS mechanisms. By using an N-acylhomoserine lactone (AHL)-dependent
QS system (bacterial communication system) the ability of Aeromonas to form
biofilm has been shown to be significantly enhanced.

5 Control of Food-Borne and Water-Borne Biofilms of Zoonotic
Importance

Biofilms are known to provide a protective environment for pathogenic bacteria,
parasites and viruses aiding their dissemination in water systems leading to disease
in animals and humans (Howe et al. 2002; Helmi et al. 2008). Microbial cells in
biofilms can easily detach voluntary or involuntary from biofilms to aid their
dispersal which represents a very important survival strategy (Sauer et al. 2002).
Consequently, bacterial cells which reside in the planktonic phase are thought to be
in a phase of moving from one surface to another (Parsek and Fuqua 2004). It is
plausible to suggest that these dispersal strategies are therefore the cause of food
and water contamination and therefore animal and human infection/disease (Zottola
and Sasahara 1994, Piriou et al. 1997).
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A dynamic equilibrium between attachment and detachment processes occurs in
wastewater biofilms which are composed of bacteria, viruses and parasites. There-
fore, the microbial concentrations within a biofilm may be regulated purposely to
enhance the survival of the biofilm community (Skraber et al. 2007). In fact
biofilms have been compared to tissues of higher evolutioned organisms. If patho-
genic bacteria detach from biofilms this is potentially dangerous particularly if the
infective dose reaches immunocompromised hosts (Storey et al. 2004). Understand-
ing better the particular phases of biofilm formation, proliferation and detachment
could prove very useful for investigating the control of biofilms (Ghannoum and
O’Toole 2004; Hall-Stoodley et al. 2004; Sawhney and Berry 2009).

As mentioned previously, biofilm formation causes public health problems in
food processing and water systems (Lelieveld 2005; Alakomi et al. 2002). How-
ever, there are positive applications for biofilms, in particular, they may be used for
water treatment (Bryers 2000; Wuertz et al. 2003). However, water-borne
pathogens can form part of biofilms and exchange genetic material with other
microorganisms present. The use of markers to detect biofilms in water has been
suggested (Committee on Indicators for Waterborne Pathogens 2004). The use of
chlorine dioxide for biofilm control and general disinfection in water distribution
systems has been proposed (O’Leary et al. 2002).

The formation of biofilms has been observed in various food processing
industries such as raw and cooked/fermented meats, raw and smoked fish, seafood,
chicken and turkey, milk and dairy products and yeast (Sharma and Anand 2002;
Bagge-Ravn et al. 2003; Carpentier and Chassaing 2004; O’Brien et al. 2004).

Pathogenic organisms such as Listeria and Shigella can form biofilms in food
processing establishments (Gunduz and Tuncel 2006). These authors isolated a wide
range of microorganisms such as Proteus, Enterobacter, Shigella, Escherichia,
Edwardsiella, Aeromonas, Pseudomonas, Staphyloccus, Bacillus, Listeria and others
from an ice-cream processing plant. These authors also observed that the
microbiological burden decreased after the cleaning of food producing areas. How-
ever, they neglected to remove biofilms and Shigella was still present in one of the
tanks after cleaning and disinfection, proving this constitutes a significant public
health issue. In this same study, L. monocytogenes was found on the conveyor belt of
the packaging machine indicating the possibility of food contamination. Again
despite cleaning in place because of the existence of recalcitrant biofilm the effec-
tiveness of these cleaning agents was clearly proved.

Important public health pathogens such as S. typhimurium, C. jejuni, E. coli
0157:H7, L. monocytogenes and Yersinia enterocolitica have been found in
biofilms causing severe problems in the food industry (Griffiths 2003). In fact,
some pathogens of zoonotic importance such as L. monocytogenes and S. aureus are
difficult to remove from biofilms (Lelieveld 2005). L. monocytogenes has been
isolated from dairy and meat processing plants (Wong 1998). Listeria has been
found to be particularly resistant to disinfectants and temperatures (Wirtanen and
Salo 2004). In fact, Listeria can survive for up to 10 years in food processing
establishments due to the presence of persistent strains with enhanced attachment
properties (Lundén et al. 2002). A dramatic and lethal foodborne epidemic caused
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by Listeria forming biofilms in a food plant and contaminating food products
occurred in the USA in 1998. In 2000, USDA required Listeria testing in food
processing establishments (Drexler 2002). Bjerklie (2003) tested 41 meat
processing establishments and found L. monocytogenes on or in 39% of the floors
tested, 29% of floor drains, 34% of cleaning equipment, 24% of wash areas and
20% of food-contact surfaces. Listeria and other pathogens of public health impor-
tance forming part of biofilms can survive sanitation procedures in food premises
(Arnold 1998). In fact, resistance to chlorine and heat treatments increases when
microorganisms such as Listeria and Salmonella attach to surfaces (Wirtanen
and Mattila-Sandholm 1992; Dhir and Dodd 1995). C. jejuni, E. coli O157:H7,
L. monocytogenes and S. typhimurium forming biofilms were more resistant to
trisodium phosphate treatment (Somers et al. 1994). Some sanitizers have been
shown to be ineffective against bacteria in biofilms formed during milk processing
(Mosteller and Bishop 1993). Biofilms may also form in pasteurisation equipment
contaminating pasteurised product (Langeveld et al. 1995).

The presence of biofilms on materials and equipment used in the food industry
poses a risk to human health. In fact, biofilms may recontaminate previously treated
and/or cooked food products (Lelieveld 2005). Food contamination may result in
human foodborne illness and lowers product shelf-life producing economic losses
(Criado et al. 1994).

The presence of biofilms in crates used to transport poultry has been documented.
The biofilms in crates are difficult to remove by pressure washing, even from well-
designed smooth crates (Mead 2005). It seems very important to understand biofilm
formation conditions and properties in order to successfully implement sanitation
strategies in the poultry industry and protect public health. Poultry production can
be an intensive and heavily contaminated operation due to the high number of
animals being processed in commercial processing establishments. Furthermore,
the use of water at several stages of the process will facilitate the formation of
biofilms. Therefore, biofilms can be very prevalent and efforts should be directed to
prevent and/or eliminate biofilms in poultry processing. Biofilm control and elimi-
nation strategies should be considered as part of HACCP implementation and food
safety systems in the food industry. Several factors such as plant and equipment
design, maintenance, cleaning and disinfection products and techniques will influ-
ence the formation and/or elimination of biofilms in food establishments. Control
measures to prevent and eliminate biofilms in the food industry involve adequate
design, good manufacturing practices including effective cleanliness of surfaces
and proper staff training (Husu et al. 1990; Eklund et al. 1995; Autio et al. 1999;
Miettinen et al. 1999, 2001; Lyytikainen et al. 2000; Wirtanen 2002; Aarnisalo et al.
2003; Lundén 2004; Miettinen and Wirtanen 2006; Wirtanen and Salo 2004).

Some surfaces are preferred by microorganisms to form biofilms. The identifi-
cation of factors that make different surfaces resistant or susceptible to biofilm
formation seems crucial to control biofilms in the food industry. Some types of
rubber materials seem to inhibit microbial attachment. Although the presence of
some elements such as zinc and sulphur can partially explain this fact, there are
other factors associated with rubber that contribute to the inhibitory effect (Arnold
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and Silvers 2000). However, proper maintenance of rubber material will also
influence the effect on biofilm formation (Amold and Bailey 2000). The effects
of corrosion on metallic surfaces and biofilm formation have also been investigated.
Attachment of bacteria to metallic surfaces is facilitated by corrosive treatments
(Arnold and Suzuki 2003). Therefore, proper maintenance of surfaces and equip-
ment used in food processing and the use of materials resistant to corrosion seem
important measures to reduce and control biofilm formation. Effective sanitation
strategies are crucial for the control of biofilms in the food industry. Some materials
such as Teflon seem easier to effectively clear of biofilms than others like stainless
steel (Marriott 1999). Thorough cleaning before disinfection of surfaces and equip-
ment is crucial to removed attached microorganisms and for the effectiveness of
sanitation procedures in the food industry. The use of mechanical energy has been
shown to be most effective against biofilms (Gibson et al. 1999). Food producers
should use mechanical equipments which do not create aerosols. The use of non-
aerosol generating detergents and sanitizers will be more effective when used
together with mechanical methods (Meyer 2003). The use of sanitizers such as
acidic quaternary ammonia, chlorine dioxide and peracetic acid has been found
more effective to remove attached microorganisms (Krysinski et al. 1992). The
use of antimicrobial coatings on equipment surfaces, such as bacteriocins and
silver ions, will help in controlling the formation of biofilms (Kumar and
Anand 1998; Meyer 2003). Special treatments such as the use of specific enzymes
might be necessary to eliminate pathogens from biofilms in the food industry
(Oulahal-Lagsir et al. 2003). However, some decontamination technologies used
in or on foods might potentially provide stressful conditions promoting biofilm
formation and increasing pathogens’ virulence (Samelis and Sofos 2003). It has
also been suggested that the use of chemical sanitizers may exert a selective
pressure on attached pathogens selecting for resistant strains (Langsrud et al. 2003).

Furthermore, a steady increase in the prevalence of antibiotic-resistant strains
isolated from food processing environments has been observed (Teuber et al. 2003;
Nayak et al. 2004) and antibiotic-resistant strains also exhibited cross-resistance to
other antimicrobial agents, such as sanitizers (Langsrud et al. 2003; Lundén et al.
2003). This phenomenon could be linked to the transfer of genetic material such as
plasmids coding for antibiotic resistance between microorganisms present in
biofilms. Biofilms might then represent a reservoir for antimicrobial-resistance
genes (Watnick and Kolter 2000; Jefferson 2004; Parsek and Fuqua 2004; Weigel
et al. 2007). Human infections with antibiotic-resistant pathogens represent a
serious public health problem. Salmonella enterica serovars are increasingly resis-
tant to commonly administered antibiotics (Boyle et al. 2007). Recommendations
have been made to limit the use of antibiotics in farm animals and to adopt non-
antimicrobial farm management strategies (Angulo et al. 1999).

More research seems necessary in the control and prevention of biofilm forma-
tion including a balance between benefits and risks of using particular decontami-
nation technologies in order to select optimum treatments and improve food safety.
In general, decontamination technologies currently used reduce pathogen preva-
lence on fresh meat (Sofos 2005).
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6 Further Research and Biofilm Control Strategies

The use of new technologies for the study of biofilms can provide interesting and
useful information for the control of biofilm infections. Pathogens such as
L. pneumophila, C. jejuni and C. parvum have been identified in biofilms by using
episcopic differential interference contrast (EDIC) microscopy together with epi-
fluorescence using gold nanoparticles or fluorophores (EDIC/EF) revealing 3D
biofilm structure (Keevil 2003). LSCM is also a powerful technology to
study biofilm architecture and 3D structure and used to study P. aeruginosa and S.
aureus biofilms (Klausen et al. 2003; Jefferson et al. 2005; Pamp and Tolker-Nielsen
2007). However, biofilm structure can be diverse in response to environmental
conditions (Wimpenny et al. 2000).

New molecular technologies such as the SCOTS can offer advantages for the
study of genetic regulation of biofilm formation (Osaki et al. 2002).

Bioengineering has also been successfully used to produce bacteriophages that
can induce the production of biofilm-degrading enzymes during infection to act
against the biofilm matrix and cells (Lu and Collins 2007). The use of artificially
engineered biofilms has been proposed to capture pathogens present in water
to monitor the hygienic status of drinking water (Bauman et al. 2009). Biofilm
engineering can contribute to the elimination of biofilms and to the control of
biofilm infections. Nanotechnologies such as the use of fluoride nanomaterials
might present a solution to inhibit biofilm formation (Lellouche et al. 2009). The
use of current electric fields and ultrasonic radiation can render biofilms more
susceptible to conventional antibiotic treatments (Costerton et al. 1994; Rediske
et al. 1998).

The use of microemulsions and nanoemulsions has also been tested to control
biofilms. Teixeira et al. (2007) used emulsions to inactivate biofilms formed by
P. aeruginosa, Salmonella spp., S. aureus, E. coli 0157:H7 (VT-) and L. mono-
cytogenes. All biofilms were inhibited by the used emulsions except the one formed
by L. monocytogenes. Essential oil compounds have been proved successful against
biofilms of L. monocytogenes and E. coli 0157:H7 representing a potential solution
for the treatment of biofilms in the food industry (Pérez-Conesa et al. 2006).

The study of biofilms’ structure, architecture, cellular spatial arrangement
(Davey and O’Toole 2000) and synergistic and antagonistic or inhibitory interac-
tions between biofilm cells will provide new insights into biofilm infections and the
development of effective treatments (Reisner et al. 2006). A synergistic effect was
observed in mixed biofilms of P. aeruginosa and MRSA involved in catheter-
associated urinary tract infections (CAUTI). In fact, P. aeruginosa was producing
more exotoxin A when forming biofilms with MRSA (Goldsworthy 2008).

Adhesion to surfaces is the first necessary step for the production of biofilms
(Klemm and Schembri 2004) and therefore actions taken to prevent adhesion of
microorganisms could provide interesting solutions for the prevention of biofilms.
Several factors play a role in biofilm formation and bacterial adhesion such as
environmental conditions, the capacity of microorganisms to adhere to surfaces and
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also the nature of the surface (Katsikogianni and Missirlis 2004). Bacterial attach-
ment to inert surfaces can be reduced by using aqueous extract of fish muscle
proteins (FMPs) to precondition the surface (Bernbom et al. 2006). This type of
proteinaceous coating from fish muscle was used against biofilm formation by UTI
E. coli and Klebsiella strains on different materials. A 100-fold reduction in biofilm
formation was observed although the effect depended also on other variables such
as the growth medium, the particular bacterial strain and the extract (Vejborg and
Klemm 2008).

Antibiotic resistance is one of the main global public health concerns (Croft et al.
2007). Antibiotic resistance associated with biofilm infections can be explained by
several factors associated with biofilm formation such as the different growth
phases of cells forming biofilms and the presence of the extracellular matrix
(Stewart and Franklin 2008).

Further research into genetic control of MRSA biofilm formation will increase
our understanding of the pathogenesis of MRSA infections involving biofilms and
will be useful for the development of novel therapies to treat persistent infections
(O’Neill et al. 2007).

Oritavancin is a semisynthetic lipoglycopeptide with bactericidal properties
against Gram-positive microorganisms such as methicillin-resistant S. aureus
(MRSA), vancomycin-resistant S. aureus (VRSA) and others (Belley et al. 2009).
Oritavacin can produce loss of membrane integrity in susceptible biofilm cells
(McKay et al. 2006) being this its principal antibacterial mechanism against
stationary phase S. aureus cells (Belley et al. 2009).

The selection of the right antibiotics to treat human and animal infections caused
by biofilms is paramount (Clutterbuck et al. 2007). Furthermore, more research into
biofilm infections in humans and animals, biofilm resistance mechanisms and new
strategies for effective treatment should be developed. New therapies need to
overcome significant difficulties encountered when treating biofilm infections
(Belley et al. 2009). It has been suggested that prophylactic use of microbicides
in medical devices can be effective against biofilm formation and associated
infections.

The use of antibiotics as part of any prophylactic strategy is controversial but
they are routinely used in immunocompromised patients. It has been suggested that
the most effective treatment of biofilm infections associated with medical devices
combines removal of an infected material and systemic antibiotic and/or antifungal
therapy. However, fungal infections can be very difficult to treat. New experimental
therapies to prevent and/or treat biofilm-related infections of medical devices are
being developed such as new materials and intelligent implants. Future research
into biofilm-related infections and the use of new imaging technologies and bio-
markers will assist on the fight against biofilm infections (Lynch and Robertson
2008). Compounds that can interfere with QS systems or cellular communication
systems represent an important alternative for the treatment of biofilm infections.
One of the main advantages is that these products are very unlikely to create
selective pressure for more virulent or resistant microbial strains (Morten et al.
2003).
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7 The Future

Future research should include genetic investigations into regulatory genes
involved in biofilm formation and survival mechanisms, bioengineering and new
technologies for the study of biofilms. Biofilm control strategies should be based on
risk assessment and assessment of the effectiveness of control methods. Further-
more, new treatments and therapies should be developed and their effectiveness on
the fight against biofilms adequately assessed.
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Abstract Biofilms play an increasing role within the medical and veterinary
community. Due to the increased resistance of a biofilm, they can have direct and
indirect effects upon a range of infections and diseases including chronic non-
healing wounds, implant/prosthesis infection and mastitis. These problems can
have significant effects on other industries, for example mastitis can have a detri-
mental effect on milk yield in the dairy industry. The degree of severity biofilms can
cause increases the pressure on the veterinary industry to diagnose and treat
infections and diseases quicker and with more effective results. With maturity,
biofilms may become more resistant to the effects of antimicrobials which make the
infection harder to treat. As elaborated on in previous chapters, many antibio-
therapy treatments currently used to treat bacterial infections are aimed at plank-
tonic bacterial cells as opposed to cells encased in a biofilm; this makes their
treatment increasingly problematic. Without adequate diagnostic and treatment
protocols to treat veterinary biofilms, their impact will remain a significant
challenge.
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1 Introduction

As mentioned previously in this book, bacteria evident in the natural environment
(animal host, rivers, water systems) exist in two phenotypic states: planktonic (free
floating) and sessile (attached — biofilm) (Clutterbuck et al. 2007). The bacterial
state of existence specifically determines susceptibility, in particular to eradi-
cation and destruction by the host immune system and responses to antibiothera-
peutic measures. Compared with their planktonic counterparts, sessile bacteria
within biofilms, are known to have heightened resistance against lethal destruction
from immune complexes and antimicrobial drugs. This increased resistance can be
attributed to a number of reasons including a reduced bacterial metabolism, a self-
produced extracellular matrix, which can sequester many antimicrobial agents,
a specific biofilm phenotype, a biofilm structure that can be altered depending
on outside perturbation and the specific growth response to on a particular surface
(Costerton et al. 1999).

Biofilms can cause significant health problems in both humans and animals,
including chronic non-healing wounds, mastitis and medical implant/prosthesis infec-
tion. Polymeric substances, exo-enzymes and toxins found within a biofilm may have
a direct effect on body repair, for example, wound healing. They also have an indirect
effect on the length of the inflammatory state. Typically, biofilms prolong inflamma-
tion in the host culminating in the formation of a chronic infection (Costerton et al.
1999; Donlan and Costerton 2002; Parsek and Singh 2003). A prolonged inflamma-
tory stage is particularly pertinent in relation to failure of wound healing.

In animal species, the risk of infection is probably considerably greater than
the risk in humans. This is due to the difference in animal housing and living
environments — animals naturally frequent environments with a large and much
more diverse microbial community. Where contamination is defined as “the presence
of non-replicating microorganisms”, Krahwinkel and Boothe (2006) identified three
potential sources of bacterial contamination. These were environment, cutaneous and
endogenous (Krahwinkel and Boothe 2006). The suggestion behind the “hygiene
hypothesis” is that a certain level of environmental, cutaneous and endogenous
bacteria is safe and indeed, important to general health; these are commonly referred
to as commensal or “friendly bacteria”. However, when the populations of bacteria
increase or when the bacteria gain access to an area where they are not usually present
or where they are given the opportunity to form a pathogenic biofilm, bacterial
colonisation and proliferation then becomes a health threat.

In addition to their ability to colonise body surfaces, biofilms are able to colonise
artificial surfaces including tubing and implants, such as intravenous catheters, the
teeth and gingivae, the lungs, the ears, the urogenital tract and course wounds
(Potera 1999). Perhaps, the two most prominent issues related to biofilm infection
are chronic wound infections and sub-clinical and clinical mastitis. To a lesser
extent in veterinary species medical device infection is an additional potential
danger. The ability to colonise a variety of surfaces within a host has important
clinical implications in both human and veterinary medicine.
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1.1 Biofilm Development

A biofilm is described as a cluster of bacterial cells that are surrounded by a self-
produced exo-polymeric matrix that is irreversibly attached to an abiotic or biotic
surface (Costerton 2004). The development of a biofilm can vary between different
bacterial species; some organisms such as Pseudomonas spp. are able to form
a biofilm rapidly in a variety of different environmental conditions, whereas other
species need more specific environmental condition, such as a specific pH, the
availability of defined nutrients and specific environmental temperatures (Fera et al.
1989; Ferris et al. 1989; Cowan et al. 1991; O’Toole et al. 2000). If the invading
bacterial species is capable of rapidly and easily forming a biofilm then, where a
biofilm is present, the treatment of an infection will become more complicated. This
added difficulty can be attributed at least partially to the inherent ability of a biofilm
to evade the host’s defence mechanisms and to resist the effects of antimicrobial
drugs. Biofilm-related infections are typically slow to develop and are usually
persistent. They rarely resolve under the host immune defences alone and are
only transiently susceptible to antibiotherapy (Parsek and Singh 2003).

Biofilms are frequently associated with chronic infections and disease. A good
example is cystic fibrosis in humans (Lee et al. 2005). Chronic infections tend to be
less aggressive than acute infections but by definition persist for months and even
years if the underlying cause is not eliminated. Due to the nature of their develop-
ment, the biofilms can cause periods of quiescence and acute exacerbation during
the course of an infection/disease (Costerton et al. 2003).

Biofilm development can be divided into five stages;

. Initial microbe attachment to a surface

. Formation of the exopolymeric matrix

. Early development of biofilm architecture

. Maturation of biofilm architecture

. Dispersion of bacterial cells from the biofilm (Lappin-Scott and Bass 2001; Lasa
2006)
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Once the biofilm has reached “maturity” and has an optimal cell mass, dispersion
of the outer layer of cells is initiated. This may provide an explanation for the acute
exacerbation of clinical signs encountered in biofilm infections and disease
(Hall-Stoodley and Stoodley 2005). The dispersal stage of biofilm development is
exacerbated after any assault on the biofilm, for example, exacerbation may follow
antibiotherapy. The ability of the biofilm to cause a persistent infection makes it
important to diagnose the presence of a biofilm and to prevent its maturation.

1.2 Diagnosis

Biofilm-related infections can cause significant difficulties in the initial diagnosis of
a complaint and may explain some circumstances of a wrong diagnosis or a missed
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diagnoses. In many circumstances swab or blood culture yields negative results
even in the face of a strong clinical impression of a significant infection. These
negative results might suggest that the underlying causes are not bacteriological in
origin when in fact they are. However, many negative culture results are due to the
presence of a biofilm; cells within a biofilm are protected by their extracellular
polymeric matrix. The percentage of matrix material to each bacterial cell is
substantial. A biofilm is made up of around 15% bacterial cells and 85% matrix
material (Donlan and Costerton 2002). The genes involved in the formation of
biofilm matrices are rapidly up-regulated by the adherent cells on a surface; this up-
regulation may be significant within 12 min of the initial adherence of the cells to
the surface (Davies et al. 1993; Davies and Geesey 1995).

The rapid formation and strength of the extracellular matrix provide protection
to the bacterial cells from the mechanical action of swabbing. The extracellular
matrix can also lose water from its highly hydrated form to create a harder, less
permeable outer “shell” thereby affording further protection for the cells within it
(Sutherland 2001). Although these are those that will cause the most morbidity and
long-term health issues, the organisms within the biofilm are not represented in
cultures taken from the infected site. The more time the biofilm has to mature the
harder the biofilm becomes to diagnose and eradicate and therefore rapid, early
detection of a developing biofilm is essential.

When presented with bacterial infection or disease, the presence of a developing
or mature biofilm should be identified as quickly as possible. Many of the most
accurate diagnostic tests rely on the immune response of the host. Enzyme-linked
immunosorbent assays (ELISA) have proven useful in the early detection of biofilm
infection. These tests are used to detect the host antibodies against biofilm-specific
epitopes that are common to all staphylococcal species, a major perpetrator of
biofilm growth. ELISA tests are amongst the most sensitive methods of detection,
since they directly detect the antibody or antigen of interest as opposed to aggluti-
nation tests, which are secondary binding tests.

1.3 Immune Response to Infection

The successful control and eradication of an infectious disease requires an “under-
standing of the characteristics and behaviour of the agent causing the disease and
its interaction with the host and the environment” (Nicoll et al. 2005). When a host
is initially challenged by a bacterial infection, the immune system responds through
a combination of innate immune responses (non-specific response provided by
complement proteins and phagocytic cells including neutrophils and macrophages)
and the adaptive (humoral) immune response (specific response to an antigen
provided by various lymphocyte branches). These two branches of the immune
system are linked through the macrophages role as antigen-presenting cells (Carrick
and Begg 2008).
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In the event of a bacterial invasion, phagocytic cells of the innate immune
response migrate to the site of infection and begin to engulf and phagocytose the
foreign cells. Neutrophils are usually the first host cells to reach the infected area
and to begin phagocytosis. Once neutrophils begin to phagocytose the invading
microorganism, the respiratory burst is initiated and the toxic products of the
neutrophil are released and these are usually effective at killing the pathogen.
Toxic products released by neutrophils upon interaction with a bacterial cell (or
other foreign antigen) contain antimicrobial and cytotoxic substances that are able
to kill phagocytosed bacterial cells and therefore neutrophil degranulation is an
essential part of the inflammatory response. However, in a biofilm-forming infec-
tion, this stage of the immune response is ineffective; the bacterial cells remain
unharmed and viable. The respiratory burst attracts more neutrophils and
macrophages to the area. Macrophages are phagocytic cells alongside neutrophils;
however they also act as antigen-presenting cells which have specific receptors that
recognise pathogen-associated molecular patterns (PAMPs) on the surface of bac-
terial cells. Once bound to the PAMP, macrophages synthesise and secrete a
mixture of products, including interleukin-1 (Il-1) and tumour necrosis factor-o
(TNF-0ov), which trigger inflammation and activate the adaptive immune response.

Once activated, the adaptive immune responds through a T-lymphocytes cell-
mediated immune (CMI) response and a B-cell-mediated humoral response. CMI
initiation is triggered once the bacterial cells have been engulfed by the macro-
phages and the PAMP is presented alongside major histocompatability complexes
(MHC) class I and II molecules. CD4" molecules on T cells recognise MHC class 11
molecules whilst CD8 molecules recognise MHC class I molecules. Once the
combination of PAMP and MHC class II on a macrophage is recognised by a
T cell, the T cell differentiates into T-helper (Th) cells of two subtypes; Th1l and
Th2 for cell-mediated immunity and antibody production, respectively. MHC class
I molecules process cytotoxic T cells which have antimicrobial killing actions. The
humoral response is responsible for initiating production of mature B cells which
are able to produce antibodies directed against the invading microorganism. The
humoral response provides the secondary wave of immune defence to support the
initial phagocytosing cells.

The humoral response is particularly important in biofilm-related infection due to
the ability of the biofilm to evade the initial immune response of neutrophils and
macrophages. It has been demonstrated that in Pseudomonas aeruginosa biofilms
quorum sensing molecules synthesise a specific lipid called rhamnolipid. This effec-
tively eliminates polymorphonuclear neutrophils which are essential to the innate
immune response to infection (Jensen et al. 2007; Bjarnsholt et al. 2008). Due to the
persistence of a biofilm, the host immune response continues its assault with
neutrophils and macrophages in an attempt to destroy the biofilm. However, continued
assault results in degradation of the surrounding host tissue as a result of the prolonged
inflammatory response, prolonged exposure to high levels of cytokines and proteases
and toxic substances released by effete neutrophils (Carrick and Begg 2008).

The ability of immune cells to phagocytose the invading bacterial cells differs
between planktonic cells and cells that have originated from a biofilm. Jesaitis et al.



116 A.J. Gardner et al.

(2003) studied the hosts’ neutrophil response to a Pseudomonas aeruginosa biofilm
and concluded that the neutrophils were, in fact, able to penetrate the biofilm.
However, upon contact with the biofilm neutrophils had limited degranulation
capacity and reduced motility. Furthermore, the neutrophil was only partially
activated at the neutrophil-biofilm interface (Jesaitis et al. 2003). When neutrophils
are unable to efficiently interact with a biofilm and release their antimicrobial products
the biofilm remains intact and can continue to cause infection. Cerca et al. (2006)
also found that the host immune cells were able to successfully penetrate Staphylo-
coccus epidermidis biofilms but were unable to engulf and phagocytose the bacterial
cells within the biofilm. They also reported that excessive extracellular bacterial
antigens were released from the biofilm (Cerca et al. 2006) and suggested that this
would contribute to the escalation of the response of immune cells.

Ordinarily, mucosal surfaces that are at risk from microbial adhesion are
protected by the antibody fractions of the host innate immune system that destroys
bacterial cells deposited on these surfaces (Ganz 2001). However, cells with a
biofilm phenotype have the ability to bypass this fundamental first line host protec-
tion barrier and are able to adhere to these surfaces anyway. They may also take
advantage of hosts with an impaired immune function and take the opportunity to
colonise mucosal surfaces; opportunistic infection is common in immunocompro-
mised animals. With a deficient immune defence against biofilm-associated
infections and disease, additional defence mechanisms such as antimicrobials are
usually required.

1.4 The Role of Antimicrobials in the Treatment of a Biofilm

The majority of available antimicrobials are aimed at planktonic bacterial cells as
opposed to cells encased within a biofilm that have a different phenotype in respect
of growth and resistance compared with their planktonic counterparts (Lewis 2001).
Continued use of ineffective antimicrobials will have no impact on the biofilm and
may only result in increased selection for resistant bacteria (Morley et al. 2005).
Collection of swabs from the wound and subsequent culture for aerobes and
anaerobes can confirm the bacterial species within the wound and their biofilm-
forming capacity. Some bacterial isolates have strong biofilm-forming abilities
whilst others have more limited ability or none at all. Part of the resistance
mechanism of a biofilm is the presence of persister cells. These comprise around
1% of the total biofilm bacterial population (Brooun et al. 2000; Lewis 2008) and
they are able to rapidly reproduce the original bacterial population of the biofilm
after an assault from an antimicrobial agent (Lewis 2005, 2008). Therefore, where
a biofilm is present, for example, in the treatment of chronic, non-healing wounds,
it is paramount that all necrotic tissue is removed; biofilms are commonly present
in necrotic tissue and so debridement will minimise the presence of resistant
bacteria and persister cells. This approach supports both the host immune system
and the effects of antimicrobial drugs in overcoming any remaining infection.
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Antimicrobial drugs have minimal effects on eradicating biofilms. Instead they
often only suppress possible symptoms of infection by eliminating the planktonic
cells that are released from the biofilm (Stewart and Costerton 2001). As a result of
this failure, the biofilm may act as a source of continued infection for months or even
years if not correctly treated (Costerton et al. 1999). Biofilms release planktonic
bacteria systematically during the detachment phase of the biofilm life cycle
(Costerton et al. 1995); dissolution of the EPM by enzymes allows the release of
bacterial cells from the biofilm into the surrounding area as planktonic cells (Allison
et al. 1998). These planktonic cells can rapidly multiply and disperse (Costerton
et al. 1999); if they cannot be destroyed by the hosts’ antibodies they are free to
colonise other surfaces and cause infection. Therefore, the biofilm acts as a reservoir
for repeated acute infections after antibiotic or antimicrobial treatments. Due to the
co-existence of biofilms and planktonic bacteria within the host, any antimicrobial
agent that is used to treat the infection or disease must be capable of eliminating both
the biofilm and the free-floating planktonic bacterial cells (Chaw et al. 2005).

When it comes to choosing antibiotherapy, it is important to take into account the
state of growth of the cells within the biofilm. The majority of cells encased within the
biofilm are in a state of limited growth known as the stationary growth phase where the
rate of bacterial cell growth is at maintenance level and cell division has ceased. The
effect of an antimicrobial agent is negligible during this state of limited bacterial
growth even if the drug has managed to diffuse through the extracellular matrix.
Penicillins and cephalosporins are ineffective against non-dividing bacteria and will
therefore have no effect against bacteria that are encased within the polymeric matrix
(Bishop 2005). Other drugs such as aminoglycosides and fluroquinolones are effective
against non-dividing bacterial cells and are able to equilibrate across the surface of the
biofilm (Brooun et al. 2000). However, whether the antimicrobial compound has
maintained full effectiveness after diffusing through the matrix is questionable.

The correct dosage of an antimicrobial drug is also an important factor in
increasing the chances of a positive effect against the biofilm. Brooun et al.
(2000) studied Pseudomonas aeruginosa biofilms and the dose-dependent killing
of its biofilm using the fluroquinolone antibiotics, ofloxacin and ciprofloxacin. They
demonstrated that the majority of cells within the biofilm were destroyed by
concentrations similar to those that destroyed planktonic cells of the same species.
However results revealed that a proportion of the biofilm was left intact. These
indestructible cells which are present in a biofilm are the persister cells. Persister
cells cannot be destroyed due to their inactivated cell death function. This is a major
reason why antimicrobial drug treatments have limited effect at biofilm eradication.
To be effective against the entire population of the biofilm increased concentrations
of the drugs are necessary. However, the concentrations that would be effective
against the biofilm may have adverse effects on the host.

The use of some antimicrobials (tetracyclines, quinopristine/dalfopristins and
erythromycin) may have a detrimental effect on the host as they may actually
stimulate the formation of a biofilm (Anderson and O’Toole 2010). Instead of lysing
the bacterial cells these drugs stimulate the expression of certain genes within the
bacterial cell, namely the intercellular adhesion (ica) locus in Staphylococcus
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epidermidis. The ica locus (including icaA, icaB, icaC, icaD genes) is an essential
gene for biofilm formation and increased expression of the ica locus has been
associated with an increased adherence ability of the bacterial cell to a biological
surface and as a result increased biofilm formation (Melchior et al. 2006a, b). The
choice of antimicrobial is even more essential to ensure no deleterious effects.

1.5 Biofilms and Their Relevance to Infection and Disease
in Veterinary Medicine

The ability to treat many bacterial infections such as chronic non-healing wounds
and mastitis is related to the ability of bacteria to form a biofilm. In human
medicine, the Centre for Disease Control and Prevention (CDC) suggests that as
much as 65% of bacterial infections are biofilm related (Potera 1999). Published
figures are not available for the prevalence of biofilms within animal bacterial
infections but it is likely that the percentage occurrence is similar to that seen in
humans, if not more. Unlike planktonic bacterial infections which are typically
rapid and acute in onset, in biofilm-related infections and disease there is a temporal
delay in the clinical appearance of the evidence for an infection (Ward et al. 1992).
In extreme cases of biofilm-related infection and disease, radical surgical removal
may be the only option; there have been cases of amputation in human cases of
biofilm infection (Wieman 2005).

The following section provides a description of three of the most common issues
associated with biofilm infection occurring in both human and veterinary patients.
By no means are these the only issues faced by clinicians with regards to biofilm
infections and disease; however, these are the issues that are predominate in current
research.

1.6 Wounds

Wounds, whether of surgical or traumatic origin, are a frequent occurrence in
veterinary clinics and are common sites for biofilm formation. Bacterial infection
of wounds is an important aspect of patient care in both human (Burke 2003) and
veterinary practice (Orsini et al. 2004). Most wounds support a stable polymicrobial
community without any adverse effects (<10° colony forming units (CFU)/gram of
tissue) and without showing any clinical signs of infection (Hansson et al. 1995;
Waldron and Zimmerman-Pope 2003). It is important to treat wounds efficiently
and effectively so as to avoid escalation of the bacterial burden within the wound
and consequent compromise in both the repair process and the overall health status
of the patient. Open wounds can provide an environment conducive to the forma-
tion of a biofilm (Xu et al. 2000; Krahwinkel and Boothe 2006). Once a biofilm has
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colonised the wound bed, the repair process is interrupted and fails to progress
through the sequential stages of wound healing. Wound healing is not a linear
process; the recognised phases run concurrently and are influenced by both intrinsic
and extrinsic factors, such as bacteria, bleeding and health of the patient (Waldorf
and Fewkes 1995). Wound healing can typically be divided into three phases:
(1) haemostasis and acute inflammation, (2) proliferation and (3) remodelling
(Cochrane 1997; Theoret 2006). Interruption of the wound repair process due to
the presence of a biofilm is primarily identified by a prolonged inflammatory
response that results in a chronic non-healing wound. Biofilms also have a more
direct effect on the wound repair process due to the presence of polymeric
substances, exo-enzymes and toxins present in the biofilm.

At particular risk from chronic non-healing wounds is the equid. Horses are
particularly at risk from chronic non-healing wounds of the lower limb similar to
venous leg ulcers seen in humans (Theoret 2004). The horse’s environment is natu-
rally associated with a plethora of bacteria that have the potential to colonise wounds
and form an impenetrable biofilm, particularly wounds of the lower limbs. Once the
biofilm has become established within the wound bed, the wound becomes difficult to
treat with traditional antibiotic treatments. Successful treatment of chronic non-
healing wounds should ideally involve a combined treatment effort using surgical
debridement of the biofilm and necrotic tissue, thorough lavage with physiologic
saline and topical and/or systemic administration of antibiotics. Debridement is a
vital part of the treatment protocol for chronic non-healing wounds as it physically
removes the biofilm and reduces the chances of the resistant population of bacteria, the
persister cells, replicating to re-colonising and re-infecting the wound.

Ordinarily the host immune system is capable of coping with a bacterial infec-
tion when the bacteria are in planktonic form. However, when bacteria adhere to the
surface and form biofilms the host immune cells have a limited capacity to destroy
the bacterial cells encased within its protective matrix. There are also issues with
those cells that have been released from the biofilm by dispersal mechanisms but
have not reverted to a true planktonic phenotype in which they would be truly
susceptible (Kharazmi 1991; Parsek and Singh 2003; Fedtke et al. 2004).

The issue for the clinician is whether the antimicrobials to be used to combat the
wound infection are effective against biofilms. Most commonly used antimicrobials
are ineffective in destroying a biofilm as the drugs were developed with planktonic
bacterial infections in mind (Lewis 2001; Percival and Bowler 2004; Clutterbuck
et al. 2007; Percival et al. 2008). Swabs taken from the wound for culture for
aerobis and anaerobic bacteria can confirm the bacterial species within the wound
and their biofilm-forming capacity can usually then be predicted.

Different bacteria may predominate in wounds on different host species, for
example, Sarcocystis felis is commonly associated with cat wounds (Songer and
Post 2005). Although horses have a particularly high risk of biofilm-infected lower
limb wounds, biofilms are also present in other wounds in different species.
However, similar treatment protocols are used with any biofilm-related wound
infection irrespective of the host. The antibiotherapy choice and dosage would be
the only differing aspect to the treatment of the infection.
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1.7 Medical Implant and Prostheses

Biofilm infection in humans with medical implant devices have been frequently
documented and pose a particular risk to individuals with an impaired immune
system (Khoury et al. 1992; Pawlowski et al. 2005). Occlusion of the lumen of
catheters has also been documented, in particular urinary catheters (Donlan 2001;
Suller et al. 2005). Typically the microorganism associated with human urinary
catheter occlusion is Proteus mirabilis either as a homogenous colony or as
a heterogeneous colony (Stickler et al. 1993). Although there is less evidence
to support the same event in animals, it is reasonable to assume that similar
occurrences occur. The capacity of many bacteria to adhere and colonise to the
surface of medical and prosthesis implants such as intravenous catheters is a major
contributing factor to post-surgical bacterial infections (Costerton et al. 1999).
Microscopic damage and imperfections to the surface of tubing during manufacture
and damage during use can also increase the risk of biofilm formation; bacteria
come to reside in the indentations on the surface (Khoury et al. 1992).

Exposure to potential pathogenic microorganisms increases the risk of medical
implant infection. A recent study reported that the presence of an infected wound
significantly increased the risk for prosthetic vascular graft infection (p = 0.001)
(Antonios et al. 2006). Compromised immune function due to the initial bacterial
infection may also provide an opportunity for bacteria to freely colonise the surface
of the medical implant without strong resistance from the host’s immune system.
Three of the most common microorganisms associated with human catheter-related
infections are Staphylococcus aureus, Staphylococcus epidermidis and Escherichia
coli (Choong et al. 2001; Warren 2001; Pascual 2002; Tenke et al. 2006). These
species are also the ones most frequently isolated in veterinary patients (Mathews
etal. 1996; Marsh-Ng et al. 2007; Edwards et al. 2008) and significantly they are the
species commonly isolated as normal skin commensals in both humans and animals
(Nagase et al. 2002). However, they are opportunistic pathogens. Where they gain
entry into an unusual site, for example, entering the body through catheter implan-
tation and entering systemic circulation they can become clinically significant.

Research to identify a material that is able to resist bacterial adhesion on its
surface is ongoing; recently, antimicrobial urological catheters, which are able
to inhibit the growth of a variety of microorganisms, have been introduced. In
particular, there are reports of benefits on microorganism inhibition when using
heparin and sparfloxacin in the manufacture of catheters (Kowalczuk et al. 2010)
and serum (Hammond et al. 2010). These developments should have a positive
influence on the reduction of bacterial infection occurrence seen in hospitalised
human and animal patients.

There is a growing bank of information about the role that common biofilm-
forming bacteria such as Staphylococcus aureus have in indwelling medical device
infections. However, little is known about the biofilm-forming ability of other less
well-documented species such as Chryseobacterium meningosepticum which has
been shown recently to have a strong biofilm-forming capacity. Lin et al. (2010)
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also described patients who had an intravascular indwelling catheter and patients
who had had an initial inappropriate antibiotic treatment program for Chryseo-
bacterium meningosepticum infection had an increased risk of fatality. This study
focused on blood stream infection in humans; however, it remains possible that
similar problems may occur in veterinary patients with catheter implantation.

There is also a potential risk for bacteria to withstand the chemical and mechan-
ical cleaning processes used for medical equipment. The potential risk of infection
from biofilm-contaminated equipment such as endoscope tubing is a highly relevant
problem in the clinical environment. Biofilms have been shown to survive and
remain viable after cleaning methods that include disinfectants and mechanical
brushing. The biofilm retains the potential to infect subsequent patients when the
equipment is re-used. Newer techniques and biofilm-removal systems have proved
more effective than previous protocols using detergents (Nicoll et al. 2005; Marion
et al. 2006). It is important that techniques that are effective at removing biofilm
from re-usable devices are utilised to ensure that bacteria encased within a biofilm
do not remain on the re-usable devices.

1.8 Mastitis

Mastitis is another significant health issue involving biofilm infection. It affects
many species including sheep, pigs, dogs, cats, goats and horses but is most
commonly isolated in the cow where the importance placed on the commercial
value of dairy products is the highest. Adhesion of bacterial cells (e.g. Staphylo-
coccus aureus) to the mammary gland epithelium has been considered the primary
step in the pathogenesis of mastitis (Cifrian et al. 1994).

Staphylococcus aureus and Staphylococcus epidermidis are commonly
associated with bovine mastitis (Oliveira et al. 2007; Melchoir et al. 2009). More
recently Streptococcus uberis has become a significant isolated species (Wyder
et al. 2011). Oliveira et al. (2007) demonstrated that the ability of Staphylococcus
aureus and Staphylococcus epidermidis to form a biofilm increases over time
(24, 48 and 72 h). In order to tailor the type and dosage of the antimicrobial used
to treat the infection, the accurate identification of the bacteria responsible and its
potential ability to form a biofilms should be made.

Initial biofilm formation in mastitis cases occurs approximately 24 h after
exposure to the infecting microorganism. Bacterial clusters appear in the mammary
alveoli (Fig. 1) and lactiferous ducts and also within the interstitial tissue (Hensen
et al. 2000). If the bacterial species is capable of forming a biofilm the cells will
begin to proliferate whilst producing their protective shield of polymeric
substances. Dispersal of planktonic cells from the biofilm prolongs the state of
infection in the animal and presents as chronic mastitis that is difficult to eradicate
using typical treatment protocols. Research has confirmed that bacterial strains
growing as a biofilm in mastitis are less susceptible to current mastitis therapies
(Melchior et al. 2006a, b, 2007).
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A component of the inflammatory response to mammary infection is an influx of
immune cells called somatic cells to the infected gland in order to eliminate the
microorganisms (Harmon 1994). Detection of a high somatic cell count (SCC) in
milk is suggestive of a mastitis infection and the infection results in a reduction in
the quality and amount of milk produced. Somatic cell counts are used to assess
the quality of milk produced; a SCC in excess of 400,000 per ml averaged over
a 3-month period is indicative of poor-quality milk and unacceptably high rates of
infection in the animal (Browing et al. 1995). The milk also dilutes the concentra-
tion of immune cells which limits their ability to effectively clear the infected gland
of the invading pathogen. Additionally some components of milk (casein and
fat) reduce the bactericidal abilities of the immune cells (Targowski 1983). Milk
provides a favourable environment for the microorganism to flourish (Chin 1982;
Gillespie et al. 2003). It provides sufficient nutrients and the ideal opportunity to
form a biofilm due to the high shear forces caused by the milking process. Once the
biofilm matures and reaches a critical cell mass the outer layer of cells are dispersed
into the surrounding space and are free to colonise other surfaces and may even
enter the circulation and cause systemic infection (Melchior et al. 2006a, b). The
dispersion of cells from the biofilm is partly responsible for the repeated “flair ups”
seen in the clinical mastitis cases; many of the recently released bacterial cells
retain at least part of their resistance to host immune cells and to antimicrobial
therapy. However many will eventually revert back to their original phenotype and
once again become susceptible to any antimicrobials present in the circulation. It is
the cells that are released from the biofilm that give rise to clinical signs such as
inflammation; therefore the clinical signs will dissipate once they are destroyed by
antimicrobial therapy. However there may be a residual sub-clinical infection
as a result of a biofilm.

Although there has been a reduction in the number of clinical mastitis cases
diagnosed in cattle, the incidence of chronic sub-clinical mastitis cases has risen.
This can reasonably be blamed on biofilm formation within the mammary epithe-
lium. Many of the mastitis-causing bacteria are endemic in the environment of
cattle, particularly those housed in indoor barns; unhygienic conditions increases
the risk of infection. Therefore mastitis cases are encountered more frequently
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when cattle are typically housed indoors in winter months. Many of the bacteria
present are non-pathogenic, however some environmental bacterial species do have
the potential to be pathogenic. Group A Streptococci (Streptococcus pyogenes) are
not natural pathogens of cattle, they are often found in the throat and on the skin
of humans. However cows can develop mastitis if they are infected with these
particular isolates by transference from a human carrier. This emphasises the need
for stringent hygiene.

There is a considerable cost element for the dairy farmer when mastitis is
confirmed in the herd. Mastitis causes a reduction in milk production and quality;
an increase in the use of antimicrobial drug therapies; and an increase in the use of
veterinary services (Melchior et al. 2006a, b; Clutterbuck et al. 2007). When the
basis of the infection is a biofilm the costs are further increased due to the persistent
resistance of such bacteria and the recurrences of clinical disease that inevitably
occur.

Although mastitis-causing isolates remain susceptible (in vitro) to current
antibiotherapies the overall cure rates of mastitis remain disappointing (Erskine
et al. 2002; Guérin-Faublée et al. 2002). Epidemiological studies have reported
a wide range of efficacy from 0 to 80%, by antimicrobial treatments (Sol et al. 1997;
Deluyker et al. 1999; Wilson et al. 1999). Where mastitis has developed into
a chronic infection following antimicrobial treatment, udder health remains unsat-
isfactory in many cases and somatic cell counts either remain elevated or after an
initial decline a second rise is detected (Melchior et al. 2006a, b). Hillerton and
Kliem (2002) suggest that around 40% of cases are a result of reoccurrence from
a previous infection. This is associated with the presence of persister cells after
antibiotherapy treatment which can repopulate the original biofilm causing a “flair-
up” of clinical signs. Elevated somatic cell counts can also be encountered after
treatment and this may be attributed to the post-antimicrobial damage to the biofilm
causing an increased release of planktonic cells. The increase in planktonic cells
causes an influx of phagocytic cells; a rise in the somatic cell count may therefore
be identified following treatment.

The ideal time to attempt to eliminate chronic mastitis infections is during the
“dry period” — the period at the end of lactation prior to parturition. During the dry
period the medium for successful bacterial growth has been removed and therefore
the number of bacterial cells should be reduced. Furthermore bacterial cells capable
of forming a biofilm have optimum growth in medium with sufficient nutrients;
when growing at a solid/liquid interface; and in areas of high shear pressure. During
the dry period these ideal environmental conditions are removed and therefore the
ability of bacteria to form a biofilm may be reduced. Microorganisms depend on
water for their structure and functions and the removal of water critically damages
membranes, proteins and nucleic acids and is therefore lethal to most micro-
organisms (Pawlowski et al. 2005; Suller et al. 2005). However, the extracellular
matrix encasing the bacterial cells within the biofilm may also be able to protect
against dehydration and so to allow the biofilm to survive within the “dry” udder.
There have been reports that biofilm-associated bacteria can survive desiccation for
prolonged periods if they are encased within the polymeric matrix. They can then
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be successfully revived when rehydrated (Costerton et al. 2003; Suller et al. 2005).
Tiretgen et al. (2007) grew biofilms for 30 and 60 days, air dried them at 27°C for
up to 200 h and found that biofilms grown for 60 days had a thicker matrix and
a higher number of viable cells after air drying. At 24 h both heterotrophic bacterial
cells from the biofilm—water interface and anaerobic bacteria cells from the deeper
layers of the biofilm had the greatest survival of 30- and 60-day-old biofilms.
However viable cells were identifiable after 168 h of air drying (Browing et al.
1995). The ability of biofilms to survive what would ordinarily be lethal desiccation
to a planktonic bacterial cell is yet another way for biofilms to resist destruction and
to persist in a host, causing chronic infections and disease.

The incidence of mastitis in the horse is much lower than in the cow (Jackson
1986). Some have attributed this difference to the high activity of lysozyme in the
mares milk (Zou et al. 1998). The lysozymes present in mare’s milk afford some
protection for the foal from infection by pathogenic bacteria that can cause gastro-
enteritis. They may also form a protective mechanism for the mare against bacteria
that are capable of causing mastitis. The lysozyme present in the milk lyses the
bacterial cells by breaking down the cell wall. The concentrations of lysozyme in
bovine milk are significantly less and therefore the level of protection afforded by
this specific mechanism is proportionately reduced. Once the bacteria begin to
adhere to a surface and begin the formation of a biofilm the lysozymes present are
unable to damage individual bacterial cells due to the surrounding extracellular
matrix. The mare has a second protection barrier to bacteria through high concentra-
tions of immunoglobulin, in particular IgG, which is present in colostrum (LeBlanc
et al. 1986). This milk immunoglobulin has a limiting effect on the amount of
bacteria present in the milk and this in turn limits the liability to biofilms formation.

2 Conclusion

Biofilms have the potential to cause serious medical complications in both humans
and animals alike. There are a variety of ways in which biofilms can cause health
issues in humans, as well as animals with wounds and mastitis being two common
clinical challenges in animals. Although research is still compiling evidence on the
role of biofilms in veterinary medicine, it is safe to say that they do play a significant
role particularly in chronic infections. Much of the information regarding biofilm
infection and disease has been extrapolated from human research and applied to the
veterinary environment as there are still many gaps in veterinary biofilm research.

Biofilms are currently featured highly in research programs with researchers
studying the specific architecture in an effort to help determine control strategies
(Bridier et al. 2010). However, the search for a successful treatment of biofilm
infections that can prevent and eradicate biofilms in the clinical environment is still
ongoing.

Timely and accurate identification of infections where a biofilm is present is
essential in preventing persisting infections. Once identified, treatment protocols
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need to be tailored specifically for biofilm infection; biofilm-related infections do
not respond to antibiotherapy treatment protocols in the same way as planktonic
bacterial populations. Hygiene remains one of the most critical pilates in the control
of dissemination of infection and the reduction in the opportunities for biofilm
formation.
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Role of Biofilms in the Oral Health of Animals
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Soénia da Silva, and Marcello P. Riggio

Abstract In humans the importance of biofilms in disease processes is now widely
recognised together with the difficulties in treating such infections once established.
One of the earliest and certainly most studied biofilm in humans is that of dental
plaque which is responsible for two of the most prevalent human infections, namely
dental caries and periodontal disease. However, comparable studies of dental
plaque in animals are relatively limited, despite the fact that similar infections
also occur, and in the case of farm animals there is an associated economic impact.
In addition, biofilms in the mouths of animals can also be detrimental to human
health when transferred by animal bites. As a result, an understanding of both the
microbial composition of animal plaque biofilms together with their role in animal
diseases is important. Through the use of modern molecular studies, an insight into
the oral microflora of animals is now being obtained and, to date, reveals that
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despite differences in terms of microbial species and relative proportions occurring
between humans and animals, similarities do indeed exist. This information can be
exploited in our efforts to both manage and treat infections in animals arising from
the presence of an oral biofilm. This Chapter describes our current understanding of
the microbial composition of animal plaque, its role in disease and how oral
hygiene measures can be implemented to reduce subsequent infection.

1 Introduction

Dental plaque of humans provided the first biofilm microorganisms studied
and were described in the seventeenth century by Antonie van Leeuwenhoek
(1632-1723) as ‘animalcules’ living within his own dental plaque (Costerton
et al. 1978; Gest 2004; Donlan and Costerton 2002). Our knowledge of biofilms
has advanced greatly since plaque microorganisms were first visualised by van
Leeuwenhoek, and in recent times the term biofilm has been defined as
communities of sessile microorganisms that are encased within an extracellular
polymeric substance (EPS) that has been generated by the microorganisms
themselves.

As well as being the earliest studied biofilm, dental the plaque is also the most
extensively investigated. The microorganisms within human dental plaque have
attracted researchers primarily due to their relationship with plaque-mediated
infections, dental caries and periodontal disease. In comparison, however, there is
relatively little information available about the oral microflora of dental plaque in
animals, nor its aetiology with equivalent animal infections. This is significant given
that plaque-mediated diseases are considered to be the primary causes of tooth loss
(Colmery and Frost 1986) in animals and also a potential cause of systemic disease.

Whilst the dentition of animals varies greatly with different species, what is
consistent is that all animals are highly dependent on the correct function of their
dentition in order to survive. Reduced function of the dentition following oral
disease can lead to a number of associated problems for the animal, including
malnutrition, systemic infection as well as physical dysfunction (DeBowes et al.
1996).

Further interest in the oral microflora of animals stems from concerns over
possible wound infection following animal bites in humans (Goldstein 1992;
Haddad et al. 2008). Animal bites are considered a significant public health
problem. In fact it has been estimated that some 2% of the population are bitten
in some way each year (Dendle and Looke 2008).

The risk of infection following animal bites is known to vary and is dependent on
the animal species involved and its oral microbiota. Numerous studies have shown
that a broad range of pathogens can be isolated from infected bite wounds. These
have included Corynebacterium auriscanis from a dog bite (Bygott et al. 2008),
Aeromonas hydrophila from a tiger bite (Easow and Tuladhar 2007), Pasteurella
multocida from a cat bite (Westling et al. 2006), Staphylococcus hyicus from a
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donkey bite (Osterlund and Nordlund 1997) and Flavobacterium from a pig bite
(Goldstein et al. 1990).

The most predominant genera found in infected animal bites, and particularly
those from horses (Escande et al. 1997), dogs (Sin Fai Lam et al. 1993) and cats, is
Pasteurella (order chronologically Weber et al. 1984; Arons et al. 1982; Tindall and
Harrison 1972; Albert and Stevens 2010). Interestingly, the first documented case
of Pasteurella canis bacteraemia in humans has only recently been reported and
thought to originate from a dog lick to an open leg wound (Albert and Stevens
2010). There have also been cases of bat bites, with two fatal cases of Australian bat
lyssavirus infection recently reported (Dendle and Looke 2008).

A recent review of the literature on the diagnosis and treatment of bite wound
infections found that the most common pathogens associated with bite wounds were
Streptococcus sp., Staphylococcus sp., P. multocida, Capnocytophaga canimorsus
as well as anaerobic bacteria (Yaqub et al. 2004). It was found in this review that
human bites differed from animal bites by the higher prevalence of Staphylococcus
aureus and Eikenella corrodens. In this respect, there is particular interest in the
oral microbiology of companion animals that are collectively responsible for over
90% of animal bites in humans needing medical intervention (Krél et al. 2006).

Animals are frequently used as models of human oral diseases (Fine 2009) and
an assessment of disease outcome in such studies is dependent upon knowledge of
the existing oral microflora and the ability of any introduced microorganism to
successfully colonise the oral cavity.

1.1 Composition of the Oral Microflora of Animals

Determining the composition of the oral microflora of animals and establishing its
relationship with oral health is problematic given the complexity and the variation
that occurs in oral microbial communities at different locations (Rober et al. 2008)
and indeed at different times (Marsh 2006). The reasons for these differences are
extensive and include the wide range of habitats within the oral cavity, the host’s
immune status and the influence of external environmental factors such as changes
in diet and receipt of antimicrobial therapies or other agents that can affect
microbial composition.

Within the oral cavity, soft tissues such as the buccal and palatal mucosa and the
tongue will support the presence and growth of microorganisms. In the case of the
buccal mucosa, the actual number of residing microorganisms is generally low,
which can in part be explained by the high turnover of the buccal epithelium. This
means that microorganisms adhered to epithelial cells will be removed as the cells
are shed from the mucosal surface. Higher numbers of microorganisms are often
present on the surface of the tongue, where the tongue papillae afford protection to
attached microbes from the normally protective flushing activity of saliva.
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In addition to soft tissues, hard and non-shedding surfaces for attachment of
microorganisms are provided by teeth, and it is on these surfaces where micro-
organisms reside in their highest numbers in the form of dental plaque.

Dental plaque can be divided into supragingival and subgingival forms and, as
these names imply, distinction is based on the plaque location with respect to the
gingival margin. In addition, significant variation in terms of microbial composition
can occur between these two types of plaque. Generally, Gram-positive, faculta-
tively anaerobic streptococci are the predominant constituents of supragingival
plaque, whereas Gram-negative anaerobic bacteria provide the largest component
of the microbial community of subgingival plaque.

Differences in the oral microflora between animal species and humans can be
pronounced, with most animal studies focussing on the mouths of companion,
working and food animals. To exemplify this, bacteria of the genus Streptococcus
tend to provide the greatest proportion of bacteria in the oral cavity of humans,
however much lower incidences of these bacteria occur in the mouths of dogs
(Wunder et al. 1976; Takada et al. 2006; Rober et al. 2008). Suggested reasons for
this relate to the respective dietary habits of humans and dogs, the generally higher
salivary pH encountered in dogs (Harvey and Emily 1993) and the existence of
possible bias in commercial diagnostic systems towards species associated with
humans.

Microorganisms in both supragingival and subgingival plaque of animals have
previously been characterised using culture methods (Harvey et al. 1995; Love et al.
1990). Culture of plaque microorganisms from the gingival margins of cats has
revealed mixed populations of facultative and obligate anaerobic bacterial species
comprising members of the genera Actinomyces, Bacteroides, Fusobacterium,
Peptostreptococcus and Propionibacterium (Love et al. 1990). The most prevalent
facultative anaerobe was P. multocida, whilst Clostridium villosum was the most
commonly isolated obligately anaerobic species. The microflora of dental plaque in
dogs has been demonstrated to be similar to that of cats (Harvey et al. 1995).
It should be noted that P. multocida is the causative agent of human pasteurellosis.
This particular bacterium is not a member of human commensal microflora but can
enter into the human body through bite wounds by cats or dogs.

Recent developments in molecular techniques have enabled the detection of
unculturable microorganisms. A comparative assessment of the microbiology of
the supragingival and subgingival plaque, cheek, tongue and tonsil of dogs has been
determined using DNA probes raised against human periodontopathogens (Rober
et al. 2008). Significant variation was evident in the microbial composition at
different locations, again highlighting the importance of oral site in affecting the
species present. Interestingly, in this study’ bacteria that hybridised to DNA probes
targeting the human periodontal pathogens P. gingivalis, Tannerella forsythensis,
Treponema denticola (i.e., the so-called red complex of periodontal pathogens;
Socransky et al. 1998) and Aggregatibacter actinomycetemcomitans were detected
in high proportions in all dogs examined. High numbers of Fusobacterium-like
species were also found and Streptococcus mitis was reported as the most predomi-
nant streptococcal species. Although the actual species present in the oral cavity of
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Table 1 Comparison of specific bacteria frequently found in the mouths of animals and humans

Host animal

Bacterial species/Genus Dog Cat Non-human primate  Horse = Swine  Human
Viridans streptococci + + + + + +
{3-hemolytic streptococci + nd nd nd nd +
Streptococcus pneumoniae + nd + + nd +
Streptococcus canis + + - - - -
Streptococcus equi - - - + - -
Enterococcus + + + + + +
Staphylococcus aureus + + + + + +
Actinobacillus - nd + + nd +
Neisseria + + + + nd +
Campylobacter + + + nd nd +
Escherichia coli + nd nd + nd +
Haemophilus + + + nd nd +
Capnocytophaga + + + nd nd +
Pasteurella + + nd + nd -
Peptostreptococcus + + + + + +
Actinomyces + + + + + +
Lactobacillus + nd + nd nd +
FEubacterium + + + + nd +
Clostridium + + + + + +
Veillonella + + + + nd +
Megasphera nd nd nd + nd +
Bacteroides + + + + nd +
Prevotella + + + nd nd +
Porphyromonas + + + nd nd +
Fusobacterium + + + + nd +
Treponema + + + nd + +

nd not determined

animals and humans varies, the microbial composition would appear to be generally
similar with respect to microbial genera (Table 1). It has therefore been proposed
that the oral cavities of animals and humans are equivalent in terms of selection
pressures which leads to the presence of core plaque components in all oral cavities
with representatives of the genera Actinomyces, Bacteroides, Fusobacterium,
Neisseria, Streptococcus and Veillonella consistently found in animals and humans
(Dent and Marsh 1981). In terms of plaque-mediated diseases of animals,
similarities in the type of causative organisms involved are often made.

Biofilms have several distinct properties when compared with equivalent plank-
tonic growth. Differences between these two modes of growth can manifest as early
as the initial attachment of microorganisms to a solid surface, which can result
in the activation of signalling molecules on the microbial cell surface leading to
the expression of ‘biofilm-specific’ genes. As the biofilm develops, the three-
dimensional biofilm structure will exhibit regional variation with respect to pH,
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nutrient and oxygen availability. These factors will, in turn, have an effect on the
type of microorganism present, their growth rate and gene expression.

The benefits to microorganisms growing within a biofilm are that the resulting
community tends to have a collective resistance to host defences and administered
antimicrobial agents. To understand the mechanisms behind this ‘protective nature’
of the biofilm requires an awareness of biofilm structure and development, and this
is described later. Of additional concern is that a biofilm may also demonstrate
enhanced pathogenicity compared with planktonic growth, a phenomenon referred
to as pathogenic synergy (van Steenbergen et al. 1984).

1.2 Formation of Dental Plaque Biofilms

Dental plaque is a normal occurrence on the surface of teeth and particularly so
where its mechanical removal by salivary flow is reduced, as encountered at
stagnant sites such as in the interproximal regions or fissures of teeth.

The formation of plaque begins with the development of an acquired pellicle on
the enamel of the teeth. This pellicle consists of glycoproteins, proline-rich peptides
(PRPs), lipids and phosphoproteins and other components originating largely from
saliva, although there may also be involvement of gingival crevicular fluid
molecules. Pellicle formation is a rapid process, occurring within seconds of a
clean tooth surface being exposed to a salivary conditioning film and results in the
generation of a surface offering receptors suitable for initial attachment of primary
colonising bacteria. These ‘early colonisers’ make contact with pellicle receptors
following either passive transport in saliva or by active motility of the micro-
organisms to the tooth surface.

Microbial adherence initially involves relatively weak and reversible electro-
static and hydrophobic interactions. However, through the interaction of specific
adhesins on the microbial cell surface with target receptors, an irreversible adher-
ence is achieved. Subsequently, ‘late colonisers’ are recruited to the plaque com-
munity, often by aggregation to the primary colonising organisms (Kolenbrander
et al. 2000) or to components of the EPS matrix produced by the developing
biofilm. The effect of this recruitment to the plaque biofilm is that a complex and
diverse population of microorganisms develops with interaction occurring between
its members in terms of both metabolic co-operation and competition. The end
result of all these interactions is that a relatively stable, climax microbial commu-
nity occurs within the mature biofilm, where certain combinations of bacterial
species will occupy the same locality or alternatively grow in separate locations
within the biofilm.

In addition to its ‘microbial structure’, mature plaque biofilms also have an
organised physical structure consisting of stable lower regions of relatively densely
packed microbial cells to more open and loosely organised cells in the upper biofilm
regions (Fig. 1). Within the biofilm structure, movement of fluid and gases can
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Fig. 1 Microbial structure:
mature plaque biofilm

occur through so-called water channels which provide a system of nutrient delivery
and means of removal for waste products from within the biofilm structure.

1.3 Opportunistic Oral Pathogens

Generally, the oral microflora of humans and animals exists in a healthy balanced
state with the host due to environmental constraints. However, alteration in the
local environment may lead to an imbalance in the oral microflora leading to
infection. These changes may relate to diet, a reduction in host immune responses
or the effects of an administered therapeutic drug, such as an antibiotic. Within a
biofilm community, environmental changes lead to different selection pressures,
causing shifts in the balance of microbial populations. This can lead to an increase
in the numbers of potential pathogens with the result that infection may follow. This
so-called ecological plaque hypothesis, first described by Marsh (2003), is used to
explain the dynamic nature of plaque-mediated diseases, as discussed later. Since
the microorganisms that are involved in oral infection are usually normally harm-
less and only cause disease when conditions allow, they are often referred to as
opportunistic pathogens.

1.4 Plaque-Mediated Diseases in Animals

As with humans, oral infections in animals are highly prevalent with periodontal
disease, soft tissue infections and dental caries all encountered to varying degrees.
In addition, certain oral infections are also thought to present a risk for potentially
more serious systemic disease, although much of the evidence for this relates to
studies in humans.
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1.5 Periodontal Diseases

Periodontal diseases are a collection of infections involving the degradation of the
supporting tissues of the teeth, including the gingiva, periodontal ligament, alveolar
bone and root cementum of the tooth. Periodontal diseases are regarded as the most
prevalent of all infections encountered in cats and dogs, and have a similar clinical
presentation to corresponding human infections. However, in animals, periodontal
diseases tend to have an accelerated rate of progression compared to humans, a
feature that could relate to the relative difficulty of improving and maintaining oral
hygiene in animals.

Gingivitis is often considered to be the first stage of periodontal infection and is
clinically characterised by mild inflammation at the gingival margin. Importantly,
gingivitis is recognised as a reversible form of periodontitis. Given the many
common features between human and animal gingivitis, it is not surprising that
researchers have proposed a similarity in the causative microorganisms involved
(Cutler and Ghaffar 1997; Syed et al. 1980).

At infected sites, the numbers of Gram negative and proteolytic bacterial genera
such as Porphyromonas and Tannerella increase and these become the predominant
members of the biofilm. Studies have indeed demonstrated higher numbers of
these ‘periodontopathogens’ in periodontal infections compared with disease-free
counterparts in animals, including dogs (Watson 1994; Gorrel and Rawlings 1996;
Isogai et al. 1999; Nordhoff et al. 2008), cats (Mallonee et al. 1988; Norris and Love
1999; Valdez et al. 2000) and sheep (Frisken et al. 1986, 1987; McCourtie et al.
1990; Dreyer and Basson 1992). Some differences have, however, been identified
between the Porphyromonas isolates of humans and animals, with those originating
from humans generally being catalase negative and those from animals often being
catalase positive (Harvey et al. 1995; Isogai et al. 1999; Booij-Vrieling et al. 2010).
This has led to the suggestion that the catalase-positive P. gingivalis-like isolates
are actually Porphyromonas gulae (Booij-Vrieling et al. 2010).

Periodontopathogens are asaccharolytic, which means they obtain their energy
from the breakdown of protein as opposed to carbohydrates. In the case of periodon-
tal disease, the host periodontium provides the source of this protein. Proteolytic
activity tends to increase the pH of the local environment, which in turn further
promotes the growth of the periodontopathogens. The presence of periodonto-
pathogens and their virulence factors serve to stimulate the animal’s cellular and
humoral immune defences. As well as combating the causative bacteria, the immune
response will also contribute to damage to the periodontium. Immunoglobulins
produced against bacterial antigens will activate complement pathways, leading to
inflammation and this causes the production of prostaglandins which, in turn,
stimulate bone resorption. Unless the numbers of the periodontal pathogens can be
reduced, either by the host’s immune response or through improved oral hygiene,
then progression of the disease from gingivitis to periodontitis is a possibility.

Periodontitis develops from gingivitis and is characterised by the degradation of
the actual supporting structures of the teeth, including the alveolar bone.
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Fig. 2 Ovine ‘broken
mouth’ periodontitis

Periodontitis is an irreversible form of periodontal disease and is graded based on
clinical parameters including the extent of gingival recession, erythema, oedema,
loss of bone support (as determined by radiographical measurement) and also the
number of teeth that may have been lost.

Periodontitis can have serious consequences for affected animals beyond the loss
of teeth and the condition has been implicated with dissemination of bacteria to
other body sites leading to kidney infection, and heart and liver disease (DeBowes
et al. 1996; Scannapieco et al. 2003; Okuda et al. 2004).

Sheep suffer from a naturally occurring form of periodontitis known as ‘broken
mouth’ (Fig. 2) which is a condition affecting sheep grazed on rough pasture, and
involves periodontal infection of the incisor teeth, their subsequent loosening and
progressive loss. Abattoir surveys in the United Kingdom have found occurrence of
incisor loosening or loss in 60—70% of culled ewes (Aitchison and Spence 1984).
The prevalence of this infection in any one flock varies between 5% and 70%, with
over 50% of flocks in the United Kingdom being affected (West and Spence 2000).
‘Broken mouth’ periodontitis, in addition to being a painful condition, will reduce
the efficiency of grazing of sheep, which contributes to malnutrition, weight loss
and systemic health problems (Anderson and Bulgin 1984; Baker and Britt 1990).
The implications of broken mouth periodontitis to animal welfare are thus obvious.

Dental problems are the main cause of premature culling of sheep long before
the end of their natural reproductive life and are universally acknowledged as an
important source of economic loss in the sheep industry, mostly due to high flock
replacement costs and the low sale value of broken mouth ewes (up to 30% less than
sound-mouthed ewes). Loss of the incisor teeth reduces the efficiency of grazing
and results in loss of condition and productivity if the animal is left on rough
grazings. It is a major cause of drafting sheep from upland pastures, thus reducing
the sustainability of upland enterprises, and results in the sale of older, experienced
hefted ewes to lowland systems where their edentulous state can be overcome by
using softer and more nutritious feeds. Consequently, this condition is a major
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economic problem to sheep farmers across the globe, for which no treatment or
control methods are available.

1.6 Dental Caries

Dental caries is an infection of teeth caused by plaque bacteria. The infection leads
to the dissolution of tooth enamel, largely due to the action of acidic products of
carbohydrate fermentation by microorganisms. In order for caries to occur a
number of factors have to be present. Firstly, the animal must have an accumulation
of plaque that contains the necessary bacteria capable of both surviving in an acidic
environment (aciduric bacteria) and also producing acid (acidogenic) under these
conditions. Secondly, the diet of the animal has to contain carbohydrates of
sufficient quantity and type to yield the necessary acid to degrade the enamel.
Given these requirements it is perhaps not surprising that dental caries is not a
spontaneous infection in many animals and is particularly uncommon amongst
companion animals. Often for caries to occur in such animals, some form of dental
trauma has to have preceded the disease. In dogs, naturally occurring caries has an
estimated incidence of approximately 5% (Hale 1998). The reasons for this rela-
tively low incidence are many, but particularly relate to the type of oral microflora
present (which tends to have relatively low numbers of streptococci), the intake of a
diet largely free of fermentable carbohydrates and the normally alkaline pH of
canine saliva. When canine caries does occur, it usually develops within pits on the
occlusal surfaces or on the necks of the molar teeth. As with dogs, caries is a rare
occurrence in cats and it is important to note that in cats’ dental caries is not the
underlying reason for the majority of dental cavities seen, which are often referred
to as feline odontoclastic resorptive lesions. In such lesions saccharolytic, acid-
producing bacteria are not involved.

1.7 Systemic Diseases Related to Oral Infection

In recent years, there has been much interest in the potential link between periodon-
tal diseases in humans and systemic conditions such as heart disease, stroke,
respiratory diseases, diabetes, osteoporosis and a greater risk of pre-term low
birth weight babies. The exact mechanisms for these associations have yet to be
determined although elevated bacteraemia with plaque biofilm organisms would be
a potential means for the spread of infectious microorganisms. Dissemination of
oral bacteria to other body sites has also been associated with systemic disease in
animals, with both kidney and heart disease being linked to the spread of oral
bacteria (DeBowes et al. 1996). Also, an elevated immune response with increased
levels of circulating cytokines could contribute to systemic inflammatory diseases.
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1.8 Prevention of Oral Disease in Animals

As mentioned earlier, the loss of teeth and dental function can have serious
consequences for an animal, leading to malnutrition and potential systemic disease.
Given that gingivitis is a reversible infection caused by plaque biofilm, it follows
that effective control of plaque at early stages of infection will prevent progression
of the disease. Indeed, it has been suggested that 90% of human periodontitis
follows on from gingivitis and that nearly all such cases can be prevented by plaque
control. Given the similarities in diseases between humans and animals it is
probable that plaque control in animals will have a similar effect in reducing the
incidence of periodontitis. However, compared with humans, plaque control in
animals can prove problematic.

1.9 Plaque Control in Companion Animals

Proper nutrition and effective oral hygiene are necessary components of oral health
and should be jointly promoted in the management of oral disease in dogs and cats.
The majority of pet owners do not regularly employ tooth brushing on their animals
to remove dental plaque and so plaque removal based on high-fibre chew sticks is
often used, which serves to physically scrape plaque off the surfaces of teeth. The
effectiveness of such a strategy was demonstrated in a study of dental plaque
removal from the teeth of Beagle dogs provided with soft rawhide chew products,
where statistically significant reductions in the formation of dental calculus
(28.0%), dental plaque (19.0%) and gingivitis (46.0%) occurred (Stookey 2009).

2 Conclusion

Amongst the most prevalent infections of humans are the plaque-mediated diseases,
dental caries and periodontal disease. It is not surprising therefore that significant
research into the microbiology of human dental plaque has been undertaken.
However, despite animals also suffering from equivalent infections, our knowledge
of the oral microbiology of animals is comparatively limited. Since animal oral
microbiology can, in addition to impacting on animal health, have detrimental
effects on human health (in the case of both animal bites and microbial transmis-
sion) and an economic impact, there is a clear need to promote research in this area.

The advent of new molecular microbiology methods will clearly be of benefit in
this regard with recent comparative studies already revealing the similarities
between the oral plaque of certain animals and humans. It is becoming clear that
whilst the oral microbiology of animals and humans share similar features, signifi-
cant differences do exist in respect of the microbial species and the relative
proportions of these species in the oral cavity. However, it has been shown that
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the bacteria within the oral biofilm (dental plaque) responsible for periodontal
infection in humans and animals are similar, and hopefully this information can
be exploited in our efforts to manage and treat these infections.
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Evidence and Significance of Biofilms
in Chronic Wounds in Horses

Samantha J. Westgate, Steven L. Percival, Peter D. Clegg,
Derek C. Knottenbelt, and Christine A. Cochrane

Abstract Equine wounds have a high risk of becoming infected due to their
environment. Infected wounds encompass diverse populations of microorganisms
that fail to respond to antibiotic treatment, resulting in chronic non-healing
wounds. In human wounds this has been attributed to the ability of bacteria to
survive in a biofilm phenotypic state. Biofilms are known to delay wound healing,
principally due to their recalcitrance towards antimicrobial therapies and com-
ponents of the innate immune response. The presence of biofilms in equine
wounds partly explains the reluctance of many lower limb wounds to heal. Non-
healing limb wounds in horses are a well documented welfare and economic
concern. Therefore, there is a need to develop future treatments in order to
increase the healing rate, decrease the cost of treatment and reduce suffering
associate with equine wounds.
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1 Introduction

Trauma and surgical wounds are highly prevalent in horses and represent a signifi-
cant management challenge to veterinary surgeons (Carter et al. 2003). Horses are
prone to trauma wounds, such as grazes, lacerations and puncture wounds. A large
percentage of trauma and surgical wounds fail to heal despite extensive veterinary
intervention. These wounds are described as chronic.

Surgical and traumatic wounds can become infected. In colic surgery, 16% of
complications are a consequence of the surgical wound breaking down due to infection
(Mair and Smith 2005; Proudman et al. 2002). The prevalence of traumatic wounds in
horses is high (Collins et al. 2000; Hernandez and Hawkins 2001; Singer et al. 2003)
and a high percentage of these wounds progress to a chronic state. Equine lower
limb wounds are particularly susceptible to colonisation from microorganisms and are
notoriously problematic to heal (Cochrane et al. 2003). Maintaining a wound micro-
environment that helps to suppress microbial proliferation, particularly at problematic
anatomical sites, is key to successful wound treatment (Knottenbelt 2003).

Chronic wounds in horses have a similar pathophysiology to human chronic
wounds (Cochrane 2003). This is of particular interest as laboratory rats do not
commonly suffer from chronic wounds, thus there is currently no adequate animal
model for human chronic wounds (Dorsett-Martin and Wysocki 2008). Manage-
ment practices utilised for human chronic wounds are being employed successfully
in the management of chronic equine wounds (Wilmink et al. 2006). In human
studies, it was estimated that as many as 80% of human infections are in some way
biofilm related (Kolenbrander et al. 2002; Wolcott and Rhoads 2008), with wounds
being just one area in which biofilms are suspected to hinder treatment. Research
has successfully identified biofilms in equine wounds (Cochrane et al. 2009) and
chronic wounds are being re-addressed with a focus on the role of bacterial biofilms
(Westgate et al. 2010). Appropriate treatment methods resulting from biofilm
research would significantly decrease the duration of chronic wounds. This knowl-
edge base can also be employed by veterinary practitioners to implement treatment
strategies that prevent equine wounds from developing biofilms and from entering
into a chronic non-healing state. Data collected from equine cases can also be
compared to and extrapolated back to human studies.

2 Equine Wound Healing

The equine wound healing process is fundamentally the same as all mammalian
wound healing; however, there are a number of anomalies in the horse that are
worthy of discussion. It has been known for some time that wounds in the equine
lower limb heal significantly slower than wounds to the thoracic region (Theoret
et al. 2001). Proposed anatomical reasons for the failure of distal limb healing
include a relatively poor blood supply and reduced tissue oxygenation in the limb
compared to the thoracic region. These factors make wound bed conditions more
favourable for microbes (Theoret et al. 2001).
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When skin is damaged an inflammatory response is immediately initiated lead-
ing to the formation of a localised fibrin/fibronectin clot. The clot is multifunc-
tional. It provides a temporary barrier against infection and a matrix for cellular
migration, and it contains the growth factors, responsible for triggering fibroblast
proliferation, migration and subsequent granulation tissue formation (Greiling
and Clark 1997). Clotting and inflammation within the wound bed are transient
mechanisms. The closed wound forms a scar and creates a permanent barrier to
microbial ingress. Interestingly, wound closure is more rapid in ponies than horses.
Ponies have a better local defence mechanism compared to horses. This means the
inflammatory phase is shorter, resulting in a shorter time frame for the completed
healing process (Wilmink et al. 2002).

Secondary intention healing involves re-epithelialisation (Dahm et al. 2002) and
concurrent tissue contraction (Cochrane et al. 2003). Re-epithelialisation involves
keratinocyte migration across the wound (Dahm et al. 2002). This centripetal con-
traction begins at wound margins on the surface of the wound and gradually
progresses deeper into the wound. Keratinocyte migration involves cellular migra-
tion rather than cellular proliferation, whereas the re-development of the lower
stratification layers requires standard differentiation of the supra basal cells (Clark
1985). Inflammatory cells, fibroblasts and capillaries combine to form contractile
tissue, including granulation tissue. The formation of granulation tissue triggers the
change of fibroblasts into myofibroblasts, which adhere firmly to surrounding granu-
lation tissue (Singer et al. 1984). The strength by which the wound resists contraction
controls the trigger for this change, where increased resistance triggers the switch
(Darby and Gabbiani 1990). Fibroblast cells show phenotypic differences and the
number and density of fibroblast cells effect wound contraction where an increase in
density and number significantly increase wound contraction, and subsequent wound
healing rate (Cochrane et al. 2003; Wilmink et al. 2001). The final stage of wound
healing requires angiogenesis. This is triggered by growth factors (Cochrane 1997)
including fibroblast growth factor 2 (FGF2) (Broadley et al. 1989; Frank et al. 1995)
and vascular endothelial growth factor (VEGF) (Carter et al. 2003).

In acute wounds such as surgical incision wounds, the healing process is
conventionally taken to have been completed within 2 weeks with restoration of
tissue tensile strength occurring within a few weeks thereafter. However, the type of
wound and associated complications can extend this time frame (Cochrane et al.
2003; Schwartz et al. 2002). The chronic wound does not progress sequentially
through the “normal” stages of wound healing (Wilmink and Van Weeren 2005).
Inhibited healing stages form the principal pathological processes.

3 Types of Equine Wound

The cause of equine wounds can be categorised as traumatic or surgical, and the
healing process can be further classified as acute or chronic. Over 20% of trauma
wounds have been reported to result from a bite or kick from another horse
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Table 1 A description of open wounds commonly seen in horses. Information from (Knottenbelt
2007)

Wound type Description
Puncture A very small deep wound that can prove fatal if it penetrates a vital organ
Graze Superficial removal of the epidermis. Healing is usually uncomplicated
Incised A clean cut with a sharp defined margin (includes surgical wounds)
Laceration Traumatic skin tear that can be accompanied by bruising
Complicated Involves multiple structures and commonly displays healing difficulties

Can result from heat, scalding, friction, chemicals, freezing and sun. The extent
Burn of a burn is described as the percentage of the body it affects

(Knubben et al. 2008), either as a result of aggressive behaviour or exuberant
playful behaviour. This kind of injury is more regularly seen when herds are
newly mixed or unstable (Waring 2003). Other injuries result from the horse’s
immediate environment such as damaged fencing or sharp objects in the field or
stable, and can occur when the horse is ridden. Deep injuries resulting from cross
country jumping and racing are common. Horses are owned mainly for the compe-
tition industry or as pleasure animals. In both cases, relatively large amounts of
money are available for individual equine treatments compared to farmed animals
such as cattle and sheep. For this reason, surgical wounds, for ailments such as
surgical colic are common place in the equine industry. Due to the wide array of
causes of injury, there are a number of wound types that can present to the
veterinary surgeon (Table 1)

When assessing a wound, the whole animal should be assessed initially. Tissue
viability, oedema, wound location and patient age should all be considered when
deciding on appropriate wound treatment strategies (Adam and Southwood 2006).

4 Factors Known to Delay Equine Wound Healing

A number of factors can delay the healing process (Knottenbelt 2007). These are
discussed below.

4.1 Wound Location

Healed wounds have a low tensile strength, which equates to only 50% of the
original strength 6-month post-injury. This means that wounds located over joints
can experience delayed healing in response to a continued high tensile pressure
(Rivera and Spencer 2007). However, in some cases, repeated controlled movement
can in some circumstances improve joint healing and not detrimentally affect the
wound healing process (Johnson 1990).
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4.2 Poor or Impaired Blood and Oxygen Supply

Wound regeneration requires healthy granulation tissue containing new
blood vessels and an adequate oxygen supply (Nakada et al. 2006; Sen 2009). An
adequate oxygen supply is vital for efficient cellular respiration, a prerequisite for
the acceptance of skin grafts (Sen 2009), and to prevent the establishment of
anaerobic bacterial colonies (Bakker 2000). In horses, hyperbaric medicine is
currently used to treat ischemic injuries such as laminitis (Slovis 2008).

4.3 Poor Nutritional State of the Horse

A poor nutritional state prior to and throughout the duration of the injury is
detrimental to wound healing (Dorsett-Martin and Wysocki 2008). In particular,
burn wound healing can be significantly hindered by inadequate nutrition (Nguyen
et al. 1996).

4.4 Wound pH

Bacterial infection can alter the pH of the wound thus inhibiting enzymes and
growth factors required for successful wound healing (Schreml et al. 2009).
Humans who have a high skin pH harbour bacterial flora such as Staphylococcus
aureus, whereas Staphylococcus epidermidis isolates were more commonly
cultured from humans with a low skin pH (Lambers et al. 2006).

4.5 Iatrogenic Factors

Inappropriate use of dressings, sutures and surgical equipment can detrimentally
affect wounded tissue thus hindering the wound healing process (Bertone 1996).
Maggot therapy they can pose an additional iatrogenic risk resulting from ammonia
being absorbed into the blood stream (Hall and Wall 1995).

4.6 Elevated Cortisone Levels

High levels of cortisol resulting from prolonged stress or Equine Cushing’s disease
can prevent the wound from progressing successfully through the wound healing
process (Elliot 2001; Van der Kolk 1997).
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4.7 Necrotic Tissue

Necrotic tissue provides a breeding site for microorganisms (Johnson et al. 2007,
Zyl et al. 2010) and prevents the wound from being supplied with a new vascular
system in response to healthy granulation tissue (Knottenbelt 1997).

4.8 An Imbalance in Matrix Metalloproteinases and Tissue
Inhibitors of Metalloproteinases

Imbalances in the relative concentrations of matrix metalloproteinases (MMPs) and
tissue inhibitors of metalloproteinases (TIMPs) are known to delay wound healing
significantly (Percival and Cochrane 2010). In chronic wounds the expression of
TIMPs is reduced when compared to the expression of MMPs. This results in an
elevation in overall proteinase activity, leading to elevated protein degradation
within the wound bed that results in a delay in wound healing (Lefebvre-Lavoie
et al. 2005).

The above scenarios can lead to a wound being classified as chronic. Chronic
wounds are characterised by a stalled healing process that persistently refuses to
progress through the normal wound healing stages (Cochrane et al. 2003; Grinnell
1992). Visually, chronic wounds appear red and inflamed (White and Cutting
2008), and often produce fetid wound exudates (Cochrane 2003). Particular con-
cern exists in equine wounds that are at risk from infection. The risk of infection is
heightened in horses compared to humans. The horses’ local environment provides
a reservoir of microorganisms capable of colonising and infecting open wounds
(Galuppo et al. 1999).

5 Bacteria and Their Role in Equine Wound Healing

Infection with bacteria causes a prolonged inflammatory phase which delays wound
closure (Grinnell 1992). Historically the term “critical colonisation” was used to
determine if a wound was at risk of becoming infected. The traditional practice
of reporting a wound as infected purely based on a bacterial number greater than
1 x 10° viable organisms per gram is now considered largely outdated (Bowler
2003; Hendrickson and Virgin 2005). A more meaningful classification of the
microbial status is the point when the host’s immune response is triggered
(Kingsley 2001).

Traumatic wounds are an obvious infection risk as the foreign body responsible
for causing the wound will introduce environmental bacteria directly into the
wound (Adam and Southwood 2006). When the host’s immune response is
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impaired or the wound is not adequately cleaned, these wounds can become
chronically infected (Kingsley 2001).

Post-surgical infections are a serious concern for veterinary surgeons (Griffiths
et al. 2003). Indigenous microbiota have the ability to penetrate and colonise the
hosts tissue (Galuppo et al. 1999). The infecting isolates can be environmental
pathogens such as Actinobacillus equuli, a species usually associated with
septicaemia in foals (Smith and Ross 2002). More often, however, wound
infections result from commensal flora acting as opportunistic pathogens. Strepto-
coccus zooepidemicus, S. aureus, alpha haemolytic Streptococcus sp., E. coli and
P. aeruginosa have been isolated from a variety of clean and clean-contaminated
orthopaedic procedures (MacDonald et al. 1994). Post-operative infections in the
horse colonised with bacteria such as methicillin-resistant Staphylococcus aureus
(MRSA) are still on the increase. Based on growing concerns with MRS A treatment
of these cases requires continued monitoring and investigation (Trostle et al. 2001).

The percentage of horses that develop infected surgical wounds is significantly
higher than the figure reported in human (Cruse and Foord 1980) and small animal
studies (Vasseur et al. 1988). Horses are at an increased risk of infection as a result
of their heavily colonised local environment. However, variations in the definitions
employed to denote an “infected wound” could also partly explain the differences
in reported infection rates (MacDonald et al. 1994).

The strategies used by bacteria to cause and induce persistent infections in
wounds are not fully understood; however, they are likely to be multifactorial.
Bacteria can alter wound pH to make it more favourable for them, and concurrently
less appropriate for successful wound healing (Schreml et al. 2009). In human
studies, S. aureus and E. coli have been reported to act via specific adherence
proteins to suppress the influx of inflammatory cells (Chavakis et al. 2002) and to
enhance bacterial attachment to human cells (Fexby et al. 2007), respectively.
P. aeruginosa has been widely reported as an opportunistic wound pathogen in
human studies (Chincholikar and Pal 2002). By residing deep within the wound,
P. aeruginosa manages to keep the wound in a prolonged inflammatory state
(Fazli et al. 2009). Synergistic interactions with other bacteria such as
Burkholderia cepacia result in a total increase in the pathogenicity of both
organisms (Bjarnsholt et al. 2009). This synergy has yet to be reported in equine
wounds but it is more than likely that synergistic encounters occur on a regular
basis in wounds.

Reduced effectiveness of antibiotic may be indicative of the presence of a
bacterial biofilm (Clutterbuck et al. 2007a; Phillips et al. 2008). It has been
estimated that 99% of natural bacteria exist within a stable biofilm (Rhoads et al.
2008). That is to say they are attached to a surface rather than as independent
planktonic isolates (Hausner and Wuertz 1999), and that biofilms can be linked
with more than 80% of persistent infections (National Institute of Health, USA,
1997). Despite the high prevalence of natural biofilms, research investigating the
significance to this lifestyle particularly in equine veterinary medicine is very
limited.
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6 Biofilms

It has been proposed that chronic, non-healing wounds may be a result of bacteria
inhabiting the wound and forming an antimicrobial barrier known as a biofilm
(Graham 1999; Serralta et al. 2001). Biofilms can be defined as a group of micro-
organisms that live in a self-synthesised matrix (Mertz 2003), and they are diverse,
dynamic and unique, reflecting the environment and inhabiting species (Serralta
et al. 2001). Single species bacteria can form biofilms particularly on medical
devices (Harrison-Balastra et al. 2003); however, more commonly in nature,
biofilms are complex, containing multispecies colonies of aerobic and anaerobic
microorganisms (Mertz 2003). When present within a biofilm microorganisms
communicate with each other and manipulate the hosts response to infection via
intracellular communication known as quorum sensing (Nadell et al. 2008).

Biofilms in humans have been linked to a number of diseases such as cystic
fibrosis (Kipnis et al. 2006; Singh et al. 2000), endocarditis (Benn et al. 1997) and
catheter-related infections (Marrie and Costerton 1984; Morris et al. 1999). Despite
their strong pathogenic effects, some biofilms are advantageous. For example,
on hair follicles, biofilms protect against invading pathogens (Bais et al. 2004;
Darveau et al. 2003; Mertz 2003) and in the human gut, commensal bacteria
produce bacteria that protect against food borne pathogens (Lee et al. 2000) a
process known as colonisation resistance. In wounds, however, biofilms at present
are considered unwanted with their presence considered to cause a delay in the
healing process. This concept has been reported both in humans (Kirker et al. 2009)
and now equine wounds (Clutterbuck et al. 2007b; Cochrane et al. 2009).

7 Biofilm Development

The formation of a biofilm is a multistage process. The initiation of a biofilm
requires attachment of planktonic bacteria to a surface. In the case of equine
wounds the wound bed. A high population density and low nutritional environment
have been considered by many researchers to provide cues that trigger bacteria to
settle and attach. Attachment has been aided by bacterial surface appendages
fimbriae or pili (O Toole et al. 2000).

The process of bacterial attachment to a surface alters the bacterial phenotype
(Watnick and Kolter 2000) and marks an end to the planktonic phenotype (Serralta
et al. 2001). Phenotype characteristics expressed by attached bacteria can vary.
Such phenotypic changes are reflected by the physical and chemical characteristics
of the surface to which the bacteria become attached (Landry et al. 2006). The
initial attachment of bacteria to a surface is considered to be reversible process
(Golovlev 2002). Consequently, the attached bacteria can be easily washed off from
a surface. Following reversible adhesion, irreversible adhesion occurs where the
bacteria become more firmly attached on the surface. At this stage in the biofilm
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formation process, it is proposed that a genetic involvement occurs (O’ Toole and Kolter
1998). This has been demonstrated in P. aeruginosa. For example, it has been found
that removal of the genes required for P. aeruginosa attachment to a surface has been
shown to render the bacteria incapable of biofilm formation (O’Toole and Kolter 1998).

To produce a mature biofilm, surface attachment must become irreversible.
A number of mechanisms are known to act concurrently to achieve this. Reversible
attachment triggers the production of the EPS, which in turn acts to cement the
bacteria in place leading to irreversible attachment (Hall-Stoodley et al. 2004). Type
IV pili (O’Toole et al. 2000) and the lasR and lasI genes also play arole in irreversible
attachment prior to biofilm formation (Sauer et al. 2002). The settlements produce
chemical cues which attract increasing numbers of bacteria to the attached cluster. The
attracted bacteria may be the same as the primary species or represent novel species
including protozoa and fungi (Serralta et al. 2001).

Production of an exopolysaccharide (EPS) layer follows bacterial attachment.
This creates a hydrated barrier between the settled bacterial species and the external
environment. The bacteria produce chemical signals in response to nutrient avail-
ability. These chemical signals shape the development of the mature biofilm. Genes
including /asB and rhlA are partly responsible for this cell-to-cell signalling
(Davies et al. 1998).

A mature biofilm contains “mushrooms” and “pillars” (Lewandowski et al.
1995; Serralta et al. 2001). These structures contain fluid channels which transport
nutrients, waste products and chemical messages throughout the biofilm (Nadell
et al. 2009). These chemical messages, known as quorum sensing molecules are
responsible for interspecies communication within the biofilm (Brenner et al. 2007;
Williams 2007). Biofilms remodel their structure in response to a changing envi-
ronment. Increased differentiation of the biofilm is seen in low nutrient conditions
(Rice et al. 2005). Bacterial genes pool in the fluid channels and can be exchanged
via horizontal transfer (Wuertz et al. 2004), causing the change in phenotype seen
within biofilm residing bacteria (Prigent-Combaret et al. 1999).

Biofilms are dynamic and cells are constantly reproduced and lost from the
biofilm. Cells are lost by erosion and sloughing, which causes a gradual and
massive cell loss, respectively (Stoodley et al. 2001). The final stage of biofilm
formation involves the dispersal of individual planktonic cells from the biofilm.
These cells establish new colonies elsewhere (Stoodley et al. 2002). Different
methods have been proposed for bacterial dispersion. Pseudomonas aeruginosa
uses active dispersal. This involves the production of a matrix dissolving enzyme
that releases sections of biofilm encased bacteria into the local environment
(Hall-Stoodley et al. 2004). Proteus mirabilis achieves dispersal in response to
their swarming ability (Rather 2005), and Myxococcus xanthus produces a slim trail
that allows for the transfer of planktonic isolates along the attached surface (Mertz
and Forest 2002). Other species have demonstrated the ability to alter surface
components (Neu 1996) and to use quorum sensing signals (Parsek and Greenberg
2005) in order to facilitate bacterial dispersion. It is likely that combinations of
these methods are used throughout a multispecies biofilm. Dispersion allows
planktonic isolates to maintain their biofilm phenotype (O Toole and Kolter 1998).
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The time scale for the production of a mature single species, P. aeruginosa
biofilm in vitro is 10 h. Attachment is seen at 3 h, the first indications of biofilm
production can be observed by light microscopy at 5 h and a distinct biofilm
complete with nutrient channels is present by 10 h (O’Toole and Kolter 1998).
This time scale is likely to vary between species. In vivo, the host immune response
can retard biofilm production.

Multiple aerobic species reside near the surface of in vivo biofilms, whilst
bacteria that reside deep within the biofilm are often anaerobic. This reflects the
observation that oxygen levels can be almost entirely depleted in the deep biofilm
layers (Stewart and Franklin 2008).

Evolutionary biologists proposed that life within a biofilm would be detrimental to
some isolates, raising the question of altruism within a biofilm (Nadell et al. 2009). If
intra-specific competition is considered, it seems unlikely that a biofilm forming
phenotype would benefit from producing EPS substances that were of benefit to
non-EPS producing species. Investing energy into the production of biofilm materials
results in a decrease in available energy for growth and reproduction, thus leaving this
method open to “evolutionary cheaters” (isolates that do not produce EPS, but benefit
from residing within it) (Xavier and Foster 2007). However, biofilm production also
provides a successful method of intra-specific competition (Xavier and Foster 2007).
Non-biofilm phenotypes residing close to biofilm forming phenotypes can be smoth-
ered by the EPS thus demonstrating a selective advantage to being an EPS producer.
Concurrently, isolates of the same species are shunted further up the biofilm as the
fluid channels are formed. This provides the shunted isolates with improved access to
nutrients and oxygen (Xavier and Foster 2007), whilst simultaneously out competing
neighbouring non-EPS producing species. As such, a biofilm lifestyle demonstrates
altruism, and an opportunity for intra-specific competition.

8 Evidence of Biofilms in Horse Wounds

8.1 Clinical In Vivo Identification of Equine Biofilms

Clinically, biofilms are visualised as a thick, slimy shiny layer on the wound surface
(Goodrich 2006). This layer can be difficult to remove with standard cleansing
techniques. Typically non-healing equine limb wounds can show a number of concur-
rent healing complications (Fig. 1). When considering the presence of a bacterial
biofilm, it is often necessary to consider the biofilm secondary to a current identified
wound healing inhibitor such as exuberant granulation tissue or necrotic wound tissue.
Healing abnormalities such as the production of exuberant granulation tissue and the
presence of necrotic tissue will delay healing independently whilst simultaneously
providing an ideal environment to house a persistent bacterial infection. Typically the
wound exudates from a biofilm infected wound are thick, yellow in colour and have a
fetid odour (Figs. 2 and 3). When this slime is examined microscopically it can
confirm the presence of a bacterial biofilm (Schierle et al. 2009).
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Fig. 1 A 2-week-old non-
healing equine wound
producing a translucent
wound exudate. This wound
had multiple factors known to
inhibit efficient healing. It
was infected by multiple
bacterial species including
Staphylococcus aureus and
Pseudomonas aeruginosa, it
was producing exuberant
granulation tissue, and it
contained necrotic tissue

Fig. 2 A 140-day-old equine
wound with a slimy surface
layer, characteristic of an
inherent biofilm. The slime
layer was produced
throughout the whole surface
of the wound. Despite
repeated cleansing with saline
at 3-day intervals (to coincide
with the dressing change), the
slime layer was persistently
present each time the wound
was undressed

8.2 In Vitro Visualisation of Biofilms

There are a wide number of methods available for the visualisation of in vitro
biofilms. These include indirect methods that produce viable but non-culturable
bacteria and direct viable methods that allow for direct observations of growing
biofilms (Lindsay and Von Holy 2006). Indirect methods involve manual removal of
the biofilm or removal via sonication, followed by a subsequent step that allows for
quantification of the removed biofilm. Direct methods involve microscopy of the
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Fig. 3 A 3-week-old non-
healing equine wound caused
by barbed wire. The wound
produced exuberant
granulation tissue, which was
removed by shape
debridement. The left of the
wound shows the persistent
yellow discharge produced by
the wound, whilst the rop
right corner shows healthy
granulation tissue. The
treatment aims involved
removal of the biofilm and
preventing the spread of the
biofilm into the healthy
granulation tissue

intact biofilm via confocal microscopy, scanning electron microscopy (SEM) and
atomic force microscopy. Biofilms are usually visualised as clusters of cells which
can grow in pillar and mushroom shapes (Lewandowski et al. 1995), and are encased
by a visible or identifiable layer of EPS (Davis et al. 2008).

9 Visualisation of Equine Biofilms on Debrided Tissue

9.1 Gram Stains

Histological stains have been used extensively to investigate the presence of
biofilms in wound tissues (Davis et al. 2008). Staining with hematoxylin and
eosin (H and E) and using Brown and Brenn staining method allows for the
visualisation of large colonies at 200x magnification and individual bacterial
isolates at 1,000x magnification. Other stains such as Gram stain and Mason’s
Trichrome can be equally effective.

Gram stains distinguish Gram positive from Gram-negative bacterial infections.
Gram-positive bacteria can be visualised as individual isolates spread evenly
throughout the wound tissue (Fig. 4). At a low magnification, biofilms appear as
dark purple (Gram positive) and pink (Gram negative) patches in the wound tissue
(Fig. 6). When the magnification is increased, individual colonies can be seen
within these patches, demonstrating the presence of large bacterial clusters
(Fig. 5b). The clusters can be exclusively Gram positive, exclusively Gram negative
or contain a mixture of both, demonstrating the presence of multispecies biofilms.
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Fig. 4 Wound tissue colonised with non-biofilm forming bacteria. The Gram-positive colonies
are regularly spaced throughout the wound tissue (x 1,000 magnification)

Distinguishing Gram-negative isolates within a Gram-positive cluster can be diffi-
cult due to the dark nature of the Gram-positive stain.

By being located close to the wound edge, the bacteria have access to a constant
oxygen supply. Anaerobic colonies can be found deep within wound tissue; how-
ever, it requires specialised sample and culture techniques to isolate and identify
anaerobic sections of the biofilm (James et al. 2008).

10 Visualisation of In Vitro Biofilms Grown Using Equine
Wound Bacterial Isolates

10.1 Stains Used to Visualise Bacteria and Their Biofilms

10.1.1 Coomassie Brilliant Blue Stain

Coomassie brilliant blue stain was used to stain a P. aeruginosa biofilm grown over
night on a microscope slide. Coomassie blue stains undenatured proteins and can be
used to stain both bacteria and the protein within the EPS matrix. The aim was to
differentiate a non-biofilm forming bacterial phenotype (Fig. 6a) from a biofilm
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Fig. 5 (a) Chronic wound tissue displaying Gram-positive (purple) and Gram-negative (pink)
bacterial clusters, close to the wound edge (x 10 magnification). (b) This is the same section as
(a), but visualised at x 1,000 magnification. Individual colonies can be seen clustering together.
Very few planktonic colonies are present surrounding the clusters. The clusters contain Gram
positive, Gram negative and mixed species colonies
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Fig. 6 (a) A non-biofilm
forming Pseudomonas
isolate. Isolates are evenly
spaced throughout the slide
and many isolates are not
touching other bacteria

(left pointing arrows).

Some isolates show slight
aggregation (right pointing
arrows). There is minimal
evidence of EPS matrix
between the bacteria (x 1,000
magnification). (b) A biofilm
forming Pseudomonas
isolate. Isolates are tightly
clustered together and
encased in a protein based
cover (right pointing arrows).
There is minimal evidence
of individual isolates

(left pointing arrow)

(x 1,000 magnification)
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forming phenotype (Fig. 6b). Figure 6b clearly shows the bacteria living closely
together and within a matrix material. The matrix is thinner on the edge of the biofilm.
Thick EPS layers can be seen as light blue areas on the right-hand side of the picture.

10.2 Counter Staining Bacteria and Bacterial Biofilms

In vivo biofilm forming bacteria can be stained with propidium iodide solution
and then counter stained with Concanavalin A — Fluorochrome fluorescein isothio-
cyanate (ConA-FiTC). Propidium iodide stains nucleic acid, and therefore bacteria.
It fluoresces red when excited with light at a wavelength of 488 nm (Fig. 7a). ConA-
FiTC attaches to carbohydrate residues on glycoproteins and fluoresces bright green
(Fig. 7b). A positive result in response to ConA-FiTC demonstrates the presence of
the EPS matrix (Ivnitsky et al. 2007; Kania et al. 2008).

The presence of the EPS can be seen clearly in areas where the bacteria are in
thick clusters (Fig. 7b). The individual isolates that can be seen surrounding the
main bacterial cluster (Fig. 7a) cannot be seen surrounding the main bacterial
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Fig. 7 (a) Staphylococcus
aureus bacteria grown
overnight on a microscope
slide and stained with
propidium iodide. Stained
bacteria were visualised on a
fluorescent microscope.
Large aggregates of bacteria
cover the centre and top right
of the slide. Individual
bacteria can be visualised on
the periphery of the main
bacterial cluster. (b)
Staphylococcus aureus
biofilm matrix counter stained
with ConA-FiTC and
visualised on a fluorescent
microscope. There are strong
areas of florescence
throughout the attached
bacteria, but little evidence
of carbohydrate residues
surrounding the main
colonised area

cluster on the ConA-FiTC stained slide. This demonstrates that the non-clustered
bacteria are not EPS producers.

10.3 Scanning Electron Microscopy

SEM is a useful tool for identifying and visualising medical biofilms. SEM allows
for a high resolution and a high magnification of the biofilm landscape (Schaudinn
et al. 2009). When SEM shows both large aggregates of bacteria and evidence of
an EPS matrix, then the image can be taken as showing evidence of a bacterial
biofilm (Davis et al. 2008; James et al. 2008; Sun et al. 2008). Figure 8 shows a
P. aeruginosa biofilm grown on a Calgary 96-well plate pin lid. The rods on the left
of the picture are clustered but are not EPS producing, whilst those on the right of the
picture have produced a thick EPS layer that is covering the Pseudamonas isolates.
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Fig. 8 A 24-h Pseudomonas
aeruginosa biofilm grown

in vitro on a polystyrene pin
lid and visualised by scanning
electron microscopy. The
image shows that the isolates
are clustered tightly together
(left pointing arrow) and are
beginning to produce EPS
material (right pointing
arrow) (scale bar = 10um,
magnification = x3500)

Concern surrounds the treatment process required for SEM microscopy. Early
research showed that SEM treatment procedures can remove EPS material, dehydrate
the matrix and uncover individual bacteria, giving the illusion of a monolayer of
bacteria (Little et al. 1991). Different treatment procedures cause different changes to
the biofilm architecture (Araujo et al. 2003), where some techniques effectively
preserve the bacteria whilst stripping the EPS and vice versa (Fratesi et al. 2004).
Furthermore different treatment techniques have different effects when the bacteria
are attached to different surfaces. In vivo surfaces add an extra level of complication as
the tissue and the biofilm can be dehydrated by the preparation techniques. Where the
EPS is not removed, a limitation of SEM is that individual bacteria cannot be
examined in detail as SEM cannot penetrate the EPS matrix (Marrie et al. 1982).

Visualising bacteria within a biofilm is also made more difficult because the
phenotypic size and shape of biofilm encased bacteria can change dramatically, making
them unidentifiable via standard techniques (Costerton 1999; Webster et al. 2004).

10.4 Other Methods for Visualising Biofilms

The combined use of fluorescent in situ hybridisation (FISH) and confocal micros-
copy allow for a detailed image of biofilm forming bacteria within the EPS matrix
(Malic et al. 2009). As with SEM microscopy, confocal images provide a high
resolution and high magnification image; however, confocal microscopy can also
penetrate different levels of the biofilm. This allows for the visualisation of the
biofilm’s EPS surface, the bacteria beneath the surface and the tissues to which the
bacteria are attached. This method has been used to visualise biofilms on equine
wound dressings (Parsek and Greenberg 2005).

There are a number of novel biofilm visualisation methods such as labelling
antigens to MRSA biofilms (Brady et al. 2007) and the use of genetic techniques
that can differentially tag Gram-negative and Gram-positive isolates (Lagendijk
et al. 2009). In order to overcome the limitations of any single visualisation method,
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authors have endeavoured to combine multiple methods such as FISH/cLSM —
SEM (Schaudinn et al. 2009), PNA FISH (Malic et al. 2009) and atomic force
microscopy with epifluorescence microscopy (Mangold et al. 2008). Biofilm
visualisation methods that destruct host tissue are not suitable for the visualisation
of wound biofilms.

10.5 In Vitro Evidence of Biofilms

A number of models have been proposed which aim to mimic biofilm growth, and
allow wound bacteria to be grouped as biofilm forming, non-biofilm forming or
somewhere in between. Most of these methods identify the isolates in response to
the EPS layer they produce or in response to bacterial attachment (the initial stage
of biofilm formation). When possible, microscopic images can also be incorporated
into these methods.

10.6 Congo Red Agar

Congo red agar can be used to distinguish biofilm forming S. aureus isolates from
non-biofilm forming isolates (Stevens et al. 2008; Ymele-Leki and Ross 2007).
A colour change from red to black is seen in response to the EPS slime layer
produced by the biofilm forming isolates (Fig. 9) (Baselga et al. 1993). This colour
change was supported by the presence of the icaA and icaD genes that are strongly

Fig. 9 Equine wound isolates of Staphylococcus aureus grown on Congo red agar for 72 h at
37°C. The black coloration of the bacteria on plate (a) indicates a biofilm forming Staphylococcus
aureus phenotype. The red coloration of plate (b) is indicative of a non-biofilm forming phenotype
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correlated to the production of slime production (Arciola et al. 2002). Initially,
CRA was only validated for S. aureus; however, it has also been used to assess
biofilm formation in S. epidermidis cultured from medical implants (Arciola et al.
2002; Mateo et al. 2008).

11 Crystal Violet Assay

The crystal violet assay provides a quantitative index of biofilm mass (Hadi et al.
2010; Izano et al. 2007). Bacterial attachment can be graded according to the
optical density of the wells. Wells that have more attached bacteria will attract
more crystal violet and therefore show a greater optical density. Figure 10 shows a
crystal violet assay staining 27 bacteria isolated from equine wounds. There is large
variation in the biofilm forming ability of the tested isolates, demonstrating that
different genus, species and even bacterial strains isolated from the same wound
can differ greatly in their ability to form biofilms.

A limitation of the crystal violet assay as an indicator of biofilm formation is that
the 96-well plate is made of polystyrene. Different bacteria vary in their ability to
adhere to different surfaces and polystyrene may not represent the ability of all
bacteria to adhere to a wound surface. Crystal violet dyes bind more appropriately
to some EPS components than others (Burton et al. 2007), thus some bacteria may
be incorrectly recorded as weak biofilm formers.

8 8 6 6000

1 S

Fig. 10 A 96-well plate, Crystal Violet assay. Isolates were tested in triplicate from left to right.
Darker wells indicate a greater amount of bacteria attached to the well surface. The first three wells
on the fop line were control wells containing broth only
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12 Significance of Wound Biofilms

Biofilms cause a significant delay to equine wound healing (Cochrane et al. 2009).
Non-healing wounds are a welfare issue for the horse, a management issue for the
veterinary practitioner and an economic issue for equine owners and businesses
(DeRossi et al. 2009; Merckoll et al. 2009). Biofilm infected wounds can be difficult
to diagnose, since wound biofilms are not well documented in the veterinary field.

An equine wound infected with bacterial biofilms can be mistakenly reported
as if it were uninfected, leading to inappropriate treatment. Biofilms can exist deep
in the wound bed making bacterial isolation difficult using standard techniques such
as wound swabs (Kaeberlein et al. 2002). This is because, when bacteria are
protected by a biofilm, they exist in a viable but “non-culturable” state (Graham
1999). In some cases isolates are retrievable from the wound, but do not produce
successful cultures (Leigh et al. 1974). False negative cultures occur as a result of
inappropriate temperature, agar and aerobic/anaerobic conditions.

12.1 Biofilms and Resistance

Compared to planktonic bacteria, biofilm residing isolates notoriously demonstrate
resistance against antimicrobial agents and the host’s immune response (Table 2).
One thousand times increased resistance has been documented for S. aureus within
a biofilm compared to in their planktonic state (Leid et al. 2002). The host’s
immune response is less effective at removing a biofilm-related infection than a
planktonic infection (Clutterbuck et al. 2007b). Time lapse video microscopy
demonstrated that leukocytes can become trapped within a biofilm, rendering
them incapable of phagocytosis. These leukocytes have been termed antiphagocytic
and the process termed “frustrated phagocytosis” (Hoiby et al. 2001; Hyde et al.
1998; Leid et al. 2002). These findings were contrary to older studies that reported
an inability of leukocytes to penetrate the physical barrier of the biofilm (Bolister
etal. 1991; DeBeer et al. 1994; Hoyle et al. 1990; Nichols et al. 1988). The apparent
contradictions have been ascribed to the bacterial species responsible for biofilm
formation (Anderl et al. 2000) and to the age of the biofilm. Older mature biofilms
develop fluid channels, which provide transport routes for leukocytes into the
biofilm, whereas immature biofilms, such as the 2-day biofilm used in Hoyle’s
study (1990) may not yet have become complex enough to acquire such systems

Table 2 Examples of antibiotic resistance in post-operative wound infection in horses. Adapted
from (Clutterbuck et al. 2007b)

Bacterial organism Antibiotic resistance References
Actinobacillus spp. Penicillin Smith and Ross (2002)
Staphylococcus epidermis Methicillin Trostle et al. (2001)

Actinobacillus equuli Penicillin Gay and Lording (1980)
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(Leid et al. 2002). These fluid channels can also transport antimicrobial agents
into the biofilm; however, antimicrobial agents are also less effective against biofilm
residing isolates than planktonic isolates (Costerton et al. 1999; Serralta et al. 2001).
Once inside the biofilm the inactivity of antibacterial agents such as penicillin can be
explained by a slower growing bacterial phenotype (Tuomanen et al. 1986). Sessile
biofilm residing bacteria display an increased ability to transfer plasmids (including
genes that code for multidrug resistance) via conjugation (Hausner and Wuertz 1999).
The number of chance encounters of individual bacteria is higher in biofilms than in
planktonic bacteria (Hausner and Wuertz 1999). These findings suggest that the ever
increasing immergence of multidrug resistant strains could be linked to their ability to
form and live within a polymicrobial biofilm. Furthermore, bacteria within a biofilm
can demonstrate resistance in the absence of standard mechanisms such as efflux
pumps and target mutations (De Kievit et al. 2001).

A decrease in nutrient availability and/or high levels of waste products can also
lower the pH and oxygen levels of the micro-environment. This inhibits the effective-
ness of antimicrobial agents such as aminoglycosides (Zhang and Bishop 1996), whilst
biofilm living bacteria simultaneously experience protection from pH fluctuations
(Roberts 1996). Bacteria persist within the biofilm throughout antimicrobial treatment
and re-establish the infection once conditions become more favourable (Costerton et al.
1999; Loo et al. 2000; Wimpenny and Colasanti 1997). Planktoninc bacteria resulting
from erosion and sloughing may also augment antibiotic resistance since cells
removed from the biofilm via sloughing maintain their biofilm phenotypes (Donlan
2002). A persistent bacterial infection triggers the wound to remain in the inflam-
matory phase therefore leading to the development of a chronic equine wound.

12.2 In Vitro Assessment of Antibiotic Resistance
in Biofilm Isolates

Traditionally, bacterial susceptibility to antibiotic agents was reported as the
minimum inhibitory concentration (MIC). Since the observation that biofilm residing
bacteria show increased antibiotic resistance compared to their planktonic
counterparts, the MIC value provides limited practical use. In order to address this,
it is necessary to report the minimum biofilm eradication concentration (MBEC) as
well as their MIC for biofilm forming isolates (Ceri et al. 1999; Sepandj et al. 2007).

A 96-well plate can be used to test bacteria at a range of serial dilutions against a
chosen antibiotic. Biofilms are grown on a polystyrene pin lid by incubating the pins in
wells containing inoculated broth. Plates are shaken throughout the incubation period
to encourage bacterial attachment to the pins. The MIC of the chosen isolate can be
read directly from the 96-well plate. The MBEC is determined by sonicating the
biofilm covered pins into fresh broth. At the point where the antibiotic is no longer
active against the bacteria, the wells appear cloudy due to the proliferative bacterial
growth (Fig. 11) (Sepandj et al. 2007). Quantitative data can be obtained from the 96-
well plates by reading the optical density of the wells. MIC values and MBEC values
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Fig. 11 A 96-well plate showing the MBEC results for seven Staphylococcus isolates. Isolates
were tested against Penicillin G (1 unit) at 12 serial dilutions ranging from 1,000 to 0.49 pg/ml.
Isolate A showed only a decreased bacterial growth, even at the highest Penicillin concentrations.
Isolate D demonstrated a clear MBEC value of 250 pg/ml. Row H contained broth only
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Fig. 12 MIC and MBEC concentrations of S. warneri cultured from a chronic equine wound

can be compared for individual isolates in response to the chosen antimicrobial agent.
Low levels of antibiotics such as Penicillin G are effective against planktonic isolates,
but much higher levels of the same antibiotic are required to inhibit bacterial growth in
their biofilm state (Fig. 12).
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13 Treatment to Remove Biofilms and Biofilm Residing
Bacteria

Chronic wounds have individual causes and are infected with unique bacterial
communities (Bjarnsholt et al. 2008). They can contain non-bacterial microbes,
occur at varying locations and vary in their level of chronicity in response to the
nutritional state of the animal. As such, each case requires an individual treatment
strategy (Rhoads et al. 2008).

Wound treatment involves four principle management steps: wound assessment,
wound preparation, definitive treatment and aftercare (Kumar and Leaper 2005).
Treatment methods employed in the management of horse wounds focus on rapid
and efficient wound evaluation, scrupulous aseptic surgical techniques and consci-
entious and prolonged aftercare. Appropriate antibiotic treatment regimes are
employed when the wound is at risk of, or known to be infected (Griffiths et al.
2003). When a biofilm is thought to be hindering healing, these treatment regimes
should be adjusted accordingly. Treatment with low level inappropriate antibiotic
agents can enhance the spread on antibiotic resistance genes and select for antibi-
otic resistant populations.

Currently, the most effective management of a wound that is complicated by
biofilm formation involves sharp surgical debridement of the infected tissue
(Apelqvist et al. 1993; Cochrane et al. 2009; Wolcott and Rhoads 2008). Following
biofilm removal, topical antimicrobials can be applied to the wound to prevent
bacterial re-attachment and therefore limit the risk of re-infection (Lipsky and Hoey
2009). Topical treatment without debridement is unlikely to remove the biofilm
(Davis et al. 2008). Where infection is suspected primary closure of the wound
should not be attempted until the biofilm has been removed. Following biofilm
removal, if the vascular supply and healthy tissue are plentiful primary closure can
be reconsidered (Hendrickson and Virgin 2005; Zyl and Rayner 2008).

Novel treatment methods including chemical agents (Chen and Stewart 2000),
bacteriophages (Donlan 2009; Lu and Collins 2007), dairy products (Busscher et al.
2000) and quorum sensing inhibitors (Balaban et al. 2007) are currently being
investigated for their ability to breakdown biofilms. Unfortunately, wound biofilms
are particularly difficult to treat. Treatment must disrupt and remove the biofilm
without demonstrating cytotoxic effects on the newly granulating tissue. Alterna-
tive treatments such as Maggot therapies are being used to remove necrotic tissue in
equine wounds (Phillips et al. 2008; Sherman et al. 2007). Where the bacterial
biofilm is within necrotic tissue, maggot therapy could be a useful tool. Medical
grade honey has also demonstrated bactericidal effects against biofilm encased
isolates (Merckoll et al. 2009).
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14 Conclusion

The process of equine wound healing follows the stages seen in all mammalian
wound healing. There are many causes of equine wounds, but appropriate treatment
should reflect not only the cause of the wound, but also how the wound is
responding to treatment.

There are a number of methods now available to assess whether microorganisms
within a wound bed are existing within a polymicrobial biofilm. There are
limitations to most of the currently available methods. The application of multiple
simultaneous methods provides useful data; however, it can be costly and is not
always applicable to the in vivo situation. Other less invasive and less costly
methods can be time consuming and of limited use within the clinical setting.

Removal of microorganisms is essential for the successful application of any
wound treatment procedure. In addition to the traditional laboratory methods that
report the MIC of infecting isolates, the MBEC provides useful data that should also
be considered, particularly in situations where microorganisms demonstrate a
decreased susceptibility to antimicrobial agents. In this way, more appropriate
doses of antimicrobial drugs can be employed (Brooun et al. 2000). More appropri-
ate doses of antimicrobials used at the correct time throughout treatment will help
hinder the current spread of multiple resistance genes amongst clinical bacterial.

Appropriate treatment of biofilm infected wounds would benefit equine welfare
and decrease the overall cost of treating wounds. Equine wound data can be
extrapolated to aid human wound healing, particularly in the case of diabetic ulcers
that have been infected by bacterial biofilms. Despite the high level of biofilm
residing bacteria in the environment, and their likely prevalence in mammalian
wounds, there are still many questions surrounding their identification and treat-
ment methods. Continued research into equine biofilms is essential in order to
further understand equine chronic wounds.
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Osteomyelitis in the Veterinary Species

Peter D. Clegg

Abstract Osteomyelitis has been defined as an inflammatory process of bone that
is accompanied by bone destruction, and is caused by infecting microorganisms.
Osteomyelitis has a number of aetiologies in the veterinary species, but haema-
togenous, traumatic and iatrogenic causes are the most frequent. Osteomyelitis is
frequently challenging to manage and treat, due to the ability of bacteria to evade
and overcome both host defences and antimicrobial agents. Prior to availability of
antimicrobial agents, bacterial osteomyelitis had a 50% mortality rate in man and
whilst the prognosis has improved considerably with the advent of such drugs,
treatment can often be extremely problematic. Treatment usually requires pro-
longed antibiosis frequently administered in conjunction with surgical debridement
of the affected bone.

1 Introduction

Osteomyelitis has been defined as an inflammatory process of bone that is
accompanied by bone destruction, and is caused by infecting microorganisms. If
the infection is limited to bone only, the disease is termed osteitis, but where
extension occurs into the bone marrow, osteomyelitis is the relevant terminology.
Osteomyelitis is frequently challenging to manage and treat, due to the ability of
bacteria to evade and overcome both host defences and antimicrobial agents
(Ciampolini and Harding 2000). Prior to availability of antimicrobial agents,
bacterial osteomyelitis had a 50% mortality rate in man (Joyner and Smith 1936),
and whilst the prognosis has improved considerably with the advent of such drugs,
treatment can often be extremely problematic (Goodrich 2006).
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2 Classifications

In most classifications, osteomyelitis is split into three forms dependent on the
aetiology: haematogenous infections (which almost invariably occur in neonates
secondary to septicaemia), traumatic (secondary to laceration or puncture wounds)
and iatrogenic (secondary to surgical intervention and most commonly associated
with the presence of orthopaedic implants).

3 Pathophysiology of Osteomyelitis

Osteomyelitis requires initial bacterial contamination and adhesion, followed by
infection and subsequent chronicity. Bacteria reach the bone by either haematogenous
routes, from direct inoculation or by direct extension from adjacent soft tissue
infections. The latter route, whilst common in man, is relatively rare in the veterinary
species. In man, a variety of patient predisposing factors have been identified
(Ciampolini and Harding 2000), although in the veterinary species there is less
understanding of such risk factors other than those relating to immunocompromise.

The role of bone necrosis and ischaemia is a key event in the establishment
of osteomyelitis (Ciampolini and Harding 2000). Interestingly, healthy bone is
extremely resistant to bacterial infection (Andriole et al. 1973); however, as soon
as there is either bone necrosis, contamination or the presence of foreign bodies (for
instance the presence of orthopaedic implants), the ability of bone to become
infected is considerably increased. The importance of the presence of foreign
material in potentiating infection was demonstrated in a rabbit model of orthopae-
dic implant infection, where as few as 50 staphylococcal organisms would lead to
establishment of infection in a rabbit model of hip arthroplasty, whereas approxi-
mately 10,000 organisms were required to produce an infection in the absence of a
foreign body (Southwood et al. 1985).

Following initial bone infection, purulent material can spread widely through the
medullary canal. On occasions the infection can exit the cortical bone, burst through
the periosteum and lead to infection in the surrounding soft tissues, or drain externally.
Purulent material results in increase in pressure in the medullary cavity, and thrombo-
sis in blood vessels, which can lead to bone necrosis. Such necrotic bone can act as a
sequestrum and continue to act as a focus of infection. Small sequestra can be resorbed
by osteoclasts; however, more frequently, sequestra become walled off by a lining of
compact new bone, known as an involucrum. The involucrum frequently is perforated
by an opening, which allows drainage of purulent material to the outside (Catto 1980).

There is considerable evidence that biofilms are a consistent feature of microbial
colonisation in osteomyelitis and in implant-related bone infections (Brady et al.
2008). It has been frequently postulated that the presence of the biofilm and the
adherent mode of growth of bacteria in biofilms will reduce the susceptibility of
these organisms to host clearance mechanisms and antibiotic therapy, and thus may
be a fundamental factor in acute and chronic osteomyelitis (Costerton 2005; Gristina
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and Costerton 1984; Gristina et al. 1985; Sedghizadeh et al. 2009). Once bacteria are
established by adherence on a bone surface, and surrounded by a biofilm, it makes
them relatively resistant to evade both host defences, and from antimicrobial
therapy. Furthermore, the biofilm allows establishment of an intercellular signalling
network and horizontal transfer of genetic material, all of which improves the
survival of bacteria in osteomyelitis, and limits our ability to manage infection
therapeutically (Davies et al. 1998; Mah and O’Toole 2001; Mah et al. 2003).

4 Osteomyelitis and Bacteriology

There is a diverse range of species of bacteria identified in osteomyelitis, and the
bacterial species identified may vary in different regions. However, a number of
studies have determined the bacteriology in orthopaedic infections and osteomyeli-
tis. Whilst such studies are useful, it is important that in all cases of suspected cases
of osteomyelitis appropriate culture and sensitivity are undertaken to determine the
most appropriate antimicrobial treatment.

In adult horses, a study of 233 horses with osteomyelitis and septic arthritis and
tenosynovitis determined that 91% of bacterial isolates were aerobic or facultatively
anaerobic and only 9% were anaerobic. The most common bacteria isolated were
Enterobacteriaceae (29%) non-f-haemolytic streptococci (13%), Coagulase posi-
tive staphylococci (12%), f-haemolytic streptococci (9.4%) and coagulase negative
staphylococci (7.3%) (Moore et al. 1992). A more recent report of infections
subsequent to long bone fracture repair and arthrodesis in the horse identified that
32% of infections were Gram-positive, 28% were Gram-negative and 40% were
mixed infections. Enterobacter cloacae (24.5%) was the most commonly cultured
Gram-negative bacteria (Ahern et al. 2010), whilst coagulase-negative staphylococ-
cus (21%) was the most common Gram-positive isolate. Positive culture was
associated with a lower rate of discharge from hospital. In foals, enteric Gram-
negative organisms are most commonly isolated (Goodrich 2006). In foals past the
immediate neonatal period, osteomyelitis has been associated with rhodococcus
infection, particularly on farms where such infection is endemic (Firth et al. 1993).

In dogs staphylococcus and streptococcus species have been identified as the
most frequent bacterial isolates from canine osteomyelitis (Hodgin et al. 1992;
Johnson et al. 1984; Muir and Johnson 1992; Walker et al. 1983).

5 Osteomyelitis in the Horse

5.1 Haematogenous Osteomyelitis

Haematogenous osteomyelitis is almost exclusively seen in the neonatal foal, and is
associated with immunocompromise subsequent to failure of passive transfer of



178 P.D. Clegg

immunity. Affected animals may have had a history of septicaemia, and frequently
there will be a focus of infection associated at a site such as at the umbilicus. In
many cases there will be multiple sites affected. There is a very close relationship
between neonatal osteomyelitis and articular sepsis, and whilst both articular sepsis
can progress on to cause osteomyelitis in the adjacent epiphysis, and similarly
epiphyseal osteomyelitis can burst into the adjacent joint, most frequently they are
separate conditions. A classification for neonatal sepsis has been proposed in the
horse (Firth 1983; Firth and Goedegebuure 1988). S-type osteomyelitis derives
from the synovium and results in articular sepsis. This is most commonly seen in the
early neonate in the first few days of life. E-type osteomyelitis occurs in the epiphyseal
bone beneath the articular cartilage, and whilst can extend into the joint cavity in the
early stages is limited to the epiphyseal bone. This is seen most frequently in foals at a
slightly older age group than the S-type disease, with the condition being often
identified in foals up to a few weeks old. There are distinct predilection sites for E-
type osteomyelitis (Firth and Goedegebuure 1988). P-type osteomyelitis is associated
with the physeal growth plate, and can extend into the adjacent epiphysis or
metaphysis. Again this is seen in a slightly older age group of foals again, with the
condition being identified in animals often a few weeks to a few months of age. In
addition, specific syndromes of osteomyelitis in the neonate affecting the small tarsal
bones (T-type) and carpal bones (C-type) have been described (Firth et al. 1985).
Other rare presentations of osteomyelitis in the foal include disease affecting the
vertebrae or ribs (Boswinkel et al. 2006; Neil et al. 2010).

Haematogenous osteomyelitis is rare in the adult horse, although a syndrome of
proximal sesamoid bone osteomyelitis subsequent to catheterisation of the dorsal
metatarsal artery for purposes of blood pressure monitoring under general anaes-
thesia has been reported (Barr et al. 2005).

Treatment of osteomyelitis in the horse, no matter the age, will involve long-term
antimicrobial therapy for at least 4 weeks, with the selection of the antibiotic being
chosen on the basis of culture and sensitivity testing. Commonly, treatment will
involve surgical lavage and debridement of the affected area. As in the neonate there
is a close relationship between osteomyelitis and septic arthritis, therapy of the
infected synovial structures is vital, usually involving arthroscopic debridement and
lavage of the affected joint. Data have indicated that thoroughbred foals affected with
neonatal sepsis are less likely to start a race than unaffected control animals and were
also older when they first started racing compared to controls (Smith et al. 2004).

5.2 Osteomyelitis Secondary to Trauma

Horses are at a high risk of sustaining orthopaedic trauma resulting in osteomyelitis.
Horses frequently sustain traumatic injuries as a result of wounds from external
objects, for instance collision with fencing material. In particular horses frequently
sustain kick injuries, from other horses, which have the potential to lead to osseous
trauma, bacterial contamination of bone and resulting in osteitis or osteomyelitis
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(Harrison et al. 1991) (Figs. 1-3). The commonest finding is that of a bone sequestra-
tion subsequent to either cortical fracture, or periosteal disruption and cortical necro-
sis. Clinical signs usually relate most obviously to failure of a wound to heal, and
continuing purulent drainage from the site of an earlier wound. Initially radiographic
imaging may show either no abnormality or may identify cortical bone fragmentation.
Over a number of weeks, classic radiographic changes of a sequestrum formation
appears (obvious fragments of radiopaque bone), surrounded by an involucrum
(Figs. 4-6). Frequently, a tract or sinus will be identified connecting the sequestrum
with the outside. Certain bones, in particular the pedal bone, may not show such
obvious changes as a sequestrum, and will generally show signs of evidence of bone
resorption and loss (Cauvin and Munroe 1998). Rarely do such traumatic injuries
progress onto osteomyelitis, although every case has this potential (Fig. 7).
Treatment usually requires initial antimicrobial therapy to treat any secondary
soft tissue infection. Some sequestration has the ability to resolve without veterinary
input, subsequent to osteoclastic resorption of any sequestrum. More commonly,
surgical removal of the sequestered bone is required to resolve the issue, followed by

Fig. 1 A on-healing wound
on the plantar aspect of a
horses fetlock as a result of
septic tenosynovitis of the
digital flexor tendon sheath
and osteomyelitis of the lateral
proximal sesamoid bone
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Fig. 2 A large non-healing
wound on the plantar aspect
of a horses tarsus as a result of
severe osteomyelitis of the
sustentaculum tali of the
calcaneal bone

debridement and lavage of any involucrum. Long-term antimicrobial therapy is
usually not required to effect recovery unless there is extension of the infection into
the medullary cavity. Prognosis for full recover is often excellent in the case of bone
sequestration. However, if osteomyelitis occurs the prognosis will often be guarded.

5.3 Iatrogenic Causes of Osteomyelitis

Osteomyelitis in the horse is a major issue subsequent to fracture repair, especially
subsequent to internal fixation of fractures. Otherwise, osteomyelitis is a relatively
rare occurrence in the horse. Postoperative infection (POI) has been reported to
occur in 8% of clean equine orthopaedic surgeries and 52% of clean-contaminated
surgeries (MacDonald et al. 1994). Fractures involving long bones had a fivefold
chance of becoming infected, in comparison to simple articular fractures.
Simple arthroscopic surgery has been shown to have a POI rate of approximately
1.5% in the horse (Figs. 8 and 9). Risk factors for POI in the horse have been shown
to include increasing age, female gender, contaminated surgical procedures, surgery
lasting >90 min and administration of preoperative antimicrobial drugs (MacDonald
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Fig. 3 A Radiograph of the
previous horse demonstrating
bone lysis and production on
the sustentaculum tali as a
consequence of osteomyelitis

et al. 1994). A recent report detailing risk factors for POI subsequent to surgical repair
of long bone fractures or arthrodesis identified that POI occurred in 28% of cases, and
of the cases that became infected, 59% survived to be discharged from hospital. Repairs
where POI did not occur were 7.25 times more likely to be discharged from hospital.
Closed fractures were 4.23 times more likely to remain uninfected and 4.59 times more
likely to be discharged from hospital than open fractures. If a fracture was managed by
closed reduction followed by internal fixation, there was a 2.5-fold reduction in rate of
POI and a 5.9 times greater chance of being discharged from hospital compared to
fractures managed by open reduction and internal fixation (Ahern et al. 2010).
Whilst prevention has to be the most important intervention to manage osteo-
myelitis, by appropriate antibiosis and optimal surgical technique, it is always
likely that cases of osteomyelitis will occur if ones practice performs internal
fixation of major fractures in the horse. Treatment in established cases includes
long-term antibiosis, as well as removal of any metallic implants once osseous
stability has been achieved. Frequently, the prognosis is guarded in cases where
osteomyelitis occurs in the face of internal fixation of a fracture (Ahern et al. 2010).
In recent years, much emphasis has been placed on using techniques to obtain
high levels of antibiosis into the relevant osseous structures. This has led to the
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Fig. 4 A fracture of the
calcaneus in a horse which
is beginning to sequestra due
to septic osteitis

use of techniques such as implantation of polymethylmethacrylate antibiotic
impregnated beads into the fracture site (Booth et al. 2001; Butson et al. 1996),
intravenous regional perfusion (Pille et al. 2005; Rubio-Martinez and Cruz 2006;
Scheuch et al. 2002; Werner et al. 2003) and intraosseous regional perfusion
(Kettner et al. 2003; Rubio-Martinez et al. 2006; Scheuch et al. 2002). All
techniques have the ability to sustain large concentration of antibiotics into a
targeted site, and may result in a more rapid resolution of sepsis.

6 Osteomyelitis in Companion Animals (Dogs and Cats)

As in other species, osteomyelitis in dogs and cats is a relatively uncommon
condition, which has the potential to be serious and difficult to treat. Similar to
the other veterinary species, osteomyelitis can occur through either haematogenous
spread of infection in the neonate, due to traumatic injury or through iatrogenic
routes, most commonly secondary to surgical intervention. As in other animals,
osteomyelitis is most common as a result of bacterial infection, although fungal
osteomyelitis is occasionally reported in these animals (Caywood 1983; Caywood
et al. 1978; Langley-Hobbs 2006).
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Fig. 5 The appearance of the
horse 2 weeks, later. There is
an obvious draining tract
affecting the calcaneus due to
the presence of a sequestrum
and septic osteitis

Fig. 6 A radiograph
demonstrating a sequestrum
in a pedal bone in a horse

6.1 Haematogenous Osteomyelitis

Haematogenous forms of osteomyelitis, as in other species, occur most commonly
in the neonate, when circulating bacterial emboli as a consequence of septicaemia
lodge in the metaphysis region of bones. Septicaemia can occur through a number
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Fig. 7 Trauma is common
in the horse. This horse has
sustained multiple wounds to
the hind limb and has led to
damage to the second
metatarsal bone and osseous
sequestration

of causes, although umbilical infections are a frequent primary source of infection.
Metaphyseal infection will result in necrosis, hyperaemia and leukocytosis at the
site, and ultimately bone destruction. There is a frequent association with articular
sepsis (“joint ill”’) in such cases either through concomitant synovial sepsis, or from
infection breaking out of the bone and contaminating adjacent articular structures.
Haematogenous forms of osteomyelitis in the neonate dog and cat are almost
certainly encountered less frequently than the condition seen in farm animals or
horses.

In most cases, the animal will be pyrexic and show other signs of septicaemia.
Usually the animal is lame, and there will be swelling overlying the affected bones,
and these sites are painful on palpation. Frequently multiple sites and limbs will be
affected, and in cases where articular sepsis is occurring, there will be swelling and
effusion associated with the adjacent joints.
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Fig. 8 A Radiograph of a horse with septic arthritis of the fetlock joint and septic osteomyelitis of
the pastern

Fig. 9 Postmortem view of the proximal pastern demonstrating an erosion through the articular
cartilage into an osteomyelitic area in the subchondral bone

Haematogenous forms of osteomyelitis are relatively rare in the adult dog,
although there are sporadic case reports describing such diseases (Cabassu and
Moissonnier 2007; Emmerson and Pead 1999; Rabillard et al. 2011).

Diagnosis is usually confirmed by radiology. Frequently early in the course of
the disease, no bone destruction may be evident, and soft tissue swelling over
the affected site is all that can be determined. Later in the course of the disease,
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bone destruction is evident and can be identified as irregular lysis within the
metaphysis. Eventually, this lysis can extend and lead to destruction of
overlying cortical bone. Definitive diagnosis relies on needle aspiration or
surgical biopsy of infected material, and relevant culture and sensitivity. Smears
of the aspirated material can be examined, with appropriate staining, to identify
bacteria in the sample prior to culture results becoming available. As most of
these animals will be septicaemic, blood cultures should be taken, prior to
antibiotic administration, for appropriate culture and sensitivity testing. Further-
more, the umbilical region should always be carefully assessed to determine
whether this is the source of any septic foci. In some cases, ultrasonographic
examination of the umbilical remnants can be useful in assessing any sites of
potential sepsis.

In dogs and cats, such cases are generally managed through medical routes in the
first instance, with high doses of bactericidal antibiotics being administered.
Antibiotics should ideally not be administered until all samples have been collected
for appropriate bacterial identification, and their administration should be pro-
longed, with generally administration continuing for at least 2—4 weeks after
clinical signs have resolved. Surgical treatment for haematogenous osteomyelitis
is rarely required in the neonatal dog or cat and the prognosis is generally
favourable if treatment is commenced promptly.

6.2 Osteomyelitis Secondary to Trauma

Trauma as a cause of osteomyelitis in dogs and cats is relatively rare and usually
occurs as a consequence of a penetrating wound (frequently as a consequence of bites).
The most frequent cause of traumatic osteomyelitis is as a consequence of either
open fractures, or as a result of surgical intervention (see below).

Affected animals usually demonstrate lameness, and pain and swelling
associated with the traumatic wound. There is frequently continuing purulent
drainage from the site and failure of any wound to heal. Initially radiology can be
unrewarding, but radiographs should be repeated if suspicious of osteomyelitis
every 7-10 days, in order to identify any bone lysis that may be developing.
Treatment is again prolonged antibiosis, with antibiotic choice being determined
following appropriate culture and sensitivity testing, with treatment continuing
for 2—4 weeks after cessation of any clinical signs. Surgical treatment through
debridement and lavage is often indicated in order to remove infected and
necrotic material. If surgical treatment is undertaken, a decision will have to be
made whether the wound is left open to heal by secondary intention, or whether
primary skin closure can be achieved. If primary closure is performed, it may be
necessary to place some form of drain to allow removal of any inflammatory
exudate.
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6.3 latrogenic Causes of Osteomyelitis

Iatrogenic osteomyelitis is most frequently seen after surgical treatment of
fractures, and the risk is obviously the greatest in open fractures that are already
contaminated. However there is a risk of osteomyelitis occurring subsequent to
any surgery being performed which involves bone, for instance following
joint arthroplasty surgery. Osteomyelitis can become evident months or years
after surgical intervention, particularly in cases where orthopaedic implants have
been placed. In cases of chronic osteomyelitis lameness may or may not be
present, and the animal may present simply with swelling and pain associated
with palpation of the limb. Frequently there are draining tracts, which drain a
purulent exudate intermittently. Commonly such draining tracts heal and appear
to respond well to short-term antibiotic therapy, only to recur weeks to
months following cessation of antibiosis. It is normal for most affected
animals to be well and show no systemic illness as a consequence of such
osteomyelitis.

Diagnosis of acute iatrogenic osteomyelitis is frequently made on clinical signs,
and whilst radiology can be useful, in acute cases the classic signs of osteomyelitis
of bone lysis may yet not be apparent and may require repeat radiographs at 10- to
14-day intervals, until there has been sufficient bone loss to be identified. Obvi-
ously, the best approach to iatrogenic osteomyelitis is by prevention through
attention to good surgical principles and techniques. If there is an open fracture,
surgical debridement and lavage are essential, and attention to removal of all
necrotic and contaminating material is perquisite. The removal of exudate via
closed-suction drainage is often required. Fracture stability has a major influence
on controlling osteomyelitis, and rigid external or internal fixation of the fracture is
extremely beneficial in the control of osteomyelitis. In acute cases, appropriate
antibiosis should be provided following culture and sensitivity testing and once
again, treatment should be prolonged (for 4-6 weeks).

In chronic cases, radiological examination is usually diagnostic, and it is impor-
tant to identify what is the focus of infection. Frequently areas of bone lysis will be
identified around orthopaedic implants such as plates, screws or pins. Bone seques-
tration is not an uncommon feature in chronic osteomyelitis. Treatment is usually
though surgical removal of the implants and debridement of any affected bone. If a
sequestrum is present, it is important that the sequestered piece of dead bone is
removed and the remaining involucrum in the bone is curetted. It is important to
maintain bone stability, if the bone has yet to achieve full healing, and different
methods of rigid internal fixation may have to be considered, for instance, place-
ment of an external fixator. Achieving rigid stabilization of the bone is key to
resolving osteomyelitis subsequent to fracture. If there is loss of bone material, the
placement of an autologous cancellous bone graft can assist considerably in bone
formation. Appropriate long-term antibiosis dependent on culture and sensitivity is
always necessary. Again, where wounds can be closed, it is usually prudent to place
some form of closed-suction drainage.
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Osteomyelitis consequent to surgical intervention and fracture repair is a
major complication, and its treatment can frequently be expensive and
prolonged. The prognosis is not always favourable. Whilst with appropriate
interventions, many cases can be resolved, some cases can be extremely prob-
lematic to manage successfully. In certain cases, management by either amputa-
tion of the affected limb, or euthanasia of the animal may be the most appropriate
course of action.

6.4 Fungal Osteomyelitis in Dogs and Cats

Fungal bone infections are extremely rare in Northern temperate regions such as the
United Kingdom, but are not infrequently seen in tropical and hot regions of the
world. Such diseases are more frequently seen in either young or immuno-
suppressed animals. Frequently the animals will show signs of systemic illness,
with signs of depression, anorexia and weight loss. The animal will often show
signs of other body systems, including respiratory, gastrointestinal and ocular
manifestations of fungal infection. There are a number of fungal species involved
in such mycotic diseases, and they can manifest with a variety of musculoskeletal
signs. Frequently such animals will be lame, with swelling and nodule formation
associated with the bones. They can have a variety of radiological manifestations
that affect the bones. It is important in such cases to define other systemic
manifestations of the disease through appropriate imaging and clinical pathological
diagnostic techniques (Langley-Hobbs 2006; Oxenford and Middleton 1986).

7 Osteomyelitis in Production Animals

Osteomyelitis is rare in farm animals and is sporadically seen either secondary to
trauma, or occasionally seen with haematogenous spread in neonates from umbili-
cal infections, or from trauma such as tail biting in pigs and castration wounds in
any species. In cows infection with actinomyces and (historically) brucellosis can
be a cause, whilst in pigs brucellosis, atrophic and necrotic rhinitis have been
identified as causes. In cows, large sequestra are a possibility, especially where
long bones have been affected by trauma. In particular, adult cows appear to
produce an extremely florid bone reaction, in an attempt to wall off sequestra.
Cows are frequently affected by sepsis of the pedal bones, subsequent to extension
of infection from the claw.

Treatment is as in other species, with prolonged antibiosis, in combination with
appropriate surgical drainage and debridement. The economics of food animal
production mean that treatment may not be attempted, with euthanasia being the
most appropriate management method in many cases.
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Biofilms and Implication in Medical Devices
in Humans and Animals

Samuel J. Hooper, Steven L. Percival, Christine A. Cochrane,
and David W. Williams

Abstract The increasing use of medical devices in modern medicine, from surgi-
cal sutures to indwelling tubes for feeding or catheterization, has been accompanied
by a rise in device-related infections. Many such devices provide an ideal surface
to which microorganisms can attach and form biofilms. Biofilm infections are
extremely difficult to eradicate and, therefore, are a serious concern, often associated
with increased mortality and morbidity.

This chapter aims to describe some of the processes behind the development of
biofilms on medical devices, and provide examples of biofilm-related infections
from human and veterinary medicine.

1 Introduction

Microbial biofilms occur when microorganisms adhere to a surface and produce an
array of extracellular polymers that both provides a structural matrix and facilitates
further adherence of microorganisms (Costerton et al. 2005). Biofilm communities
are generally polymicrobial in composition, with complex interactions occurring
between the species that are present (Jakubovics 2010).

The surface for microbial attachment and biofilm development may be that of
a living tissue, or an inert, non-living material such as environmental substrata,
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industrial fabrications, or the biomaterials of medical devices. In the case of human
infection, medical devices that are frequently associated with biofilm development
include central venous catheters (Machado et al. 2009), heart valves (Venditti 2009),
orthopaedic implants (Esteban et al. 2010), urinary catheters (Stickler 2008), intrao-
cular lenses (Behlau and Gilmore 2008) and dental implants (Busscher et al. 2010).

Biofilms are considered the principle growth form of microorganisms, and are
found in all environments including those associated with industry and in human
and veterinary medicine. In clinical situations, the occurrence of biofilms is now
recognised as a significant cause of human infection and importantly, certain
properties of biofilms mean that the successful treatment of these infections is
often difficult. Key amongst these biofilm properties is their resistance to removal
by host defence mechanisms (Fedtke et al. 2004), as well as increased tolerance
against administered antimicrobials (Anderson and O’Toole 2008). The latter is
clearly evident when comparing free-living or planktonic growth susceptibility
profiles with those of biofilms (Hill et al. 2005). Furthermore, the ability of
microorganisms to form biofilms on host surfaces is also associated with
enhanced virulence (Coenye et al. 2007).

As mentioned above, biofilms on medical devices are difficult to eradicate
and therefore associated infections often lead to increased mortality and morbidity
for infected individuals. Whilst research on biofilms formed by animal pathogens is
relatively limited, it is likely that biofilms are involved in many animal diseases,
including urinary tract infection, pneumonia, endocarditis and mastitis (Bonifait
et al. 2008; Clutterbuck et al. 2007). Based on human studies, biofilm involvement
in infection is currently estimated at 65%, with many of these being associated with
the presence of an implanted medical device (Hetrick and Schoenfisch 2006).

Biofilm-related infections may be caused by a single microbial species or a mixture
of species, depending on the medical device and its duration of use. Indwelling medical
devices in humans are particularly susceptible to colonisation by Gram-positive
bacteria, including Staphylococcus aureus, Gram-negative bacteria and yeasts, such
as Candida. The source of these biofilm and disease-causing microorganisms may be
from the skin of the host, cross-contamination from healthcare workers, tap water to
which entry ports are exposed, or other sources within the local environment (Safdar
et al. 2002).

In addition to being associated with host infection, the occurrence of a biofilm on
a medical device may also be responsible for the failure of function of the device
itself (Davis et al. 2002). This in turn can cause deterioration in both the health and
quality of life of the individual, together with an increased cost of treatment for the
healthcare provider.

1.1 Biofilms on Medical Devices

Adherent microbial populations have been demonstrated on the surfaces of a wide
range of medical devices, examples of which are listed in Table 1. Biofilm-related
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Table 1 Medical devices
associated with biofilm-
related infections

Medical devices

Urinary catheters

Intravenous catheters

Endotracheal tubes

Feeding tubes

Pacemakers/automated intracardiac devices
Prosthetic heart valves

Prosthetic joints

Voice prostheses

Penile implants

Breast implants

Intrauterine devices

Contact lenses

Dental implants

Vascular grafts

Biliary stents

Tympanostomy tubes

Orthopedic devices (fixators, nails, screws)
Schinabeck and Ghannoum (2006)

infections have also been reported to be associated with the use of many of these
devices, and specific examples of these are discussed below.

1.2 Urinary Tract Infections in Catheterised Individuals

Urinary catheters are widely used in the treatment of humans and animals to
facilitate drainage of the bladder in cases where there is urinary incontinence,
typically arising from neurological dysfunction or trauma. In humans the standard
Foley catheter is widely used, with an estimated 100 million Foley catheters
employed worldwide per year. In the case of animals, short-term catheterisation
is used to collect sterile urine, remove urinary obstruction and also empty the
bladder. Longer-term, indwelling catheters are also used for the removal of urine
and these are more likely to lead to biofilm formation with subsequent urinary tract
infection (Barsanti et al. 1985).

A catheterised urinary tract provides an ideal environment for a number of
different bacteria to grow as biofilms. These biofilms develop on the inner luminal
surface of the catheter, but the origin of the microorganisms may be from extra-
luminal contamination, occurring either at the time of catheter insertion or subse-
quently whilst the catheter is being used. Intra-luminal contamination frequently
occurs when drainage bags are replaced, temporarily exposing the inner lumen of
the catheter to the environment. Regardless of the route of contamination, microbial
access will be provided to a vulnerable body cavity, i.e. the bladder, which due
to catheterisation has lost the normally protective function of the flushing effect
of regular urinary flow, which removes contaminating microorganisms. Once the
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bladder has become infected, the catheter design, which may incorporate an
inflatable balloon for retention of the catheter in the bladder, ensures that complete
emptying of the bladder does not occur, with the result that a residual pool of
infected urine remains in the bladder. Eradication of such an infection is therefore
difficult.

To highlight the problem of catheter-associated urinary tract infection (UTI) in
animals, Bubenik et al. (2007) examined the frequency of UTIs in 147 catheterised
and 99 non-catheterised dogs. For 66 of the catheterised dogs, UTI was evident, and
the risk of infection was found to increase by 27% for each day of continued
catheterisation. The biofilms on indwelling urinary catheters may initially be
composed of a single microbial species, but longer periods of catheterisation
inevitably lead to multispecies biofilms (Donlan 2001a, b). Catheter-associated
urinary tract infection in cats and dogs is primarily caused by the bacteria,
Escherichia coli, Proteus mirabilis, Pseudomonas, Enterococcus and Klebsiella.
Of particular concern, however, are those infections involving urease-producing
bacteria, most notably P. mirabilis, which can lead to the formation of crystalline
biofilms. Urease production by P. mirabilis causes the breakdown of urea with
release of ammonia. This in turn elevates the pH of the urine leading to crystal-
lisation of magnesium and calcium salts resulting in catheter encrustation and
blockage, as well as the generation of obstructive kidney and bladder stones.
Catheter encrustation increases the risk of complications of infection leading to
diseases such as pyelonephritis and septicaemia (Kunin 1987). Furthermore, the
bacteria within crystalline biofilms have been found to have elevated resistance to
antibiotics, so reliable strategies for the clinical prevention of such infections are
urgently needed.

1.3 Peritoneal Catheter Infection

Peritoneal dialysis was first performed in dogs in 1946 and is now a frequently used
procedure in veterinary medicine, primarily for the treatment of acute and chronic
renal failure. In peritoneal dialysis, a catheter is left in place and this passes through
the body wall. Infections can subsequently occur from bacteria migrating within
or along the outside of the catheter and into the peritoneal cavity. Biofilm formation
on peritoneal catheters has been recognised for several decades following scanning
and confocal microscopical analysis (Dasgupta and Costerton 1989; Gorman et al.
1993). Experimental studies in rabbits have revealed that extensive biofilm forma-
tion on the external catheter surface occurred within 3 weeks and proceeded from
the cutaneous exit site of the catheter through to the peritoneal cavity. In these
studies, the principle infecting agents were staphylococci most likely originating
from the animals’ skin (Read et al. 1989). Similar studies have demonstrated
Staphylococcus epidermidis biofilm progression along peritoneal catheters in pigs
(McDermid et al. 1993).
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1.4 Catheter-Related Bloodstream Infections

In humans, catheter-related bloodstream infection (CRBSI) is the third-most
common nosocomial infection in the intensive care unit (ICU) and is associated
with the use of intravascular catheters. Bacterial biofilms have been found to form
on central venous catheters (CVCs) within the first 24 h after insertion. In veterinary
medicine, intravenous catheters are widely employed in the administration of
medications and fluids. In this regard, the primary function of the catheter is
to optimise the administration of fluids whilst reducing the risk of complications
(Tan et al. 2003). Studies into CRBSI in animals are limited when compared with
humans, although research in dogs has shown the occurrence of alterations in renal
blood flow related to Pseudomonas biofilm formation on intravascular catheters.
The extent of biofilm formation and infection could be reduced through employing
careful aseptic techniques on catheter insertion together with the use of an antibiotic
lock technique (Bach et al. 1998).

Catheter-tract infections have also been studied in experimental animals where
they are highly detrimental to the health of the animal and reduce the functional
lifespan of surgical implants. In one study of 53 Macaca mulatta monkeys that were
catheterised, infections were encountered in 30.2% and the mean catheter lifespan
in such cases decreased from 354 days for uninfected catheters to 147 days. The
main infecting species were found to be coagulase-negative staphylococci (~42%),
together with S. aureus (~22%). Nearly half of the bacterial isolates recovered were
meticillin-resistant Gram-positive bacteria (Taylor and Grady 1998).

1.5 Ventilator-Associated Pneumonia

Ventilator-associated pneumonia (VAP) is one of the most frequently occurring
nosocomial infections in humans on intensive care units and is second only to urinary
tract infection amongst hospital-acquired infections of humans (Pneumatikos et al.
2009; Ramirez et al. 2007). The actual true incidence of VAP in humans is unclear as no
gold-standard diagnostic test exists, but is believed to occur in 8-28% of susceptible
patients, with mortality rates ranging between 24 and 76%. Key to the infection is that
the process of intubation and mechanical ventilation, which bypasses the normal host
defence mechanisms, provides an unprotected conduit between the oral cavity and
lungs. The presence of an endotracheal tube is strongly associated with the subsequent
occurrence of VAP and the development of a biofilm within the lumen of the endotra-
cheal tube is deemed an important factor in the development of infection.

Compared with humans, veterinary emergency and critical care is still a rela-
tively new and developing discipline. Long-term (>24 h) mechanical ventilation in
companion animals is relatively uncommon, but is practiced. On rare occasions
rabbits, guinea pigs, chinchillas and many other small exotic mammals may also be
intubated, although again, not routinely (Johnson 2010). The practice of mechanical
ventilation is more frequently used for large animals and the process is similar
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to that used for humans. Animal models of VAP have been developed and it has
been shown that piglets that were mechanically ventilated for 4 days consistently
developed pneumonia (Marquette et al. 1995). Such spontaneous occurrence
of pneumonia of mechanically intubated pigs is believed to be most commonly
caused by the bacterial species Pasteurella multocida and Streptococcus suis
(Marquette et al. 1996), although Klebsiella oxitoca, P. aeruginosa, S. epidermidis
and S. aureus may also be responsible (Wermert et al. 1998).

Interestingly, it has been found that in mechanically ventilated humans, dental
plaque biofilm is also modified by the additional presence of potential respiratory
pathogens such as S. aureus and Gram-negative bacteria including Pseudomonas
aeruginosa and Enterobacteriaceae. There is mounting evidence that such oropha-
ryngeal colonization is a prerequisite for the development of VAP and might be the
original source of organisms that seed the endotracheal biofilm.

1.6 Gastronomy Tubes

Feeding tubes are frequently used to provide sustenance for both human and animal
patients who cannot consume calories by swallowing. A gastronomy tube provides
nutrition directly to the stomach either by the nasogastric route or via an incision in
the abdomen (Wortinger 2006). These tubes are usually made of polyurethane
or silicone, and the formation of microbial biofilms within these tubes is often
considered an inevitable consequence of microbial overgrowth in the gut. A range
of Gram-positive and Gram-negative bacteria are capable of attaching to and
colonising the lumen of feeding tubes. Fungal contamination of gastronomy devices
has also been reported and associated with deterioration of the tubes (Dautle et al.
2002, 2003). Many of these microorganisms are considered pathogenic and may
pose a threat to the treated individual and particularly to those who are immunocom-
promised, so infected feeding devices must be removed and replaced. Both gastron-
omy tubes and nasogastric tubes are frequently used to feed cats suffering from major
organ failure, injury or post-surgery and, generally, complications are rare. However,
infection following fungal and bacterial colonisation of the tube has been reported.

1.7 Pacemakers

Cardiovascular implants maintain defective tissues and rectify congenital defects.
In human and veterinary medicine, the prevalence of non-valvular cardiovascular
device-related infection varies depending on the implanted device. Infection of left
ventricular assist devices ranges from 25 to 70%, whereas infection of devices used
to close congenital defects are considered rare (Bluhm 1985; Cohen et al. 2002;
Lemire et al. 1975).

Retrospective studies of pacemaker-related infections in humans show a
prevalence of 0-19% (Baddour et al. 2003). In veterinary medicine, the use of
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cardiovascular devices is limited predominantly to pacemakers and patent ductus
arteriosus (PDA) occlusion devices in dogs. The incidence of infection of PDA occlusion
devices is unknown, whereas pacemaker infection rates range from 1 to 16% (Wess et al.
2006; Domenech et al. 2005; Oyama et al. 2001; Sisson et al. 1991; Darke et al. 1989).

Clinical signs of cardiovascular device-related infections in dogs are variable,
but similar to those seen in humans and include fever, lethargy, immune complex-
mediated disease, embolic events, sepsis, and cellulitis or abscess at the site of the
implanted device (Karchmer and Longworth 2003).

Three main factors related to the pathogenesis of device-related infections are:
microbial virulence factors, host response to the device and the device’s physical
characteristics (Baddour et al. 2003). For example, microorganisms such as S. aureus
are able to produce adhesion molecules that facilitate binding to the host. Addition-
ally, contact with a device may strip the host’s endothelium and expose proteins to
which microorganisms can adhere. Biofilm formation on devices is a key to the
success of microbial colonisation. This biofilm limits the effectiveness of the host
immune response and the ability of antimicrobials to reach therapeutic concentrations.

In humans, a number of hypotheses have been proposed to explain the pathogene-
sis of device-related infections. The most common hypothesis is that contaminants
are inoculated at the time of implantation. The high percentage of pacemakers
infected with cutaneous organisms such as Staphylococcus and Streptococcus may
be explained by this hypothesis (del Rio et al. 2003; Laguno et al. 1998; Arber et al.
1994). The other commonly postulated route of infection is haematogenous spread
secondary to bacteraemia not associated with the device.

In a study conducted by Fine and co-workers (2007) using dogs, four pacemaker
recipients showed signs of infection, 90 days after implantation. Three of these dogs
had Staphylococcus infections, and the other had a co-infection with P. aeruginosa
and Corynebacterium. The Pseudomonas/Corynebacterium infection occurred in
a patient when the sterile technique was compromised during pacemaker implanta-
tion. Organisms such as Pseudomonas, Corynebacterium and Serratia are primarily
opportunistic pathogens and rarely cause infection in the absence of a break in the
host’s defences. Therefore, the infection of these four pacemakers is most likely to
have occurred at the time of surgery.

1.8 Orthopaedic Devices

Musculoskeletal infection is one of the most common complications associated
with surgical fixation of bones fractured during trauma. These infections often
involve bacterial colonisation and biofilm formation on the fracture fixation device,
as well as infection of the surrounding tissues. Generally, infection presents within
the first two postoperative months or many months to years post-surgery when
a delayed or late developing infection is observed (Gustilo et al. 1987).

As a consequence of infection, fracture healing can be delayed or prevented and
implant loosening can be observed. In order to achieve a successful outcome and to



198 S.J. Hooper et al.

allow fracture healing, surgical removal of the device is often required in addition
to prolonged courses of antibiotic therapy.

Orthopaedic procedures in humans, including all fracture types, fixation
techniques and prostheses, are associated with an average infection rate of 5% in
the United States which equates to 100,000 infections per year costing 15,000 US$
per incidence (Darouiche 2004).

Recently, Kuijer et al. (2007) investigated infection incidence of implanted,
degradable tissue-engineered (TE) scaffold biomaterials in rabbit knee osteochondral
defects. Sterile, polyester copolymer scaffolds of different compositions and cell-
accessible pore volumes were surgically inserted into rabbit osteochondral defects for
periods of 3 weeks up to 9 months. Infection assessment included observation of
pus or abscesses in or near the knee joint and post-mortem histological examination.
Of 228 implanted TE scaffolds, ten appeared to be infected: six scaffolds without cell
seeding (3.6%) and four cell-seeded scaffolds (6.3%). These infections were evident
across all scaffold types, independent of polymer composition or available pore
volume, and up to 9 months.

1.9 Suture Infections

The success of any surgical procedure must include accurate closure and stabiliza-
tion of the wound margins by sutures. However, the presence of foreign materials
in a wound significantly enhances the susceptibility of tissue infection in the host
(Blomstedt et al. 1977; Osterberg and Blomstedt 1979). The ultimate consequence
of suturing can be postoperative infection resulting in compromised wound healing.

Inflammatory responses arise from foreign body reactions to sutures in the form
of exudates which may decrease resistance to infection and ultimately impair
wound healing (Trimbos et al. 1989). It is possible that sutures may also serve as
a pathway for bacteria to enter a surgical wound. This is a physical process that is
enhanced by the capillary action of the suture material (Chu and Williams 1984).

The physical construction of some suture materials may protect contaminating
bacteria and enable microorganisms to multiply (Everett 1970). Relatively inert
synthetic suture materials are associated with less inflammation than sutures
manufactured from natural materials (Selvig et al. 1998).

1.10 Ophthalmic Infections

Evidence is increasing that biofilms can play a role in ocular infections. Prosthetic
materials that come in contact with the eye, including contact lenses, intraoral
lenses (IOLs), scleral buckles and suture material, have all been associated with an
increased risk of infection and are all demonstrably capable of harbouring bacterial
biofilms. For example, S. epidermidis has been found to colonize IOLs and as
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such has been linked to postoperative endophthalmitis following cataract surgery
and IOL insertion (Kodjikian et al. 2003, 2004). Intraocular silicone prostheses
have been used in the treatment of ophthalmic disease or injury that precludes
the salvage of the eye in animals, including horses (Provost et al. 1989) and dogs
(Lin et al. 2007).

1.11 Factors Influencing the Formation of Biofilms
on Medical Devices

The first step in medical device-related infection is the adherence of micro-
organisms to the surface of the device. Microorganisms may arrive near the
surface of an indwelling device by direct contamination, or by either contiguous
or haematogenous spread. Initial attachment relies upon non-specific, reversible
interactions. Whether the microbes fully adhere and start to form biofilms on the
device surface is dependent on several factors, namely the physical characteristics
of the device and microorganism, the host, and the interactions between microbe
and biomaterial. The following sections describe the roles these factors play in the
establishment and maintenance of biofilms on medical devices.

1.12 Device-Related Factors

Studies of microbial adherence on different biomaterials have revealed several
device-related factors that influence biofilm formation. Certain materials used in
the design of medical devices are more favourable to microbial adherence than
others. Generally, hydrophilic materials are considered less amenable to microbial
attachment compared with hydrophobic surfaces, and negatively charged surfaces
are less adhesive compared with positively charged.

The surface topography of a biomaterial is also an important consideration with
smooth surfaces generally inhibiting biofilm formation compared with rougher
ones. However, the extent of nano-roughness has to be at a level conducive to
bacterial retention, and if the surface roughness exceeds a certain level then
increased adhesion is no longer evident (Amoroso et al. 2006).

1.13 Role of Conditioning Films

The factors related to the material properties of a medical device are further
complicated by the presence of a conditioning of its surface that rapidly occurs
in vivo. Once a device has been implanted into a body, its biomaterial surface will



200 S.J. Hooper et al.

rapidly become coated with a layer of proteins, platelets, and other components.
This coating is referred to as the conditioning film, and depending on the molecules
within the conditioning film, the hydrophobicity of the biomaterial surface can be
greatly changed.

1.14 Treatment of Medical Device-Related Infections

Prevention of biofilm occurrence is a key component in the management and
prevention of medical device infection. In the case of indwelling urinary catheters,
minimising and targeted use can be achieved by identifying which animals are likely
to experience repeated obstruction if catheterization is not performed (Lees 1996).
Catheter removal should be implemented as soon as possible and verification of
underlying infection determined by urine culture.

Many methods have been employed in efforts to remove biofilms from urinary
catheters. Chemical treatments such as the use of triclosan, citric acid and
ethylenediamine tetra-acetic acid (EDTA) have been utilised with varying degrees
of success.

Novel tools in the armoury against biofilms could involve the targeted enzymic
disruption of the biofilm’s chemical matrix, which is now known to include
extracellular DNA, polysaccharides and proteins (Flemming and Wingender
2010). Interfering with biofilm production through gene therapy or quorum-sensing
inhibitors are also attractive therapeutic options. Coating biomaterial surfaces with
organic molecules to prevent the development of a surface-conditioning film are
also considered options (Arciola 2009).
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Bovine Mastitis and Biofilms

Marielle B. Melchior

Abstract Biofilm formation in bovine mastitis Staphylococcus aureus isolates was
studied since the beginnings of biofilm research, even before the name “biofilm”
was actually invented. Compared to other major bovine mastitis pathogens, such
as E. coli and Streptococcus uberis relatively much research information is avail-
able on S. aureus biofilm formation, biofilm antimicrobial susceptibility and the
role of several biofilm related genes.

Recent research on biofilm formation from E. coli and Str. uberis shed an
interesting light on the whole dynamic process of bacterial invasion, adherence,
persistence and evasive strategies of these bacteria, and reveal parallels and differ-
ences between these bacteria and S. aureus. In this chapter we present the current
knowledge on biofilm formation in the bovine udder as an holistic and dynamic
process, with more or less strain specific adaptive strategies and mechanisms which
all support perseverance and survival of these bacterial species under stressful
circumstances.

1 Introduction

From all major pathogens in bovine mastitis biofilm behavior is best studied in
Staphylococcus aureus. Recently more information became available regarding
biofilm formation for Escherichia coli and Streptococcus uberis mastitis isolates.
The reason for the preference of S. aureus is presumably related to the importance of
this species both for humans and bovine mastitis, two research fields with social and
economic importance, and this results in a synergetic exchange of strains and models.

It seems difficult to point out the beginnings of biofilm research in bovine
mastitis since early results that still are of importance in the current developments,
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such as the works of Baselga et al. (1993, 1994) do not use the word biofilm in their
publications. However, the slime production that is considered an important feature
for biofilm formation is thoroughly investigated in these papers.

During the 1990s, another virulence factor of mastitis pathogens was studied
more intense than slime production; the adherence and invasion of host cells. Both
for Str. uberis and for E. coli, much of the current knowledge is based on these
results (for references, see further in this chapter), and at the same time these
virulence factors were also studied for S. aureus.

An important reason to study biofilm formation in S. aureus mastitis isolates was
the persistence of these infections, even though they were perfectly susceptible for the
antimicrobials used (Owens et al. 1997; Sears et al. 1990; Sol et al. 1997). Given the
availability of antimicrobials with good intracellular efficacy, it seemed not feasible that
intracellular growth was the most important reason for persistence (Melchior et al.
2006b). Furthermore, there were several other epidemiological parameters, such as
higher persistence for intramammary infections of longer duration, which seemed
hard to explain by intracellular growth alone (Sol et al. 1997).

The presentation of biofilm formation of bacteria as a virulence factor for
mastitis in general and S. aureus in particular (Melchior et al. 2006a, b), often led
to questions regarding the importance and role of intracellular growth, since it was
generally accepted that this is indeed an important virulence factor. Furthermore,
besides studies regarding biofilm formation in S. aureus (Amorena et al. 1999),
hardly any information was available regarding the biofilm behavior of other
mastitis pathogens.

Interestingly, current research developments reveal a novel point of view;
intracellular bacteria show biofilm behavior, as is described by Anderson
(Anderson et al. 2003, 2010). Bringing these insights together with the current
research results seems to bring an new perspective to the complex puzzle of
bacterial infections of the bovine udder. The major pathogens S. aureus, Str. uberis,
and E. coli each seem to be able to apply their own set of tools for host cell
adherence and invasion. Based on the publications by Anderson researchers work-
ing in the field of bacterial biofilms now seem to claim that bacteria are also form
biofilm-like polysaccharide-containing masses inside the host cell, called intracel-
lular bacterial communities (IBCs). These findings ask for a clear definition of a
bacterial biofilm. According to Costerton et al. (1999) biofilms are “a structured
community of bacterial cells enclosed in a self-produced polymeric matrix and
adherent to an inert or living surface”, and this leads us to no clear clue about the
intracellular biofilms. However, for research purpose we would like to investigate
everything bacteria do in their natural lifestyle, and this broad view aims at
revealing and understanding all evasive strategies of bacteria, which are applied
to protect themselves against the host immune system and antimicrobial therapies.

Based on this idea, we would like to present biofilm formation in the bovine
udder in a more holistic concept; that bacteria are equipped with a broad set of tools
that they can apply in a dynamic way, whenever appropriate for sustainability or
survival. Therefore, we support the idea that biofilm formation is an adaptation
mechanism for a multitude of stress-circumstances and this would include
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both extracellular and intracellular circumstances (see Fig. 1). Preferences
for either extracellular or intracellular survival might be related to bacterial
species and strain preferences. In this chapter, we aim to present an overview
of the current knowledge on biofilm formation of the major bovine mastitis
pathogens.

2 Staphylococcus aureus

2.1 Adherence, Invasion, and Biofilm Formation

In general, S. aureus can be seen primarily as an extracellular pathogen that infects
the host by adherence to extracellular matrix components of the host cells (Foster
and Hook 1998). Adherence is mediated by protein adhesions of the MSCRAMM
(microbial surface components recognizing adhesive matrix molecules) family,
which are anchored to the cell wall. We can distinguish three major families of
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MSCRAMMs; the fibronectin binding-, the collagen binding-, and the fibrinogen
binding MSCRAMMs. The evidence that these MSCRAMMs function in vivo as
adhesions and virulence factors comes from studies that compare isogenic mutants
with wild type strains in infection models.

The study by Lammers (Lammers et al. 1999) confirms the importance of the
fibronectin binding proteins FnBPA and FnBPB in a S. aureus in vitro model of
adherence and invasion on primary bovine mammary cells. Besides this, it was also
shown that the levels of adhesion are dependent on the bacterial growth phase. The
expression and synthesis of fibronectin-binding proteins is optimal during exponen-
tial growth phase, and downregulated during the stationary phase. The growth
phases are controlled by the accessory gene regulator (agr) locus. This results in
a 20-fold higher invasion in host cells for exponential growing bacteria compared to
stationary growing bacteria.

The work of Hensen et al. shows that not all S. aureus strains are able to invade
host cells, and that there are significant differences regarding the efficiency of
invading strains (2000). The results show that invasion typically is a postadherence
event, and that the efficiency of adherence and invasion are positively correlated.
Culturing the bacteria in milk whey resulted in higher adherence compared to
strains cultured in Tryptic Soy Broth (TSB). The adherence of milk whey grown
bacteria was periodate sensitive, indicating a role for polysaccharides in this
process; however, the TSB grown bacteria were not influenced by periodate
indicating multiple mechanisms of adherence. This study also investigated the
influence of capsule formation on adherence, and it was found that strong capsule
formation hinders adherence. These results seem to indicate that polysaccharides
are able to support adherence; however, abundant polysaccharide capsule formation
reduces adherence. Further studies show that there are different genetic sources of
extracellular polysaccharide production in S. aureus, and show that they have
different roles in virulence behavior.

The S. aureus polysaccharide capsule is immunogenic and 11 different genotypes
have been reported, but only four have been purified and chemically characterized
(Tollersrud et al. 2000, 2001). The most prevalent capsular polysaccharide (CP)
types from bovine mastitis isolates are CP5 and CP8 (Sordelli et al. 2000). The
expression of the capsular polysaccharides is increased when bacteria are grown in
milk (Sutra et al. 1990). These capsules have antiphagocytic properties, and
antibodies against CP facilitate opsonophagocytosis (Sutra et al. 1990). It was
shown by O’Brien et al. that immune sera against capsular serotypes 5 and
8 decrease adherence to bovine mammary epithelial cells (2000).

The second important source of extracellular polysaccharide production is the
intercellular adhesion (ica) locus, which was found to play an important role in
biofilm in S. aureus and S. epidermidis (Cramton et al. 1999; McKenney et al.
1998). The role for this polymeric N-actyl-glucosamine (PNAG) in biofilm devel-
opment is based on the capability to support adherence to abiotic surfaces and
support intercellular accumulation (O’Gara 2007). Initially it seemed that the
presence of the ica genes was required for biofilm formation; however, later it
was discovered that without the presence of the ica locus, biofilm accumulation
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could also be supported by the presence of several surface proteins (Cucarella et al.
2001; O’Gara 2007).

The ica locus is able to produce the capsular polysaccharide-adhesin (PS/A) or
PNAG that mediates initial cell adherence to biomaterials and intercellular adher-
ence. This adhesion polysaccharide protects the bacteria from opsonophagocytosis
(Maira-Litran et al. 2002, McKenney et al. 2000). The early investigations for the
role of the ica locus in virulence and disease indicated that this gene was signifi-
cantly related to virulent strains and persistent infections in humans (Arciola et al.
2001, 2002). The first study investigating the prevalence of the ica locus in bovine
mastitis isolates gave similar results; all mastitis isolates possessed this locus and
nearly all produced biofilms in vitro (Vasudevan et al. 2003). As a result of this, the
ica locus also appeared to be very important for bovine mastitis isolates. In a later
study from a sample of Dutch bovine mastitis isolates it was found that not all
strains from this sample contained the ica locus, and the presence was not related to
the results of a quantitative biofilm assay (Melchior et al. 2009). Moreover, the
amount of biofilm formation was influenced by the growth medium used, as growth
in milk whey gave significantly different results than growth in TSB. Interestingly
this study also revealed a strong correlation between the agr-type of the strains and
the prevalence of the ica locus; agr-type 2 strains all contained this locus, whereas
only 44% of the agr-type 1 strains contained the locus.

2.2 Therapy of S. aureus Mastitis

S. aureus is one of the most important causes of subclinical, clinical, recurrent, and
chronic mastitis in dairy cattle (Barkema et al. 2006). Several studies have shown
that the correlation between the antimicrobial susceptibility of S. aureus isolates
determined in vitro and the actual bacteriological cure rate after antimicrobial
treatment is only moderate (Pyorala and Pyorala 1998; Sol et al. 1997, 2000; Wilson
et al. 1999). These epidemiological and clinical studies also revealed that treatment
of older cows, or cows with high somatic cell counts (SCCs) in general is less
successful and that treatment of cows with a high SCC due to a chronic infection
often fails entirely (Apparao et al. 2009; Barkema et al. 2006; Owens et al. 1997;
Taponen et al. 2003; Wilson et al. 1999).

It is shown in in vitro studies with a biofilm susceptibility model that the success
of antimicrobial treatments might be improved by extending the duration of anti-
microbial therapies (Amorena et al. 1999; Melchior et al. 2007). This was later
confirmed in vivo within a study that tested the efficacy of extended treatment for
chronic cases of S. aureus mastitis (Roy et al. 2009).

Reduced therapeutic efficacy of antimicrobial therapies that are related to
infections of longer duration can also be modeled with an in vitro bacterial biofilm
model (Amorena et al. 1999; Melchior 2007). Recently van den Borne showed,
based on the results of a clinical trial, that early onset of antimicrobial treatments of
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S. aureus bovine mastitis infections results in better therapy outcomes (van den
Borne et al. 2010a).

Based on these research investigations we can conclude that bovine S. aureus is
best treated in an early stage of the infection, with a therapy for an adequate time of
duration, which is often longer than the standard therapy. The correct duration of
these therapies should be long enough for the specific strain or strains present on the
farm of interest, and must be evaluated per individual farm. Research outcomes
have shown that strain differences exist, and that these result in significantly
different cure rates when comparing farms and regions (Bradley and Green 2009;
Melchior 2007; van den Borne et al. 2010b).

2.3 Vaccine Development

The findings, which showed that the CP are immunogenic and antibodies against CP
facilitate opsonophagocytosis, led to the development of vaccines against CP
serotypes 5, 8, and 336 (O’Brien et al. 2000; Tollersrud et al. 2000, 2001). The
efficacy of vaccines based on CP antigen was developed with different conjugates,
since CP antigen alone is not capable of inducing a protective immune response.
Evaluation of the protective effect of several conjugates was tested in a mouse
model, which led to promising results for further vaccine development (Calzolari
etal. 1997; Giraudo et al. 1997; Han et al. 2000). This resulted in the registration of a
S. aureus bacterin vaccine, based on CP antigens, in several countries and regions,
however not in the European Union (EU). The efficacy of three S. aureus vaccines,
among them the commercially available Lysigin(©), was reviewed by Middleton
(Middleton et al. 2009).

The second source of vaccine development is the presence of a surface polysaccha-
ride poly-N-acetyl-beta-1,6-glucosamine (PNAG) antigen in S. aureus and S.
epidermidis (McKenney et al. 1998, 2000), which is produced by the ica locus of
these strains. PNAG proved to induce strong antibody responses in S. aureus infected
mice and it was shown that PNAG is well-expressed during in vivo infections
(McKenney et al. 1999, 2000). The efficacy of vaccines based on the production of
antibodies against this slime associated antigenic complex (SAAC, which is also
referred to as PNAG) was studied in cows, and the results indicated that the vaccines
were not able to prevent infection; however, it did result in lower multiplication of the
bacteria.(Prenafeta et al. 2010). Recently a bovine mastitis vaccine was registered in
the EU named STARTVAC®, which contains PNAG or SAAC as one of the antigenic
components. The possible differences in the presence of the ica locus for S. aureus
strains on different farms and geographic regions might have some influence on the
efficacy of this vaccine for Staphylococcus mastitis reduction (Melchior et al. 2009).

Besides the production of vaccines based on different antigenic polysaccharides,
several vaccines are based on killed, avirulent, or mutant strains, which are able to
reduce bacterial shedding or duration of infection (Calzolari et al. 1997; Giraudo
et al. 1997; Leitner et al. 2003a, b; Pellegrino et al. 2010).
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3 Escherichia coli

The formation of bacterial biofilms of E. coli in a host in general seems to be, based
on current evidence, to a large extent an intracellular event. To subvert the host
response, E. coli escapes into the cytoplasm of the infected cell and replicates into
biomasses called IBCs (Anderson et al. 2010).

The majority of research on bacterial biofilm formation of E. coli is from human
medicines, as the recognition that this type of behavior from E. coli causes different
types of challenging infections; i.e. urinary tract infections, intestinal diseases or
prostatitis, has led to a multitude of publications. In veterinary medicine research
information is divided between recent studies; showing a change in the character of
E. coli bovine mastitis infections to a more persistent and recurrent type of
infection, and other studies showing the capability of E. coli bovine mastitis isolates
to adhere and invade in vitro mammary epithelial cells.

Because of the spread of information about biofilm capabilities of E. coli
between different kinds of research backgrounds, the overall picture will be
drawn up based on the sequence of steps during infection, and the evidence that
supports this from different backgrounds. The first important step for the formation
of intracellular biofilms is the attachment to the host epithelial cells, followed by
invasion, which in the meantime also implies successful evasion of the host
immunity. Subsequently the bacteria find their niche for quiescent persistence in
the epithelial cells, which includes protection for antimicrobials and the host
defense system. Here they can stay for months without shedding, and the triggers
for this process still has to be elucidated (Anderson et al. 2003, 2010).

3.1 Curli Fibers Support Epithelial Adherence

Noteworthy, the curli fibers were first discovered in 1989 on E. coli strains that
caused bovine mastitis, and have since been studied for their key role in adherence
and survival in bacterial biofilms (Arnqvist et al. 1992; Olsen et al. 1989). These
proteinaceous extracellular fibers are involved in surface and cell—cell contacts that
promote community behavior and host colonization.

The regulation of curli gene expression is rather complex and responsive to
many environmental cues, of which several are of importance for their possible
therapeutic consequences, which we will discuss later. The regulation of curli
expression has been reviewed excellent by Barnhart and Chapman (2006), and
the following has been summarized from this review.

The most important parts of the curli operon reading frame are; the regulatory
part CsgD, the two curli subunit components CsgA and CsgB, and CsgG which
forms the pore in the extracellular membrane, through which CsgA and CsgB can be
brought outside the extracellular membrane.



212 M.B. Melchior

It was first recognized that growth below 30°C promotes curli gene expression,
and this still holds for most laboratory strains. However, it has been demonstrated
that many clinical isolates of E. coli can express curli at 37°C. Furthermore, it has
been shown on repeatedly that a mutation in the CsgD gene can be induced,
resulting in good curli expression at 37°C.

There are three two component regulatory systems that regulate curli gene
expression. The most import is the OmpR/EnvZ system that responds to changes
in osmolarity and regulates the porins OmpF and OmpC. In general, we see that
under circumstances of low osmolarity the OmpR/EnvZ system facilitates the
opening of the porin gates, and in high osmolarity the gates are closed. At the
same time, low osmolarity thus facilitates opening of the CsgG pore, and subse-
quently CsgA and CsgB can be brought efficiently outside the membrane. This
system stimulates the expression and transportation of the curli outside the extra-
cellular membrane where the actual action takes place.

The CpxA/R two-component system is activated in response to membrane stress
and/or misfolded proteins. This system downregulates the curli expression.

The Rcs system responds specifically to outer membrane stress, and this results
in stimulation of the capsule synthesis. The Rcs system also downregulates the
csgG expression and this pathway is required for biofilm formation.

From this we can abstract that curli formation is important in the initial stages of
biofilm formation, for initial adhesion, and is then turned off by Cpx and Rcs
pathway for further maturation of the biofilm communities (Barnhart and Chapman
2006; Prigent-Combaret et al. 2001).

Outside the bacterial membrane the CsgA and CsgB components are able to
form beta-sheet rich fibers, which are resistant to protease digestion, similar to
amyloid fibers from eukaryotic cells. Curli bind many host proteins, among them
plasminogen and tissue plasminogen activator, resulting in active plasmin. This
might be an advantage for curli-producing bacteria, as plasmin degrades soft tissue
and thus facilitates the access to deeper tissue.

3.2 Adherence and Invasion (Cellular and Abiotic)

The adherence and invasion of E. coli bovine mastitis isolates from single and
recurrent infections was studied by Dopfer et al. in 2000 and Dogan et al. in 2006.
Both used the MAC-T bovine mastitis epithelial cell line for their studies. In both
studies the strains from persistent infection were more efficient in invasion, but not
adherence, resulting in higher numbers of intracellular bacteria. These findings are
supported by other publications (Barnhart and Chapman 2006), which show that
curli synthesis supports epithelial invasion in different types of tissues (Kai-Larsen
et al. 2010).

The adherence of E. coli to abiotic surfaces outside the host probably also
supports the survival and spread of E. coli outside the udder of the cow, as has
been shown to be of importance for other udder pathogens previously (Zadoks et al.
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2001a, b). Because of the normal regulation and expression of curli genes, which is
stimulated below 30°C, we can assume that environmental temperatures often
facilitates curli expression. Furthermore, low osmolarity, induced by normal
cleaning procedures with water in the milking parlor, and desiccation, from drying
of surfaces between milking sessions, and lack of nutrients also stimulates
curli expression and biofilm formation in general (Ferrieres and Clarke 2003;
Prigent-Combaret et al. 1999; Vidal et al. 1998) . Unfortunately, once E. coli is
living in the environment protected by a multi species biofilm community, it is able
to withstand disinfectants like hypochlorus acid an monochloramine (Williams and
Braun-Howland 2003), which are routinely used in dairy farms.

3.3 Intracellular Persistence and Replication

In a study from Dopfer et al. (1999), it was shown that almost 47% of recurrent
E. coli infections within the same quarter were caused by a strain with the same
DNA fingerprint. Further results from this study showed that E. coli with the same
DNA fingerprint could also be found in another quarter of the same cow, or in a
different cow, suggesting infections from a common source. Milk samples were
taken during episodes of clinical mastitis, therefore possible shedding of bacteria
between clinical periods was not evaluated.

The study from Bradley and Green showed that 86% of cases of recurrent E. coli
mastitis within one quarter was implicated by the same DNA genotype, which is
also suggestive of persistence between clinical episodes (2001). Also in this study
the spread of the persistent genotype was suggested, as the same genotypes were
found also in other quarters.

Bradley and Green also reported that typically none of the recurrent
cases resulted in systemic signs of illness in the affected cows, and this is remarkable
since the classic clinical E. coli symptoms normally include high fever and septice-
mia that could lead to death without the proper therapeutic interventions (2001).

Dogan was able to show that E. coli strains from persistent infections were better
with respect to intracellular survival and replication in an in vitro model, resulting
in higher number of bacteria after 48h of growth, as was previously been shown in
other models of epithelial E. coli infections (Dogan et al. 2006). Finally Dogan
demonstrated the presence of E. coli within the mammary epithelium from a cow
with naturally occurring persistent E. coli mastitis.

3.4 Immunity and Competition with Host Defenses

The bacteria can outcompete the host defenses through several strategies. First
efficient growth in milk means fermentation of lactose as the main source of energy.
The results of Blum et al. (2008) show that lactose fermentation and growth in milk
from E. coli isolates is positively correlated, and that mastitis isolates have better
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growth in milk compared to environmental isolates. Furthermore, this same study
shows that phagocytosis by PMN was significantly lower compared to the environ-
mental strains.

The synthesis of curli also seems to be of importance for protection against the
immune defenses. In a study on uropathogenic E. coli, it was shown that production of
curli is higher amongst these isolates and this facilitates adhesion, invasion, and biofilm
production (Kai-Larsen et al. 2010). The epithelial cells of the urinary tract respond
with an increase of antimicrobial peptide (LL-37) upon infection with uropathogenic
E. coli. This peptide is able to cause bacterial lysis; however, curli binds this peptide
and thus protect against this antimicrobial peptide. If curli have not been produced yet,
LL-37 can inhibit curli formation by blocking the polymerization of the curli subunit
CsgA,; resulting in inhibition of biofilm formation in vitro. The outcome of an infection
with curli producing E. coli depends on the timing and balance between curli produc-
tion and antimicrobial peptide production; reduced curli expression by colonizing
bacteria makes them more vulnerable for LL-37 (Kai-Larsen et al. 2010).

3.5 Prevention and Therapy of E. coli Infections

The more we learn about biofilm formation, and E. coli is not a exception to this, the
more we come to realize that all strategies are aimed at survival under all kinds of
stressful circumstances. The information about the regulation of curli fibers reveals
however some interesting things for common practical knowledge.

It is common experience that housing and construction of stables and beds for
the cows should prevent cows from getting “cold” udders, as this can increase the
incidence of E. coli infections. Therefore, although stables should allow for enough
air fresh for the cows, wind breakers sometimes have to be lowered to protect cows
from draft. This might be in agreement with better curli expression at lower
temperatures.

Biofilm formation is stimulation by several circumstances; i.e. osmolarity,
membrane stress, and low nutrient levels. The latter is regulated through the Cpx
system via ¢°, which is aimed at survival under starving conditions (Barnhart and
Chapman 2006). One of the less well-understood therapies for E. coli infection is
the infusion in the udder of isotonic and/or glucose solutions. The rationale for this
therapy is that this dilutes and flushes out the toxic compound LPS, but it might also
reduce the propensity of the bacteria to shift to a defensive biofilm mode of growth,
which would leave them untouchable for the defense system or antimicrobials.

Once the bacteria are settled persistently in the udder, similar to the situation in
the urinary tract, little seems to have any real effect on them. Repeatedly it is shown
that intracellular E. coli are very resistant to antimicrobials in vitro, and in vivo
results do not seem to contradict this. Furthermore, there is increasing evidence that
so-called persister formation (Lewis 2000), resulting in untouchable bacteria is
stimulated by the use of antimicrobials (Dorr et al. 2010; Hoffman et al. 2005).
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Current knowledge seems to indicate that some bacterial species are better
equipped to survive outside the host cells in the bovine udder, i.e. S. aureus, and
others are better adapted for intracellular survival such as E. coli. However, because
of the relations and correlations of bacterial characteristics important for adherence
and invasion and for biofilm formation, these are presented as a whole process that
can take place in the bovine udder.

Research investigations most often focus, for practical reasons, on single parts of
the whole process. This shows which tools are used, and reveals the differences in
abilities within bacterial species and between bacterial species. Furthermore, recent
results show that Str. uberis is able to form biofilm communities in milk and that
milk components, such as casein supports this (Varhimo et al. 2010). The evalua-
tion of the antimicrobial susceptibility of these persistent intracellular infections,
however, is difficult to capture in an in vitro model.

4 Streptococcus uberis

Epidemiological research of Str. uberis bovine mastitis infections have shown that
these bacteria are often causing persistent and chronic infections, although infections
of shorter duration occur, which end due to spontaneous cure or effective treatments
(McDougall et al. 2004; Phuektes et al. 2001; Pullinger et al. 2007; Zadoks et al.
2003). Many of these infections are subclinical and when infections stay unnoticed
and untreated can become chronic (Phuektes et al. 2001; Zadoks et al. 2003).

Several typing techniques have been used to study the spread of Str. uberis between
farms and between cows on one farm (Douglas et al. 2000; McDougall et al. 2004;
Pullinger et al. 2007; Zadoks et al. 2003). Although the use of different molecular
techniques limits the possibility to compare these studies the outcomes agree on
several results. The studies show that there is a multitude of different strains available
of these environmental bacteria, and that cows become infected by different strains
within one farm and between farms. When infections on one farm are followed for
several lactations the type of Str. uberis isolates change over time, although some-
times a dominant strain can be found among a constantly changing group of isolates
causing the new infections (Phuektes et al. 2001; Pullinger et al. 2007; Zadoks et al.
2003). These studies also show that persistent infections are in fact caused by one
isolate, and are unlikely to be caused by reinfections, given the multitude of types
available in the environment (Douglas et al. 2000; Pullinger et al. 2007; Zadoks et al.
2003).

The chronic and persistent character of Str. uberis infections seems to be related
to the type of strain in some studies (Phuektes et al. 2001; Zadoks et al. 2003),
although more recent outcomes did not reveal a relation between persistence and a
particular type of isolates, which suggests that management or host factors are also
of importance for the outcomes of the infection (Pullinger et al. 2007).
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4.1 Adherence and Invasion

Based on the extensive work from Almeida and Oliver and coworkers, we are able
to establish a picture of the evasive strategies of Str. uberis. First it was found that
around 40% of the Str. uberis strains isolated from bovine mastitis is able to
produce a capsule of hyaluronic acid (Almeida and Oliver 1993a, b). The
hyaluronic acid polysaccharide capsule is protective for phagocytosis by the host
defense mechanisms. The expression of the capsule is increased by lactose, skim
milk, and casein although strain differences also seem to play a role (Almeida and
Oliver 1993a; Matthews et al. 1994). The protective effect of the hyaluronic acid
capsule is not surprising given the presence of host derived hyaluronic acid
especially in the skin and connective tissue and the regulatory role of this in tissue
repair and inflammation; the capsule is a smart decoy for the host immune system.

Strains that do not produce a protective capsule seem to be better equipped for
adherence and invasion of host cells. Str. uberis is able to make use of several host
factors during this process such as; collagen, glycosaminoglycans, fibrinogen, and
lactoferrin (Almeida et al. 1996, 1999a, b, 2003, 2006; Almeida and Oliver 2001;
Fang et al. 2000; Patel et al. 2009). Typically milk components such as beta-casein
and lactoferrin, are also facilitating the adherence and invasion in host cells
(Almeida et al. 2003; Fang et al. 2000).

Based on in vitro work it seems feasible that Str. uberis is able to survive
intracellular for extended periods (Tamilselvam et al. 2006) and besides this, the
data from epidemiological studies also provide strong evidence for persistent
presence in the bovine udder (Phuektes et al. 2001; Pullinger et al. 2007; Zadoks
et al. 2003). With the lack of histological evidence from ex vivo samples, revealing
the presence of Str. uberis in the udder tissue, however, we are not able to elucidate
the question of where the most important niche is for Str. uberis. Are they residing
predominantly intracellular, quiescently hiding for the host immune system, or are
they also able to survive in a bacterial community outside the host cells, in the
connective tissue or the alveoli of the udder?

Recently it was shown that alpha- and beta-casein, import components of host
milk, are able to support bacterial biofilm formation of Str. uberis in a classical
biofilm assay (Varhimo et al. 2010). Interestingly it was previously shown that
whole milk, skim milk, and casein are also able to stimulate capsule production
(Almeida et al. 1999a; Matthews et al. 1994). These results suggest that Str. uberis
biofilm can be composed of both proteinaceous and polysaccharide components,
similar to Staphylococcal biofilms. Earlier it was found that beta-casein is also able
to stimulate host cell adherence and invasion (Almeida et al. 2003). Besides the role
of alpha- and beta-casein in biofilm accumulation Varhimo et al. also revealed that
casein degradation by serine protease activity resulted in maximal biofilm produc-
tion (2010). These results suggested that the extracellular proteolytic activity of Str.
uberis contributes to an increased biofilm formation. Besides the bacterial proteo-
lytic activity, we should take into account that milk also contains an endogenous
proteolytic system, which can result, in response to bacterial presence, in increasing
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concentrations of plasmin from plasminogen and the polymorphonuclear
proteolytics elastase, collagenase and several cathepsins. The endogenous milk
protease plasmin, a serine protease, contributes to primary proteolyses of caseins
(Le Roux et al. 2003). The presence of bacteria in the bovine udder will result to
some extend to the recruitment of PMN, and therefore to an increase of proteolytic
activity in milk. The results of Varhimo et al. might implicate that the host immune
response influences the outcomes of the extracellular biofilm accumulation process.
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Biofilms and Antimicrobial Resistance
in Companion Animals

Thomas W. Maddox

Abstract Bacterial resistance to antimicrobials is a complex interaction of bac-
terial populations, resistance mechanisms, resistance genes and antimicrobial
agents. Although comparatively little research has focused on bacteria from
companion animals, many of the mechanisms conferring resistance identified in
bacteria originating from humans have also been recognised in bacterial isolates
from dogs, cats and horses. In addition to these well documented resistance
mechanisms, it has recently been acknowledged that biofilm formation can con-
tribute to the resistance encountered in some bacterial populations. Biofilm-
associated resistance appears to be multifactorial, with interaction of specific
biofilm resistance mechanisms and potentially other classical antimicrobial resis-
tance mechanisms. Currently, there is incomplete understanding of this complex
situation, but work continues to better characterise the processes involved.

1 Introduction

Resistance to antimicrobials is a highly complex interaction of bacterial popu-
lations, resistance mechanisms, resistance genes and, most crucially, antimicrobial
agents. When considering antimicrobial resistance arising in bacteria from com-
panion animals, unravelling all of these interactions is challenging. However,
the bacteria generally involved do not differ significantly for the different
animal species, and many of the resistance mechanisms encountered are common
to multiple bacterial species.

Antimicrobials are extensively used in human and veterinary medicine, and
antimicrobial resistance amongst bacteria is recognised as an increasing problem
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with significant economic implications, as well as increased patient morbidity and
mortality (Ogeer-Gyles et al. 2006; Paladino et al. 2002). Inevitably much research
has focused on bacteria from humans, especially pathogenic examples, and to
a lesser extent on bacteria from food producing animals such as cattle and swine.
Antimicrobial resistance in bacteria from companion animals has been less well
characterised, but given these species’ high level of interaction with humans, such
resistance warrants further scrutiny.

2 Antimicrobial Development and Use

Since their initial development in the first half of the twentieth century, anti-
microbials have become critical for the treatment of bacterial infectious disease,
and their introduction is considered one of the most important of all medical
interventions with regard to reducing human morbidity and mortality (Andersson
and Hughes 2010). Many of early antimicrobials, such as penicillin and tetracy-
cline, were true “antibiotics”; substances produced by microorganisms that were
inhibitory to the growth of other microorganisms (Boothe et al. 1953; Fleming
1932). However, synthetic antimicrobial agents such as the sulphonamides were
also developed in this early era (Domagk 1935), and the 20 years from 1945 saw
the rapid development of a large number of classes of antimicrobials, including
the cephalosprorins, aminoglycosides, marcolides and quinolones (Wright 2007).
By the end of this period, the use of antimicrobial therapy had become integral
for the control of infectious disease; however, bacteria resistant to the effects
of antimicrobial agents were recognised shortly after widespread clinical use
commenced (Waksman et al. 1945).

Although the uptake of antimicrobials into clinical use was slower for veteri-
nary medicine, once established, antimicrobials rapidly became widely utilised.
Currently in the UK, approximately 400 tonnes of antimicrobial drugs are used
therapeutically for the treatment of food-producing and companion animals (VMD
2009). The emergence of resistance in bacteria from animals was noted in the
early 1960s, with resistance to several classes of antimicrobial drugs identified in
a number of bacterial species (McKay et al. 1965).

3 Antimicrobial Resistance

The breadth and diversity of the mechanisms through which bacteria can achieve
resistance to antimicrobials is considerable. This should not be surprising given that
such resistance mechanisms represent the culmination of an evolutionary response
that significantly predates the clinical use of antimicrobial drugs. For example,
genes encoding for resistance have existed in nature, in various forms, for at least
as long as there have been microorganisms capable of producing antibacterial
substances. Many of the most prevalent resistance genes have arisen from the need
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of antibiotic-producing organisms to be protected from the toxic effects of their
products (D’Costa et al. 2007). Additionally, mutational events that can confer
resistance to antimicrobials occur spontaneously within a bacterial population at an
approximately constant rate (as with all mutations) (Lederberg and Lederberg
1952). Finally, certain other bacterial adaptations (such as biofilm formation)
may fortuitously result in antimicrobial resistance.

4 Antimicrobial Resistance Mechanisms

In individual bacteria, resistance can be achieved by one of three key mechanisms,
namely modification or protection of the antimicrobial target, production of anti-
microbial inactivating enzymes or exclusion of the antimicrobial molecule from the
cell (by decreased permeability or expulsion though efflux pumps). All of these
mechanism, or interactions between multiple mechanisms, can result in an increase
in the minimum inhibitory concentration (MIC) of an antimicrobial agent required
to prevent bacterial growth. For most bacteria, antimicrobial resistance may be
considered to be either intrinsic or acquired. Intrinsic resistance is the consequence
of a structural or functional trait allowing tolerance of an antimicrobial class or
drug for all members of a bacterial group. As such, intrinsic resistance is usually
expressed by chromosomal genes and vertically inherited. Acquired resistance is
a trait associated with only some strains of a bacterial species or genus and is due to
a genetic change in the bacterial genome. This change may be via chromosomal
mutation (endogenous resistance) but more commonly by horizontal acquisition of
foreign genetic material (exogenous resistance).

Chromosomal mutations within bacteria arise at a relatively constant frequency,
estimated at approximately 10" to 10~ '° per gene, and the use of antimicrobial
agents can allow selection and amplification of pre-existing resistant variants from
this background population (Livermore 2003). Emergence and dissemination of
resistance through such endogenous mechanisms can be slow, but bacteria can exist
in a “hypermutable” state where the mutational rate is increased by up to 200 times
(Hall and Henderson-Begg 2006; Livermore 2003). Once endogenous resistance
has been achieved, its distribution throughout a bacterial population is accom-
plished through clonal expansion or proliferation of strains carrying the chromo-
somal mutations.

When considering exogenous resistance, examples of transferable genetic
material involved include resistance plasmids, transposons, integrons and gene
cassettes or other mobile genetic elements (Hall and Collis 1995; Roupas and
Pitton 1974). These elements frequently encode inactivating enzymes, drug efflux
pumps, alternate versions of the antimicrobial target or occasionally factors
affording protection of the target molecule (Datta and Kontomichalou 1965;
Dejonge et al. 1992; Heikkila et al. 1990; Roberts 2005; Tran and Jacoby 2002).
The exchange of genetic material can take place via bacterial transformation,
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conjugation or transduction and may occur between members of the same species
Or even across genera.

The above mechanisms are crucial in explaining antimicrobial resistance
when considering individual bacteria. However, more recently, it has also
been recognised that resistance encountered in groups or populations of bacteria
can also be achieved through the production of biofilms. This has led to the
realisation that microbial biofilms may be responsible for the recalcitrance of
many bacterial infections to standard antimicrobial therapies (Fux et al. 2003;
Stewart and Costerton 2001). The resistance exhibited by bacteria in biofilms
appears to be largely independent of the previously described mechanisms
(Stewart and Costerton 2001), and even susceptible bacteria without a known
genetic basis for resistance can become profoundly resistant when incorporated
into a biofilm (Anderl et al. 2000).

5 Biofilm Formation

The exact nature of biofilms has been considered elsewhere, but in basic terms
a biofilm can be defined as population of cells growing on a surface and enclosed
in an exopolysaccharide matrix (Lewis 2001). Bacterial biofilms are often poly-
microbial, frequently containing mixed populations of aerobic and anaerobic
bacterial species (Hansen et al. 2007).

A number of types of infection have been associated with bacterial biofilms,
including pneumonia, osteomyelitis, colitis, vaginitis, urethritis, conjunctivitis,
otitis and gingivitis (Adair et al. 1999; Davies 2003; Gristina et al. 1985). Signifi-
cantly, the placement of medical devices such as intravenous catheters, shunting
and stenting devices, urinary catheters and surgical prostheses can result in biofilm
formation at implant surfaces (Cormio et al. 1996; Donelli 2006; Ramsay et al.
1989; Sheehan et al. 2004). Whilst biofilm-associated infections have received
comparatively little specific attention within veterinary medicine, there is little
reason to suggest that the situation is likely to be substantially different; persistent
implant-associated infections have long been recognised as a serious problem
in companion animals (Ahern et al. 2010; Fine and Tobias 2007; Owen et al.
2004; Smith et al. 1989).

It is clear that infections involving biofilms can frequently be clinically signifi-
cant and regularly necessitate medical treatment, often including antimicrobial
therapy. Therefore, the development of any biofilm-associated antimicrobial resis-
tance can have potentially serious implications for the patient involved. In addition,
conventional agar antimicrobial sensitivity testing may underestimate such resis-
tance, leading to false reports of bacterial susceptibility and subsequent treatment
failure. The increase in resistance exhibited by bacteria in biofilms can be profound,
rendering the cells 10-1,000 times less susceptible to specific antimicrobial agents
compared with bacteria in planktonic cultures (Davies 2003; Gilbert et al. 1990).
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6 Mechanisms of Antimicrobial Resistance

The majority of the research conducted to date does not indicate a large role for the
so-called “classical” mechanisms of antimicrobial resistance in biofilm-associated
resistance (Anderson and O’Toole 2008). However, many of the bacteria typically
involved in biofilm formation (particularly the pathogenic examples) will carry one
or more of such resistance mechanisms, and hence they warrant some further
consideration. Additionally, there is some evidence suggesting that some of these
mechanisms may have a limited part to play in biofilm-associated resistance.
Resistance to the major classes of antimicrobial agents is summarised in Table 1
and detailed with respect to the more significant pathogenic bacteria encountered in
companion animals in the following section.

7 PB-Lactam Resistance

Resistance to penicillin and other early B-lactam antimicrobial agents (benzyl
penicillin and ampicillin) was the earliest form of antimicrobial resistance to be
recognised. In fact, the first B-lactamase enzyme (penicillinase) documented in
Escherichia coli was identified prior to the release of penicillin for clinical use
(Abraham and Chain 1988). All B-lactam antimicrobials exert their antibacterial
effect through the same basic principle of binding to the bacterial penicillin binding
protein (PBP) enzyme, preventing its normal biosynthetic function of assembling
the bacterial cell wall. In turn, all B-lactamase enzymes confer bacterial resistance
by the basic principle of cleaving the B-lactam’s central structural ring, rendering
the antimicrobial molecule inactive.

Over 470 novel B-lactamases have been identified and their corresponding
encoding genes may be chromosomal, plasmid-borne, or found on transposable
elements. The majority of B-lactamases are coded for by bla resistance genes,
and these can be found on both the bacterial chromosome and plasmids. The
predominant plasmid-mediated PB-lactamases of Gram-negative rods are the
TEM-1, TEM-2 and SHV-1 enzymes, the first of which (TEM-1) was identified
in E. coli in 1965 by Datta and Kontomichalou. -Lactamases can also be found
in Gram-positive bacteria, with blaZ genes being prevalent in staphylococci from
dogs and cats (Malik et al. 2007).

Separate from the blatgy and blasyy encoded enzymes, AmpC B-lactamases are
encoded by ampC genes (Sanders et al. 1997; Sanders and Sanders 1988). These
enzymes have a broader range of substrates than the TEM/SHV B-lactamases and,
for the most part, are unaffected by B-lactamase inhibitors such as clavulanic
acid or tazobactam. Initially, they were reported as a cause of B-lactam resistance
in species such as Enterobacter cloacae, Citrobacter freundii and Pseudomonas
aeruginosa, where mutations had allowed over-expression of their chromosomal
ampC genes (Sanders 1987). However, these genes did not remain chromosomally
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bound for long, escaping onto plasmids and being acquired by other species such as
Klebsiella pneumoniae and E. coli (Jacoby and Han 1996; Papanicolaou et al.
1990). ampC genes may be plasmid or chromosomal in location (Bradford
et al. 1997; Hopkins et al. 2006). High-level resistance occasionally results from
chromosomal mutations allowing hyperproduction of these enzymes, but the acqui-
sition of plasmid-borne mechanisms appears more common in E. coli (Brinas et al.
2002). Plasmid-mediated AmpC [-lactamases have been identified in E. coli
and Enterobacter species from dogs (Gibson et al. 2010b; Sidjabat et al. 2007) and
E. coli and Klebsiella pneumonia originating from horses (Vo et al. 2007).

7.1 Extended Spectrum [3-Lactamases

The increasing prevalence of resistance to the early f-lactam agents necessitated
the development of further, related antimicrobials that were stable to hydrolysis
by the B-lactamase enzymes. These were the extended-spectrum B-lactams (including
the third and fourth generation cephalosporins), which rapidly became a critically
important group of drugs in human medicine and to a lesser extent in veterinary
medicine (WHO 2007). The group include antibiotics such as the cephalosporins;
cefuroxime, cefotaxime and ceftazidime.

Resistance is conferred by extended-spectrum [-lactamase (ESBL) enzymes,
with the first identified being SHV-2 (Kliebe et al. 1985). ESBL production confers
resistance to most B-lactams, whilst usually retaining susceptibility to the B-lactamase
inhibitors (Bradford 2001). The majority of ESBL enzymes are mutations derived
from the TEM/SHV B-lactamases described previously, and these have been reported
in canine and equine E. coli isolates (Brifias et al. 2003; Ewers et al. 2010; Vo et al.
2007). ESBL-producing bacteria of species other than E. coli, such as Salmonella,
have been identified frequently in food-production animals (Carattoli 2008; Liebana
et al. 2004), and although rare in companion animals (Irina et al. 2007), have been
reported in Salmonella from horses (Rankin et al. 2005).

In 1986, a novel ESBL-type with the ability to hydrolyse cefotaxime was identi-
fied in an E. coli isolated from a dog’s faecal sample (Matsumoto et al. 1988). This
enzyme appeared unrelated to previously identified SHV and TEM types, it was
subsequently dubbed CTX-M (cefotaximase) and has since been reported in E. coli
from humans and other animals (Bauernfeind et al. 1990; Hopkins et al. 2006;
Liebana et al. 2006). There are now in excess of 60 types recognised, phylogenetically
grouped into five clusters based on their amino acid identities: the CTX-M1 cluster
(CTX-M1, 3, 10, 11, 12 and 15), the CTX-M2 cluster (CTX-M2, 4, 5, 6, 7 and 20,
TOHO-2), the CTX-MS8 cluster (CTX-M8), the CTX-M9 cluster (CTX-M9, 13, 14,
16, 17 and 19, TOHO-1) and the CTX-M25 cluster (CTX-M25 and 26) (Pitout and
Laupland 2008). Of particular significance is CTX-M-15, which has become globally
disseminated clonally through a close association with strains of E. coli belonging to
sequence type (ST)131, allowing spread in a clonal fashion (Arpin et al. 2009; Naseer
et al. 2009; Nicolas-Chanoine et al. 2008; Suzuki et al. 2009; Woodford et al. 2009).
In conjunction with this, ESBL-producing bacteria, which were once considered



230 T.W. Maddox

Table 2 Details and origins of extended spectrum [-lactamase enzymes encountered in Gram-
negative bacteria

Enzyme Encoding Number of Common

type genes Origins variants examples

TEM blatgm Mutations of TEM1,2 Over 100 TEM-10, -26

SHV blasyy Mutations of SHV 1 Over 50 SHV-2, -5, -12

CTX-M  blactxom  Mutations of chromosomal Over 40 (five CTX-M-1,
Kluyvera spp. enzyme sub-classes) M-15, M-26

VEB blaves Unknown 3 VEB-1

PER blapggr Unknown 2 PER-1, -2

OXA blaoxa Mutants of OXA-2 6 OXA-15, -11

largely nosocomial in origin, are now frequently being found in the wider community
and away from healthcare settings (Naseer et al. 2009).

CTX-M enzymes do not appear closely related to SHV or TEM f-lactamases,
showing approximately 40% or less identity to those enzymes (Tzouvelekis et al.
2000). However, they do show more similarities with chromosomally encoded
B-lactamases of Kluyvera ascorbata, suggesting this bacterial species as the possi-
ble origin of the CTX-M enzyme (Oliver et al. 2001). Information on the prevalence
CTX-M enzymes in bacteria from companion animals is lacking, as it is for most
ESBL-producing bacteria, but ctx-m genes have been reported in equine bacterial
isolates, including E. coli (Abraham and Chain 1988; Vo et al. 2007). ST131 E. coli
have also been reported in companion animals (Pomba et al. 2009), including dogs
and horses (Ewers et al. 2010), and in both cases the isolates concerned carried
CTX-M-15.

Other variants of ESBL-producing enzymes exist, such as the OXA, PER and
VEB types (detailed in Table 2), but these are rarely encountered in bacteria from
companion animals, with only OXA having been reported in a collection of
Enterobacter isolates from dogs (Sidjabat et al. 2007).

7.2  Meticillin-Resistance in Staphylococci

Meticillin (previously methicillin) constitutes a special case of B-lactam resistance
principally encountered in the staphylococcal species. This f-lactam antimicrobial
was first introduced into clinical use for medicine in 1959, largely as a response to
extensive resistance to the early penicillins; however, resistance in Staphylococcus
aureus was identified within a year (Jevons et al. 1961). Since then meticillin-
resistance has become increasingly widespread, with studies variously reporting
from 25% to over 60% of the S. aureus isolates identified in human hospitals to be
meticillin-resistant (Fluit et al. 2001; Klevens et al. 2006). The clinical relevance
of resistance to meticillin specifically is limited, as the drug is no longer in use.
Crucially, however, the mechanism involved provides cross-resistance to most of
the other B-lactams and related compounds.
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Currently the best characterised meticillin-resistant staphylococcus is meticillin-
resistant S. aureus (MRSA); however, meticillin-resistance is also encountered
in other coagulase positive and coagulase negative staphylococci (MR-CPS and
MR-CNS, respectively). Despite this, the presence of resistance in S. aureus
predominates as a clinical concern, largely due to the pathogenic potential of this
species. Low-level meticillin-resistance can be achieved by the hyper-production of
classical penicillinases or related B-lactamase enzymes (Gal et al. 2001). However,
of more significance is the “intrinsic” resistance primarily mediated by the produc-
tion of an additional 78-kDa alternative penicillin-binding protein (PBP2a), which
has a reduced affinity for the central ring of the f-lactam molecule. This alternative
protein is capable of taking over the biosynthetic function of the other conventional
penicillin binding proteins (PBP1, 2, 3 and 4) when these become saturated by
a P-lactam antimicrobial and so peptidoglycan-layer synthesis is not disrupted
(Brown and Reynolds 1980; Dejonge et al. 1992; Georgopapadakou et al. 1982).

Meticillin-resistance in staphylococcal species is principally conferred by
the mecA gene, which encodes for PBP2a. The mecA gene is situated on
alarge (21-63 kb), mobile genetic element known as the staphylococcal cassette
chromosome mec (SCCmec), which is located near the origin of replication of
the S. aureus bacterial chromosome (Hanssen and Sollid 2006; Kuhl et al. 1978).
Other regulatory and ancillary genes are situated on the cassette, and down-
stream of the mec region is a variable segment of DNA that terminates with an
insertion-like element (IS431), which serves as a target for the recombination of
other mobile genetic elements. Consequently, the SCCmec unit can integrate
plasmids and transposons, acquiring genes for resistance to other antimicrobials.

Several differently sized variants of the SCCmec cassette have been identified
and form the basis of a typing scheme for MRSA. Currently, seven main types of
SCCmec (types I to VII) have been described, defined by their mec complex and the
associated ccr genes (Kim et al. 2007). Whilst only SCCmec 1I and III harbour
genes for resistance to antimicrobials other than B-lactams (due to incorporation
of plasmid and transposon genes), other sites on the S. aureus chromosome, or
additional plasmids, can be the location of further resistance genes. As such, MRSA
is frequently resistant to other antimicrobial classes such as the fluoroquinolones,
tetracyclines, aminoglycosides and potentiated sulphonamides (Blumberg et al.
1991; Saroglou et al. 1980; Skinner et al. 1988).

As previously indicated, meticillin-resistance amongst staphylococci is not
solely restricted to S. aureus and the SCCmec cassette is frequently identified in
coagulase-negative members of the genus, such as S. epidermidis and S. sciuri.
Some meticillin resistant coagulase-negative staphylococci may be capable of
causing disease under some circumstances or in immunocompromised or animals
otherwise at-risk of opportunistic infections (Corrente et al. 2009; Pyorala and
Taponen 2009). Perhaps more significantly, the potential for transfer of the SCCmec
cassette may render such coagulase-negative species a reservoir of meticillin-
resistance for S. aureus.
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The carriage of MRSA in companion animals has been assessed; prevalence
estimates for healthy dogs range from 0 to 4% (Baptiste et al. 2005; Boost et al.
2008; Weese and van Duijkeren 2010) and between 0 and 4.7% for horses (Baptiste
et al. 2005; Vengust et al. 2006; Weese et al. 2005). Prevalence generally appears
higher for hospitalised animals (Loeffler et al. 2005; van Duijkeren et al. 2010).

8 Tetracycline Resistance

The tetracyclines represent the original broad-spectrum antimicrobials. Tetracy-
cline is bacteriostatic, reversibly inhibiting bacterial protein synthesis by preventing
aminoacyl-tRNA from binding to the bacterial ribosome, with the other tetracyclines
(oxytetracycline, chlortetracycline and doxycycline), functioning in a similar fashion
(Roberts 1996). All tetracyclines are actively concentrated within bacterial cells,
explaining their selective action against bacteria (Chopra and Roberts 2001).

The majority of tetracycline resistance mechanisms are acquired and conferred
by one or more of over 30 currently described zer genes. These genes encode one of
three mechanisms of resistance: a drug efflux pump, an enzyme for inactivation
of the antimicrobial molecule or a ribosomal protection factor (Chopra and Roberts
2001). Efflux mechanisms appear most prevalent within Enterobacteriaceae, while
ribosomal protection mechanisms are more common among Gram-positive organisms
(Huys et al. 2004; Riesen and Perreten 2009; Tuckman et al. 2007). There have only
been three genes identified that encode for inactivating enzymes and currently these
appear to be neither clinically relevant nor widespread (Roberts 1996). The various
tet genes can be located on plasmids, transposons and integrons (Chopra and
Roberts 2001; Roberts 1996).

Tetracycline resistance is widely reported in Enterobacteriaceae from animals
(Bryan et al. 2004; Harihara and Barnum 1973). A recent study of over 400 animal
isolates showed a 14.5% prevalence of resistance (Grobbel et al. 2007), with
previous studies showing a similar, or higher, prevalence (Bryan et al. 2004;
Dunowska et al. 2006; Saenz et al. 2001). In a study of non-pathogenic E. coli,
animal isolates a large number of tet genes were found, with the most prevalent
being tet(B) (63% of isolates) and tet(A) (35%), and also tet(C), tet(D) and tet(M)
(Bryan et al. 2004). Most of the isolates carried multiple genes and 97% of isolates
carried at least one fet gene. A similar study of a smaller number of E. coli from
various animals again showed high prevalence of ferA and zetB genes among these
isolates (Saenz et al. 2004).

Various fet genes have also been less frequently identified in other bacterial
species from companion animals; te#(K) and tet(M) in staphylococci (Schnellmann
et al. 2006) and tet(L) in enterococci (Moura et al. 2010) from horses and tef(K)
in staphylococci from dogs (Schwarz et al. 2008). However, a high prevalence
of tet(A) and tet(B) genes was documented in canine Clostridium perfringens
isolates (Kather et al. 2006).
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9 Trimethoprim Resistance

Due to its low cost and the comparative ease of administration possible with oral
formulations, trimethoprim (combined with sulfamethoxazole) has become amongst
the most widely prescribed of antimicrobial drugs in the horse and to a lesser extent
in other companion animals (van Duijkeren et al. 1994). It is a synthetic structural
analogue of folic acid and exerts its effect by preventing the reduction of
dihydrofolate to tetrafolate via competitive inhibition of the dihydrofolate reductase
(DHFR) enzyme. Due to differences in the enzyme’s structure between species,
the affinity of trimethoprim for mammalian DHFR is low, and as a consequence
it inhibits bacterial cells preferentially (Matthews et al. 1985).

High-level resistance to trimethoprim can be related to mutations in the chromo-
somal dfr gene, but this is relatively rarely reported in Enterobacteriaceae (Datta
et al. 1979). The more frequently encountered mechanism is the production of an
additional, alternative, DHFR enzyme which is less sensitive than the chromosomal
enzyme to inhibition, with this being the most prevalent mechanism in E. coli
(Heikkila et al. 1990). The alternative enzyme is present in addition to the native
sensitive enzyme and provides an alternative synthesis route for tetrafolate. Such
enzymes are encoded by dfr genes and often located on plasmids or transposons,
allowing wide horizontal spread within many bacterial species (Blahna et al. 2006).

There are several types of transferable resistant DHFR enzymes, through phylog-
eny analysis these have been grouped into three families on the basis of amino acid
sequence identities, with the first two families containing the majority of enzymes
(Huovinen et al. 1995; White and Rawlinson 2001). Family 1 includes enzyme
types DHFR I, V, VI, VII and Ib and are encoded by dfrA genes. Family 2 contains
enzymes DHFR Ila, IIb and Ilc, encoded by dfiB genes. It appears that dfral is the
most commonly acquired dfi gene (Blahna et al. 2006; Towner et al. 1994). Gene
cassettes incorporated into integrons play a significant role in the trimethoprim
resistance seen in Gram-negative bacteria; 15 of the 19 identified transferable
DHFR enzymes are encoded by genes that form part of a cassette (Blahna et al.
2006; Leverstein-van Hall et al. 2003; White et al. 2000). Identification of trimetho-
prim resistance in an isolate appears predictive for the presence of integrons, and, as
integrons often incorporate multiple resistance genes, trimethoprim resistance is often
associated with multi-drug resistance (Leverstein-van Hall et al. 2003).

Trimethoprim resistance is well recognised in E. coli isolates from animals,
including horses and dogs (Bucknell et al. 1997; Saenz et al. 2001; Vo et al. 2007).
In a series of 104 pathogenic isolates causing metritis examined from horses, 15%
were trimethoprim resistant, the highest prevalence of resistance found excluding
streptomycin (Albihn et al. 2003). Several different dfi genes have been characterised
in trimethoprim resistant companion animal E. coli, including dfrAl, dfrAl12 and
dfrAl7 (Saenz et al. 2004; Vo et al. 2007). In Gram-positive bacteria, dfrG has been
identified to have a high prevalence of over 90% in canine meticillin-resistant
Staphylococcus pseudintermedius (Perreten et al. 2010), and dfrA and dfrD have
been verified in equine staphylococcal isolates (Schnellmann et al. 2006).
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10 Aminoglycoside Resistance

Aminoglycosides such as gentamicin and amikacin inhibit bacterial protein synthe-
sis by irreversibly binding to the bacterial 30S ribosomal subunit at several domains
(including the 16S rRNA subunit, a highly conserved region of ribosomal RNA),
resulting in cell death (Kotra et al. 2000). Resistance to aminoglycosides is most
frequently the result of inactivation of the antimicrobial molecule by aminoglycoside
modifying enzymes such as acetyltransferases, phosphorylases and adenylyl-
transferases, of which over 50 have been identified (Kotra et al. 2000; Shaw et al.
1993). These enzymes, such as the 6'-N-acetyltransferase, AAC(6')-Ib, are frequently
located on plasmids and have become geographically widespread and disseminated
into multiple bacterial species (Tran Van Nhieu et al. 1992).

However, resistance can also be achieved by modification of the bases of 16S
rRNA subunit responsible for the binding between the ribosome and amino-
glycoside molecule. Such modifications can include substitution or methylation,
leading to a loss of affinity for the antimicrobial and hence high-level resistance.
The substitution/methylation of the bases is carried out by methylating enzymes
and genes encoding several such enzymes (16S rRNA methylases) have been
identified on plasmids in the Enterobacteriaceae (Galimand et al. 2003; Yan et al.
2004). Two of the most widespread of these genes (armA and rtmB) have been
identified in E. coli isolates, but only at a quite low prevalence (Yan et al. 2004).
Both armA and rtmB have been identified in E. coli from pigs in Spain and China,
where it is speculated that heavy agricultural use of aminoglycosides may be
implicated in their emergence (Chen et al. 2007; Gonzalez-Zorn et al. 2005).
Gentamicin is also quite widely used in equine species, but there are no reports of
these enzymes in bacteria originating from horses or other companion animals.

11  Quinolone and Fluoroquinolone Resistance

The quinolone and fluoroquinolone antimicrobials exert their antibacterial action
through the binding and inhibition of two bacterial topoisomerase enzymes: DNA
gyrase (topoisomerase II) and topoisomerase IV. These enzymes are essential
for bacterial cell replication; DNA gyrase catalyses the negative supercoiling of
double-stranded DNA, altering its topology (Reece et al. 1991) and topoisomerase
IV is involved in the segregation of replicated daughter chromosomes during DNA
replication (Drlica and Zhao 1997). Both DNA gyrase and topoisomerase IV are
tetrameric proteins composed of A and B subunits, encoded by the genes gyrA and
gyrB (for DNA gyrase) and parC and parE (for topoisomerase IV).

High-level quinolone resistance in E. coli and other Enterobacteriaceae largely
results from chromosomal mutations of the quinolone resistance-determining region
(QRDR) of the gyrA and parC genes coding for the A subunits of both enzymes.
Other mechanisms such as changes in outer membrane permeability and efflux
proteins (or in their regulatory mechanisms) have also been identified, with all of
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these mechanisms being chromosomally mediated (Ruiz 2003). However, more
recently plasmid-mediated resistance mechanisms have also been documented,
beginning with the identification of the Qnr determinant in Enterobacteriaceae
(Martinez-Martinez et al. 1998; Nordmann and Poirel 2005; Tran and Jacoby 2002).

11.1 Plasmid-Mediated Fluoroquinolone Resistance

Qnr proteins are pentapeptides that appear to bind to the bacterial DNA gyrase
enzyme, protecting it from the actions of the quinolone antibiotics (Tran and Jacoby
2002; Tran et al. 2005). This plasmid-mediated resistance mechanism only confers
relatively low-level quinolone resistance; however, this marginal increase may be
sufficient to facilitate selection of higher level of resistance by allowing increased
emergence of chromosomal QRDR mutations (Martinez-Martinez et al. 2003).
Effectively Qnr proteins raise the mutant prevention concentration (MPC) of reci-
pients with respect to the fluoroquinolones, meaning that least-susceptible single-
step mutants can survive and potentially lead to the development of mutants with
full clinical resistance. The original function of these Qnr proteins (i.e. in the
absence of any antimicrobials) has yet to be fully elucidated, but chromosomal
genes coding for related pentapeptides with sequence similarity have been found in
Gram-positive and Gram-negative bacteria (Strahilevitz et al. 2009).

Several Qnr proteins have been identified since 1998: QnrA, QnrB and QnrS are
encoded by the gnrA, gnrB and gnrS genes, respectively (Hata et al. 2005; Jacoby
et al. 2006; Martinez-Martinez et al. 1998). More recently, two further types have
been documented; QnrC in a clinical isolate of Proteus mirabilis (Wang et al. 2009)
and QnrD in Salmonella (Cavaco et al. 2009), both of these originating from China.
The Qnr proteins appear only distantly related to one another, with QnrB and
QnrS showing merely 40 and 59% amino acid identity with QnrA, respectively
(Nordmann and Poirel 2005). A number of sub-variants of the first three Qnr
proteins are now recognised, and these tend to differ by only a small number of
amino acid substitutions. All of the first three of the gnr genes groups have been
reported in E. coli in humans and food-production animals (Cavaco et al. 2007,
Corkill et al. 2005; Jiang et al. 2008; Kuo et al. 2009; Martinez-Martinez et al.
2003) but not from equine E. coli and only in Enterobacter isolates from cats
and dogs (Gibson et al. 2010a). gnrC or gnrD have yet to be identified in E. coli
from any animal species (Seo et al. 2010).

Until recently, it was believed that enzymatic modification of fluoroquinolones
by bacteria was not a significant resistance mechanism, due to the fully synthetic
nature of these antimicrobials. However, the identification of transconjugants
obtained from a group of clinical E. coli carrying gnrA genes with a higher than
expected ciprofloxacin MIC led to the detection of a further novel fluoroquinolone
resistance mechanism. This mechanism was a variant of a previously identified
aminoglycoside acetyltransferase enzyme [AAC(6')-Ib]. Subsequently named AAC
(6')-Ib-cr (Robicsek et al. 2006), it conferred resistance to ciprofloxacin but not
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nalidixic acid. Similar to gnr-mediated resistance, although the degree of resistance
conferred is small it enables selection of mutants with higher-level resistance.
Furthermore, this mechanism appears to act additively with gnr-mediated resis-
tance, allowing clinically significant fluoroquinolone resistance to be achieved
through the acquisition of a single plasmid (Robicsek et al. 2006).

A third plasmid-mediated resistance mechanism has recently been documented,
with the identification of a plasmid-borne quinolone efflux pump gene (gepA)
carried by E. coli (Perichon et al. 2007). A high degree of similarity to efflux
pumps from actinomycetes species has suggested an environmental bacterial
origin for this mechanism (Perichon et al. 2007; Yamane et al. 2007). Again, this
mechanism appears to only provide a low level of fluoroquinolone resistance.
Whilst gnr and aac(6’)-Ib-cr determinants appear to widely distributed in human
clinical isolates of Enterobacteriaceae, less information exists regarding the preva-
lence of this newly reported efflux mechanism.

Plasmid-mediated quinolone resistance seems to have an association with ESBL
production. Many enterobacterial isolates with gnr genes also carry ESBL genes,
which in some cases may be located on the same plasmid (Jacoby et al. 2006; Jiang
et al. 2008; Lavigne et al. 2006). CTX-M-15 producing E. coli have been identified
as carrying AAC(6')-Ib-cr, encoded on the same plasmid, on multiple occasions
(Karisik et al. 2006; Machado et al. 2006) and CTX-M-15 isolates from small
animals have been shown to carry aac(6’)-Ib-cr and gnrB genes (Pomba et al.
2009). A high prevalence of all three plasmid-mediated resistances were identified
in E. coli from some companion and food-producing animals in China (Aarestrup
2005) and in Enterobacter species from dogs (Gibson et al. 2010a), but these
mechanisms have not been reported in bacteria from horses.

12 Glycopeptide Resistance

Glycopeptide antimicrobials, such as vancomycin and teicoplanin, are crucial drugs
to human medicine for the treatment of severe, resistant Gram-positive infections
and, partly because of this, they are uncommonly used for the treatment of animals.
Rather than inhibiting enzymes involved in cell wall synthesis, these agents act by
binding to the p-alanine—p-alanine termini of peptidoglycan precursors, preventing
transglycosylation and transpeptidation of the bacterial cell wall (Arthur et al.
19964, b).

Gram-negative bacteria are intrinsically resistant to glycopeptides, as the large
molecules are unable to permeate the outer membrane (Woodford et al. 1995).
Acquired resistance in Gram-positive species is most commonly achieved by
the modification of the target site, with alteration of terminal dipeptide to
D-alanine—D-lactate or p-alanine—D-serine reducing the affinity for the antimicrobial
molecule. Vancomycin resistance is most commonly encountered in enterococcal
species, where the van gene cluster is responsible for the production of the modified
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peptidoglycan precursor (Arthur et al. 1993; Leclercq et al. 1988). Several different
van gene cluster named A-L have been identified, with vanA and vanB being the
most prevalent in clinical isolates (Rossolini et al. 2010).

Glycopeptide resistance does not appear to be very prevalent in bacteria from
companion animals (Poeta et al. 2005; Turkyilmaz et al. 2010), but vanC genes
have been identified in isolates from animals (Rice et al. 2003), and vanA genes
in enterococci from dogs and horses (Devriese et al. 1996; Moura et al. 2010). van
genes can also be identified in other Gram-positive pathogens such as S. aureus
(Weigel et al. 2007), but vancomycin resistant S. aureus have yet to be identified in
companion animals.

13 Macrolide and Lincosamide Resistance

Several antimicrobials of this group are employed in veterinary medicine, including
erythromycin, tylosin, clindamycin and lincomycin. Most Gram-negative bacilli
are intrinsically resistant to these antimicrobials due to their low permeability
across the outer membrane. In Gram-positive species, the agents work by reversibly
inhibiting peptide bond formation by binding to the 50S ribosomal subunit during
protein synthesis (Gaynor and Mankin 2003).

Resistance can result from target site modification, enzymatic inactivation and
drug efflux. Target site modification was the first mechanism to be identified, with
various plasmid- or transposon-borne erm genes encoding for rRNA methylases
which dimethylate an adenine residue in a conserved region of the 23s rRNA
(Leclercq and Courvalin 1991; Weisblum 1995). Genes of erm class A and B have
been identified in enterococci from cats and dogs (Turkyilmaz et al. 2010) and ermA,
ermB and erm(C in staphylococci from the same species (Luethje and Schwarz 2007).
This study identified ermB gene as the predominant macrolide resistance gene in
Staphylococcus intermedius and streptococci. Erythromycin resistant staphylococci
were not identified in a survey of 100 horses in Denmark (Bagcigil et al. 2007), but
a study involving hospitalised horses identified ermB and ermC genes (Schnellmann
et al. 2006). A very low prevalence of ermB and ermQ genes was identified in canine
Clostridium perfringens isolates (Kather et al. 2006).

A variety of macrolide-inactivating enzymes have been documented, including
esterases, acetyltransferases and nucleotidyltransferases, all of which are located on
plasmids (Roberts et al. 1999). Several genes encoding for drug efflux pumps
have also been identified. These mechanisms appear to be less common that
target modification in bacteria from animals; efflux genes mef(A) and msr(D)
and inactivating enzyme genes mph(C) and /nu(A) all had a low prevalence in
streptococci and staphylococci from companion animals (Luethje and Schwarz
2007; Schnellmann et al. 2006).
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14 Rifampicin Resistance

Rifampicin is the only antimicrobial of this group used occasionally in veterinary
medicine, due to its effectiveness against mycobacterial species. It is also sporadi-
cally used it the treatment of MRSA infections. Their antimicrobial activity is due
to inhibition of bacterial RNA polymerase; rifampicin binds to conserved amino
acids in the active centre of the enzyme and blocks transcription initiation. Much of
the encountered resistance is due to mutations of these amino acids (Tupin et al.
2010). These mutations often occur with high frequency, which compels the use of
rifampicin almost exclusively in combination with other drugs.

Rifampicin resistance in staphylococci from companion animals appears to be
rare (Kizerwetter-Swida et al. 2009; Vanni et al. 2009), but seems to be relatively
common in enterococci (Ossiprandi et al. 2008).

14.1 Nitromidazole Resistance

Metronidazole is the only nitromidazole antimicrobial agent commonly employed
in the veterinary treatment of animals. It is selectively absorbed by anaerobic
bacteria and so has relatively little effect on aerobic cells. Once uptaken, the
molecule is reduced to a toxic compound (a short-lived radical anion), which
damages and destabilises bacterial DNA (Leiros et al. 2004). Resistance can be
conferred by Nim genes that encode for reductase enzymes, which convert the
antimicrobial agent to a non-bactericidal amine (Leiros et al. 2004).

Metronidazole resistance has been identified in some clostridial species from
horses but resistance genes were not characterised (Baverud et al. 2003; Jang et al.
1997). Nim genes were not identified in metonidazole resistant Clostridium
perfringens isolates from 124 dogs (Kather et al. 2006).

14.2 Resistance Arising in Biofilms

For the most part, the antimicrobial resistance demonstrated by bacteria in biofilms
appears quite different from that exhibited by free-living or planktonic bacteria.
The observation that a wide array of microorganisms in biofilms display increased
resistance initially led to the suggestion that there might be a single, universal
mechanism of biofilm-associated resistance. However, the exact means through
which resistance arises has yet to be fully elucidated, and it seems likely that
biofilm resistance is multifactorial, resulting from the integration of several differ-
ent antimicrobial resistance mechanisms. Some of these mechanisms are physical
factors directly related to the presence of the biofilm and others relate to the
behaviour displayed by bacteria in biofilms. Firstly, the biofilm matrix itself
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Fig. 1 Summary of the means through which antimicrobial resistance may arise in biofilms (1)
decreased penetration of antimicrobial; (2) decreased bacterial growth rate; (3) exchange
of antimicrobial resistance determinants between bacteria of same species; (4) exchange of
antimicrobial resistance determinants between bacteria of different species; (5) induced expression
or synergistic action of bacterial antimicrobial resistance mechanisms; (6) entry of bacteria into
a protected “persister” state

may limit penetration of the antimicrobial agent. Secondly, the formation of
microenvironments within the biofilm with reduced levels of oxygen or nutrients
can slow the growth of bacteria and reduce their antimicrobial susceptibility.
Thirdly, sub-populations of the bacteria within biofilms can differentiate into
a “persistent” state with reduced antimicrobial sensitivity. Finally, there exist
several resistance genes identified as being specifically regulated in biofilms. All
of these mechanisms are summarised in Fig. 1 and considered in more detail below.

14.3 Reduced Antimicrobial Penetration

The biofilm can act as a physical barrier preventing passage of some antimicrobial
molecules; for example, the negatively charged exopolysaccharide can effectively
prevent positively charged aminoglycoside molecules from penetrating by binding
the antimicrobial (Ishida et al. 1998; Shigeta et al. 1997). If the antimicrobial does
penetrate further into the biofilm, then reduced diffusion through the matrix may
mean that the agent fails to reach a sufficient concentration to affect bacteria in
the deeper layers of the biofilm. The biofilm effectively acts as a diffusion barrier.
However, this mechanism does not seem to be universal and does not apply to all
biofilms or to all antimicrobial agents. Fluoroquinolones such as ciprofloxacin appear
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to diffuse freely across the biofilm matrix of Klebsiella pneumoniae and staphylo-
coccal species (Anderl et al. 2000; Singh et al. 2010) and tetracycline through
pathogenic E. coli biofilms (Stone et al. 2002). Additionally, structural analysis has
shown that many biofilms contain multiple aqueous channels, which are unlikely to
significantly impede antimicrobial molecule diffusion (Mangalappalli-Illathu et al.
2008; Wimpenny et al. 2000).

14.4 Reduced Growth

To be fully effective, many antimicrobial agents (such as some cephalosporins,
aminoglycosides and fluoroquinolones) require that the target bacteria be
undergoing growth, as they preferentially act on cells undergoing division and
multiplication. The complex microenvironment created within a biofilm can result
in specific regions having differing levels of oxygen and essential nutrients.
Gradients in concentration of nutrients across biofilms have been documented,
and anaerobic conditions have been identified in deep biofilm layers (de Beer
et al. 1994). Bacteria present in these deprived regions of the biofilms will exhibit
decreased growth rates and reduced metabolic rates have been verified in the central
region of microcolonies within biofilms (Sternberg et al. 1999). Consequently, the
bacteria in such regions will be less affected by these specific antimicrobials as
they are undergoing reduced cell division. This mechanism may go some way to
explaining why older biofilms typically demonstrate increasing levels of resistance,
as more established biofilms have a more heterogeneous structure (Monzon
et al. 2002).

14.5 Persistent Bacteria

A further mechanism speculated to play a role in the increased resistance seen in
bacteria in biofilms is the development of so-called “persister” bacteria. This occurs
when a sub-population of microorganisms enter a highly protected phenotypic
state, similar to spore formation, which renders them more resistant to the actions
of antimicrobial agents. Some supporting evidence for this is provided by the
resistance seen in bacteria in newly formed biofilms (which are too thin to afford
much physical protection and lack the varying microenvironments seen in more
established biofilms) (Das et al. 1998). Additionally, it appears that in many
biofilms most bacteria are rapidly killed on exposure to antimicrobials but a small
number survive (Brooun et al. 2000; Goto et al. 1999). Persister formation may go
some way to explaining the clinical problems encountered when treating infections
involving biofilms; the majority of bacteria may be killed, but a nidus remains to
re-establish infection when antimicrobial therapy ceases.
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14.6 Resistance Genes

Although the conventional antimicrobial resistance mechanisms and genes seem
unlikely to be primarily responsible for biofilm-associated resistance, in some
instances such mechanism may act synergistically with biofilm formation. For
example, in biofilms that contain B-lactamase producing bacteria, penetration
of B-lactam antimicrobials such as ampicillin can be restricted as the enzyme will
degrade the antimicrobial molecule (Anderl et al. 2000). It also appears that
resistance mechanisms can be induced in biofilms; the ampC gene of P. aeruginosa
can be strongly induced by the presence of the antimicrobial imipenem (Bagge et al.
2004). Further studies have identified the induction of a multi-drug resistant state in
biofilm-forming E. coli through interplay between tetracycline resistance efflux
pump retA(C) and ampicillin resistance (blatgym—_1) genes (May et al. 2009).

Conflicting evidence exists regarding the involvement of multi-drug efflux pumps
to biofilm resistance; one study identified none of the four most well-characterised
efflux pumps present in P. aeruginosa as contributing significantly to the resistance
phenotype of the biofilm (De Kievit et al. 2001). However, others have identified
anovel efflux pump that is more highly expressed in P. aeruginosa in biofilms than in
planktonic cultures and its absence resulted in increased sensitivity to tobramycin,
gentamicin and ciprofloxacin (Zhang and Mah 2008).

The simple extra survival time afforded bacteria within biofilms can allow for
the development or acquisition of other, conventional resistance mechanisms. The
de-repression of chromosomal f-lactamases results in the rapid development
of resistance in biofilm-forming P. aeruginosa (Bagge et al. 2000). The biofilm
environment also provides a suitable setting for the transfer of resistance
determinants between bacterial strains (Ando et al. 2009; Kajiura et al. 2006).
In particular, the polymicrobial nature of some biofilms may allow transfer from
non-pathogenic to pathogenic species, with consequent significant clinical
implications (Weigel et al. 2007). There is also in vitro and in vivo evidence that
bacteria within biofilms can exist in a hypermutable state (Driffield et al. 2008;
Oliver et al. 2000). Genes conferring protection against oxidative damage are
down-regulated, increasing the mutability of the organism and creating conditions
for the emergence of antimicrobial-resistant bacteria.

14.7 Further Considerations

The situation is further complicated by the fact that some antimicrobial agents can
actually stimulate the production of the biofilm matrix. Low doses of tetracycline
and erythromycin-activated expression of genes involved in exopolysaccharide
formation in S. epidermidis (Rachid et al. 2000), and a similar effect has been
noted with other biofilm-related genes in E. coli (Sailer et al. 2003). Furthermore,
some classical resistance mechanisms may, in fact, contribute to the development
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of biofilms; inactivation of efflux pumps by pump inhibitors reduces biofilm
formation, indicating that efflux systems may actually be required for biofilm
formation (Kvist et al. 2008).

15 Conclusions

The various mechanisms through which bacteria achieve antimicrobial resistance
are diverse. The resistance found in bacteria from companion animals is extensive,
and mirrors that seen in bacteria from most animal species, including humans.
Many of the significant resistant mechanisms that have been described in bacteria
originating from numerous other species have also been identified in a range of
bacterial species from dogs, cats and horses. In the clinical situation, the formation
of biofilms undoubtedly contributes significantly to the resistance encountered
in some circumstances. Biofilm-associated resistance would appear to be multifac-
torial, with interaction of specific biofilm mechanisms and perhaps other classical
resistance mechanism. Although there is limited understanding of this complex
state of affairs, clearly further work is required for a greater characterisation of all
the processes involved.
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