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Preface

This book is intended primarily for veterinary students,
to accompany and supplement their first courses in
pathogenic bacteriology-mycology and virology. Its focus
includes pathogenic mechanisms and processes in infec-
tious diseases; methods of diagnosis; and principles of
resistance, prevention, and therapy. A working knowl-
edge of general microbiology is assumed.

Beyond serving as a resource for students, the book is
also meant to serve as a convenient reference for veteri-
narians and veterinary scientists whose main line of activ-
ity and expertise is outside the areas of microbiology.

The manner of presentation, i.e., sequence and chapter
organization, was determined by the way which the
editors found most appropriate for teaching their respec-
tive subjects: the bacteriology-mycology portion is
arranged roughly by host organ systems and other milieus
that serve as sources of pathogenic agents. This approach
creates a logical place to consider the various environ-
ments as microbial habitats. The virology section is orga-
nized more along taxonomic lines. Regardless of the
user’s preference or custom, all topics are readily located
with the aid of the table of contents and the alphabetic
index.

While we have included all agents likely to be encoun-
tered in veterinary practice, we have tried to avoid indis-
criminate listing of conditions and microorganisms
reported only exceptionally, particularly in the contem-

porary literature. Our objective is the main current of
veterinary microbiology.

The purpose of the reference citations at the end of
chapters is to guide the reader to more comprehensive
sources of information rather than to document chapter
content. We have therefore favored recent reviews and
monographs. We believe these to be of greatest use since
they will lead the interested reader to the primary sources,
which considerations of brevity and economy forced us
to omit.

The content of this book varies somewhat from our
earlier work, Review of Veterinary Microbiology (1990). Most
notable is the replacement of the chapters dealing with
general immunology with one limited to a discussion of
immunologic phenomena related to infectious agents.
We have also changed the focus of the chapters dealing
with antimicrobial agents to one more clinical by the
addition of a chapter on the rational choice of antimi-
crobial agents in the treatment of an infectious disease.
We have added chapters dealing with microbiological
diagnosis, and one on vaccines.

We gratefully acknowledge Trudi Schuster, whose help
is much appreciated. A special thank you goes to Jill
Connor and Irene Herlihy of Blackwell Science, who have
been unbelievably patient and extremely helpful in
getting our effort to press.

D.CH.
Y.C.Z.
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Introduction



Parasitism and Pathogenicity

ERNST L. BIBERSTEIN

Veterinary microbiology deals with microbial agents
affecting animals. Such agents are characterized accord-
ing to their ecologic arrangements: parasites live in per-
manent association with, and at the expense of, animal
hosts; saprophytes normally inhabit the inanimate envi-
ronment. Parasites that cause their host no discernible
harm are called commensals. The term symbiosis usually
refers to reciprocally beneficial associations of organisms.
This arrangement is also called mutualism.

Pathogenic organisms are parasites or saprophytes that
cause disease. The process by which they establish them-
selves in a host individual is infection, but infection need
not be followed by clinical illness. The term virulence is
sometimes used to mean pathogenicity but sometimes to
express degrees of pathogenicity.

SOME ATTRIBUTES OF HOST—PARASITE
RELATIONSHIPS

Many pathogenic microorganisms are host-specific in
that they parasitize only one or a few animal species.
Streptococcus equi is essentially limited to horses. Others
— certain Salmonella types, for example — have a broad
host range. The basis for this difference in host specificity
is incompletely understood, but it may in part be related
to the need for specific attachment devices between host
(receptors) and parasite (adhesins).

Some agents infect several host species but with
varying effects. The plague bacillus Yersinia pestis behaves
as a commensal parasite in many, but by no means all,
small rodent species but causes fatal disease in rats and
humans. Evolutionary pressure may have produced some
of these differences, but not others: Coccidioides immitis,
a saprophytic fungus requiring no living host, infects
cattle and dogs with equal ease; yet it produces no clini-
cal signs in cattle but frequently causes progressive fatal
disease in dogs.

Potential pathogens vary in their effects on different
tissues in the same host. The Escherichia coli that is com-
mensal in the intestine can cause severe disease in the
urinary tract and peritoneal cavity.

Some microorganisms that are commensal in one
habitat may turn pathogenic in a habitat that is patho-
logically altered or otherwise compromised. Thus, oral
streptococci, which occasionally enter the bloodstream,
may colonize a damaged heart valve and initiate bacte-
rial endocarditis. In the absence of such a lesion, however,

they would be cleared uneventfully via the macrophage
system. Similarly, the frequent entrance of intestinal bac-
teria into vascular channels normally leads to their dis-
posal by humoral and cellular defense mechanisms. In
immuno-incompetent hosts, however, such entrance
may lead to fatal septicemia.

Transfer to a new host or tissue, or a change in host
resistance, are common ways that commensal parasites
are converted into active pathogens. Commensalism is the
stable form of parasitic existence. It ensures survival of
the microorganism, which active disease would jeopar-
dize by killing the host or evoking an active immune
response. Either effect deprives the agent of its habitat.
Evolutionary selective pressure therefore tends to elimi-
nate host-parasite relationships that threaten the survival
of either partner. It does so by allowing milder strains of
the pathogen, which permit longer survival of the host
and thereby facilitate their own dissemination, to replace
the more lethal ones. It also favors a resistant host
population by screening out highly susceptible stock.
The trend is thus toward commensalism. Most agents
causing serious infections have alternative modes of sur-
vival as commensals in tissues or hosts not subject to
disease (e.g., plague) or in the inanimate environment
(e.g., coccidioidomycosis). Others cause chronic infec-
tions lasting months or years (tuberculosis, syphilis),
during which their dissemination to other hosts ensures
their survival.

CRITERIA OF PATHOGENICITY — KoOCH'S
POSTULATES

The presence of a microorganism in diseased individuals
does not prove its pathogenic significance. To demon-
strate the causal role of an agent in a disease, the follow-
ing qualifications or “postulates” formulated by Robert
Koch (1843-1910) should be satisfied:

1. The suspected agent is present in all cases of the
disease.

2. The agent is isolated from such disease and
propagated serially in pure culture, apart from its
natural host.

3. Upon introduction into an experimental host, the
isolate produces the original disease.

4. The agent can be reisolated from this
experimental infection.
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These postulates are ideals that are not satisfied in
all cases of infectious diseases. The presence of some
microorganisms cannot be demonstrated at the time of
disease, especially in affected tissues (tetanus, botulism).
Others lose virulence rapidly after isolation (Leptospira
spp.), while still others, though indispensable for
pathogenesis, require undetermined accessory factors
(Pasteurella-related pneumonias). For some human viral
pathogens (cytomegalovirus), no experimental host is
known, and some agents (e.g., Mycobacterium leprae) have
not been grown apart from their natural hosts.

ELEMENTS IN THE PRODUCTION
OF AN INFECTIOUS DISEASE

Effective transmission through indirect contact occurs by
ingestion; inhalation; or mucosal, cutaneous, or wound
contamination. Airborne infection takes place largely via
droplet nuclei, which are 0.1 to Smm in diameter. Parti-
cles of this size stay suspended in air and can be inhaled.
Larger particles settle out but can be resuspended in dust,
which may also harbor infectious agents from nonrespi-
ratory sources (e.g., skin squames, feces, saliva). Arthro-
pods may serve as mechanical carriers of pathogens (e.g.,
Shigella, Dermatophilus) or play an indispensable part in
the life cycles of disease-producing agents (plague, ehrli-
chioses, viral encephalitides).

Attachment to host surfaces requires interaction
between the agent’s adhesins, which are usually proteins,
and the host’s receptors, which are most often carbohy-
drate residues. Examples of bacterial adhesins are fimbrial
proteins (Escherichia coli, Salmonella spp.), P-1 protein of
Mycoplasma pneumoniae, and afimbrial surface proteins
(some streptococci). Examples of host receptor substances
include fibronectin for some streptococci and staphylo-
cocci, mannose for many E. coli strains, and sialic acid for
M. pneumoniae.

Attachment is inhibited by normal commensal flora
that occupy or block available receptor sites and discour-
age colonization by excreting toxic metabolites, bacteri-
ocins and microcins. This colonization resistance is an
important defense mechanism and may be assisted by
mucosal antibody and other antibacterial substances
(lysozyme, lactoferrin, organic acids).

Penetration of host surfaces is a variable requirement
among pathogens. Some agents, having reached a
primary target cell population, penetrate no farther (e.g.,
enterotoxigenic E. coli, Vibrio cholerae). Others traverse
surface membranes after inducing cytoskeletal rearrange-
ments, resulting in “ruffles” that entrap adhered bacteria
or passage between epithelial cells (e.g., Salmonella,
Yersinia). Inhaled facultative intracellular parasites like
Mpycobacterium tuberculosis are taken up by pulmonary
macrophages, in which they may multiply and travel via
lymphatics to lymph nodes and other tissues. Percuta-
neous penetration occurs mostly through injuries, includ-
ing arthropod bites.

Dissemination takes place by extension, aided per-
haps by such bacterial enzymes as collagenase and

hyaluronidase, which are produced by many pathogens.
Microorganisms are also spread via lymph and blood
vessels, the bronchial tree, bile ducts, nerve trunks, and
mobile phagocytes.

Growth in or on host tissue is a prerequisite of patho-
genesis for all pathogenic organisms, except the few that
produce toxins in foodstuffs prior to ingestion. In order
to multiply to pathogenic levels, they must be able to
neutralize host defense efforts. Relevant adaptations of
various bacteria include firm attachment to prevent
mechanical removal; repulsion or nonattraction of
phagocytes; and interference with phagocytic function by
capsules and cell walls, by leukotoxic activity, or by pre-
vention of phagocytic digestion. Some bacteria are able
to digest or divert antibodies and deplete complement.
Some destroy the vascular supply to tissue, shutting out
defensive resources and suspending antimicrobial activ-
ity in the affected area.

With host defenses neutralized, microbial growth can
proceed if nutritional supplies are adequate and the pH,
temperature, and oxidation reduction potential (Eh) are
appropriate. Iron is often a limiting nutrient. Microbial
ability to appropriate iron from iron-binding host pro-
teins (transferrin, lactoferrin) is a factor in virulence.
Gastric acidity accounts for the resistance of the stomach
to most pathogenic bacteria, although expression of
alternative sigma factors when bacteria are in stationary
phase results in an RNA polymerase that transcribes genes
whose products help the pathogen resist an acidic envi-
ronment (e.g., Salmonella, E. coli). The high body tem-
perature of birds may explain their resistance to some
diseases (e.g., anthrax, histoplasmosis), while low Eh
requirements account for the restriction of anaerobic
growth to devitalized (i.e., nonoxygenated) tissues or
tissues in which simultaneous aerobic growth has lowered
the Eh.

PATHOGENIC ACTION

Microbial disease manifests itself either as direct damage
to host structures and functions by exotoxins or viruses,
or as damage due to host reactions such as those triggered
by endotoxin or immune responses.

Direct Damage

Exotoxins are bacterial proteins, which are often freely
excreted into the environment. The differences between
endotoxins and exotoxins are shown in Table 1.1.

Two types of exotoxins exist. One acts extracellularly
or on cell membranes, attacking intercellular substances
or cell surfaces by enzymatic or detergent-like mecha-
nisms. It includes, for example, bacterial hemolysins,
leukocidins, collagenases, and hyaluronidases, which
may play an ancillary role in infections.

The other type of exotoxin consists of proteins or
polypeptides that enter cells and enzymatically disrupt
cellular processes. These usually consist of an A fragment,
which has enzymatic activity, and a B fragment, which is



Table 1.1.

responsible for binding the toxin to its target cell. The
enzymatic activity of many intracellular toxins entails the
cleavage of ADP ribose from NAD, and its attachment —
ADP-ribosylation — to a protein vital to cellular biosyn-
thetic or metabolic processes, which are thereby brought
to a halt. This mechanism was first found to operate in
toxicity due to diphtheria toxin (produced by Corynebac-
terium diphtheriae), which stops protein synthesis by ADP-
ribosylating elongation factor II. This factor is essential
for building peptide chains. ADP-ribosylation is involved
in the action of toxins produced by Pseudomonas aerugi-
nosa (A, S), Vibrio cholerae, Escherichia coli (LT), Bordetella
pertussis (pertussis toxin), Clostridium botulinum (C, D),
Clostridium spiroforme, Clostridium perfringens (E), and
Clostridium difficile (B). Exotoxins are encoded chromoso-
mally, on plasmids, or on bacteriophages. The function
the toxins serve the bacteria is not known.

Viruses produce injury by destroying the cells in which
they replicate or by altering cell function, appearance,
and growth characteristics. Virology is considered in Part
III of this text.

Endotoxins are lipopolysaccharides, which are part of
the gram-negative cell wall. They consist of polysaccha-
ride surface chains, which are virulence factors and
somatic (0) antigens; a core polysaccharide; and lipid A,
where the toxicity resides.

Endotoxins are internalized by host cells and, particu-
larly in macrophages, stimulate the secretion of mediator
substances such as interleukin-1, tumor necrosis
factor, and complement components. These substances
elicit manifestations of endotoxemia, including fever,
headache, hypotension, leukopenia, thrombocytopenia,
intravascular coagulation, inflammation, endothelial
damage, hemorrhage, fluid extravasation, and circulatory
collapse. Many of these result from 1) activation of the
complement cascade (by either pathway, see Chapter 2)
and 2) production of arachidonic acid metabolites:
prostaglandins, leukotrienes, and thromboxanes. Both
events occur in endotoxemia, largely in response to
macrophage-derived cytokines, the secretion of which
is triggered by endotoxins (and other substances). The
phenomena produced by endotoxins closely resemble

Exo- and Endotoxins Compared
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aspects of gram-negative septicemias, but most of them
can also be duplicated by peptidoglycans of gram-positive
bacteria.

Immune-Mediated Damage

Tissue damage due to immune reactions is considered
elsewhere (see Chapter 2). Complement-mediated
responses (such as inflammation) and reactions resem-
bling immediate-type allergic phenomena can occur in
response to endotoxins or to peptidoglycan without
preceding sensitization.

Specific immune responses participate in the patho-
genesis of many infections, particularly chronic granulo-
matous infections such as tuberculosis. Lesions are due to
cell-mediated hypersensitivity, which is established in the
early weeks of infection. Cell-mediated responses inten-
sify inflammatory responses and tissue destruction upon
subsequent encounters with the agent or its protein
through the release of effector substances from T-
lymphocytes (e.g., cytokines, perforins).

Immune mechanisms apparently contribute to
anemias seen in anaplasmosis, hemobartonellosis, and
eperythrozoonosis. The antibody response to the hemo-
parasitism does not distinguish between the parasite and
the host erythrocyte. Both are removed by phagocytosis.
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Immune Responses to
Infectious Agents

LAUREL J. GERSHWIN

Immunity is traditionally understood to be either innate
or acquired. Innate immunity is usually thought of as
those protective devices that are always present and active
that each animal species possesses to protect it from the
actions of infectious agents. Acquired immunity, on the
other hand, makes use of antibodies and/or cell-mediated
immune responses that are generated as a consequence
of exposure to infectious agents.

INNATE IMMUNITY

Innate immunity is composed of physical and microbio-
logical barriers (the normal flora), fluid phase compo-
nents, and cellular constituents.

Physical Barriers

The discussion of the physical barriers and how they
relate to innate immunity is included in the chapters that
introduce each organ system.

Normal Flora

In order to produce disease affiliated with a mucosal
surface, pathogenic microorganisms must in some way
interact with a host (patient) cell comprising the surface.
If that cell surface is occupied with normal flora, then
association will not occur, nor will disease. Acting in this
fashion, the normal flora is part of the innate immunity
of the host.

The normal flora, composed of bacteria and fungi
(mainly yeasts), are part of the innate host defense. These
bacteria and fungi have established a unique relationship
with the host, a relationship that begins as the microbi-
ologically sterile fetus begins its journey down the birth
canal. Acquisition of bacteria and fungi begins immedi-
ately, with infection (colonization) of all exposed sur-
faces, including mucosal surfaces (alimentary canal,
upper respiratory tract, and distal genitourinary tract),
with microorganisms from the birth canal and from the
mother’s immediate environment. The association of
microbe with the host is not haphazard but rather is an
association that depends upon 1) receptors (usually in the
form of carbohydrates that are part of glycoproteins on

the surface of the host cell) and adhesins on the microbe
cell surface, 2) the chemicals in the immediate environ-
ment of the microbe-host interaction, in part due to
products secreted by competing microorganisms (e.g.,
microcins, bacteriocins, and volatile fatty acids) and in
part due to products secreted by the host (e.g., acid envi-
ronment of the stomach, defensins secreted by Paneth
cells, the contents of bile in the upper small intestine, or
the content of sebum on the skin), and 3) the availabil-
ity of nutrient substances.

The establishment of the normal flora is a dynamic
one, with replacement at various exposed locations with
microbes more capable of living at a particular site (niche)
than the ones proceeding. In addition, the immune
system appears to play some role, since it has been shown
that members of the normal flora are very poorly
immunogenic in the host from which the microbes
are isolated. This suggests that immune responses to
microbes attempting to colonize a particular location
(niche) will result in the blockage of association between
adhesin (microbe) with receptor (host). If a microbe
cannot associate, then it will be replaced with one that
will. This occurs until a strain of microbe is encountered
that is more similar to the host than its predecessor,
which is subsequently “accepted” as part of the normal
flora of that particular animal.

The result is an ecosystem composed of numerous
species of bacteria and fungi that are associated with an
abundance of niches, each of which is occupied with a
particular species of microbe most suited to live at that
location. This “occupation” results in a barrier to colo-
nization (infection) by microbes that are not members of
the normal flora, thus the term colonization resistance.

Fluid Phase Constituents

There are a number of molecules in the fluid phase that
exert important innate defenses against potential patho-
genic microorganisms. These include complement pro-
teins, lysozyme, acute phase proteins, interferons, and
iron-binding proteins.

The complement system consists of a number of pro-
teins that interact in a cascading, enzymatic fashion to
destroy the infectious agent that instigated the cascade.
Activation of the complement system without the par-
ticipation of antibodies (as would be the case for innate
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immunity) depends on the nature of the surface upon
which the activation takes place. An “activating” surface
is one in which the third component of complement, C3,
becomes activated and results in the covalent linkage of
C3b to the surface. Complement activated in this fashion
is said to be through the “alternate pathway.” Activating
surfaces are those present on some bacteria, fungi, and
parasites. Such surfaces are characterized as lacking sialic
acids residues and other inhibitory substances such as
membrane cofactor protein and decay-accelerating factor
— substances found on the surface of host cells.

The activation of the complement system results in the
production of several important substances. Among these
are C3b, an opsonin that binds to the activating surface
(a bacteria or a fungus) to facilitate interaction with
phagocytic cells that have surface receptors for C3b. The
binding of phagocytic cells with opsonized particles
greatly increases the efficiency of phagocytosis. Other
important by-products of complement activation are C3a
and CS5a, molecules with vasoactive as well as chemotac-
tic activity. The final product of the complement cascade
is the membrane attack complex, a pore-like structure
that inserts into the outer membrane of gram-negative
bacteria resulting in their lysis.

Lysozyme, another important innate defense mole-
cule, is an enzyme that is present in a wide variety of body
secretions. It splits the backbone of the peptidoglycan
layer of the bacterial cell wall. Gram-positive bacteria are
especially vulnerable.

Acute phase proteins are normally present in very low
amounts in plasma. Upon infection they increase greatly.
C-reactive protein, one such molecule, recognizes and
binds in a Ca®* dependent manner to the surfaces of
many different species of bacteria and fungi. In this
fashion, C-reactive protein serves as an opsonin that facil-
itates phagocytosis. It also activates the complement
system.

Interferons are important in viral innate immunity.
Specifically the alpha and beta interferons are induced by
infection of cells by certain viruses, while gamma inter-
feron (immune interferon) is part of the acquired
immune response. Virus-infected cells produce inter-
feron, which binds to neighboring cells and confers a
state of resistance.

Iron-binding proteins (lactoferrin, transferrin) found
in the fluid phase limit the availability of iron. Since
iron is an absolute growth requirement for bacteria and
fungi, these proteins play an important role in innate
immunity.

Cells of Innate Immunity

Phagocytic Cells. The polymorphonuclear leukocyte, neu-
trophil, is a bone-marrow-derived end-cell that normally
comprises 30% to 70% percent of the total leukocytes in
the peripheral blood of various species. The neutrophil is
a granulocytic leukocyte and contains two types of gran-
ules: primary or azurophilic granules and secondary or
specific granules. Neutrophils spend only about 12 hours
in circulation, then go into the tissues where they survive
for an additional two to three days. Within the bone

marrow there is a large storage compartment for neu-
trophils. A bacterial infection within the body causes a
rapid mobilization of this pool and the neutrophils accu-
mulate at the site of the infectious process. They are
attracted by the chemotactic factors, C3a and C5a, which
are generated subsequent to activation of the comple-
ment system. The process of neutrophil accumulation
begins by adherence of the circulating neutrophils to the
vascular endothelium (margination), extravasation into
tissue spaces, and chemotaxis of the cells toward the focus
of injury. Invading microorganisms are ingested by neu-
trophils in a process called phagocytosis (Fig 2.1).

Phagocytosis of bacteria by neutrophils involves
several steps. First, initial recognition and binding occur.
This process is made more efficient by the presence of
opsonins and/or immunoglobulin and complement com-
ponents. Opsonization coats the surface of a particle, neu-
tralizing the net negative charges, which might otherwise
cause the neutrophil and bacterial cell to repel each other.
In addition, on the cell membrane of the neutrophil,
receptors are present for antibody (Fc receptors) and for
complement (CR). These receptors facilitate firm attach-
ment of the opsonized bacterium to the neutrophil. Next,
pseudopodia form around the organism and then fuse to
form a phagocytic vacuole containing the organism. Some
organisms are more readily engulfed than others. For
example, the presence of a polysaccharide capsule causes
an organism to be resistant to phagocytosis. Such capsules
have negative charges (as does the surface of phagocytic
cells), as well as being relatively hydrophilic (the external
membrane of phagocytic cells is relatively hydropho-
bic). Opsonins are particularly important for ingestion
of these organisms. After engulfment, lysosomal gran-
ules fuse with the phagosome membrane to form the
phagolysosome. The eventual elimination of the engulfed
organism occurs within this structure (Fig 2.2).

Bacterial killing is accomplished by a series of meta-
bolic and enzymatic events. Metabolic activity increases
within a neutrophil during phagocytosis. Oxygen con-
sumption increases and light energy is emitted (chemilu-
minescence). This metabolic or respiratory burst involves
oxidation of glucose by the hexosemonophosphate
shunt. Bactericidal products are generated. Superoxide
radicals are produced and converted to H,O, by superox-
ide dismutase. Hydrogen peroxide is toxic for bacteria
that lack catalase. The enzyme myeloperoxidase,
present in azurophil granules, catalyzes the oxidation of
halide ions to hypohalite, which is also toxic to microor-
ganisms. Thus the myeloperoxidase-hydrogen-peroxide-
halide system is efficient in bacterial killing. Susceptible
organisms are killed within minutes. Inside the primary
granules of neutrophils, enzymes released during degran-
ulation act on proteins, lipids, carbohydrates, and nucleic
acids to degrade the killed bacterial cells. Some of these
enzymes are collagenase, elastase, acid phosphatase,
phospholipase, lysozyme, hyaluronidase, acid ribonucle-
ase, and deoxyribonuclease. Lysozyme can cleave glycosyl
bonds in the bacterial cell wall, making the cell suscepti-
ble to lysis. Also, lysosomes contain cationic peptides
(defensins) that form lethal pores in bacteria as well as
fungal cell walls.
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FIGURE 2.1. Neutrophil response to an infectious agent: A. Neutrophils are present in the
circulation. B. Neutrophils express adhesin molecules (CD18) and adhere to the endothelial cells in the
blood vessel. This process is called margination. C. Neutrophils pass through the endothelial cells by
diapedesis. D. Neutrophils, now extravascular, respond and move along a chemotactic gradient.

FIGURE 2.2. The process of phagocytosis: A. A bacterium is opsonized by antibody. The antibody
binds to an Fc receptor on a phagocyte. B. The phagocyte begins to engulf the attached bacterium. C.
The phagosome containing the bacterium fuses with lysosomes in the phagocyte cytoplasm to form a
phagolysosome. D. The bacterium is killed and digested. E. The bacterial breakdown products are
eliminated from the cell. Some parts of the bacterium will remain on macrophage membrane
associated with MHC class Il to be used in antigen presentation to T cells.
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Macaophage. Macrophages, while important in the acquired
immune response, also play an essential part in innate
immunity. The macrophage is a mononuclear cell derived
from the bone marrow. For several days after release
from the bone marrow, it circulates as a blood monocyte
before going into the tissues, where it becomes a func-
tional macrophage. Free macrophages are present in
many parts of the body and are named accordingly, for
example, alveolar macrophages (lung) and peritoneal
macrophages. Fixed macrophages line sinus cavities that
filter blood. These include the Kupffer cells (liver), Langer-
hans cells (skin), histiocytes (connective tissue), mesan-
gial cells (kidneys), and sinus-lining cells of the spleen,
lymph nodes, and bone marrow. Some of these macro-
phages are important in antigen processing for induc-
tion of an immune response (described later in this
chapter).

As phagocytes, the macrophage and the neutrophil
have similarities and differences. The macrophage differs
from the neutrophil in that it has a longer life span
in tissue and can reuse phagolysosomes. In addition,
macrophages stimulated by cytokines (e.g., interferon) or
microbial products (e.g., lipopolysaccharide) result in
activation of nitric oxide synthase that catalyzes the
production of nitric oxide (NO) from L-arginine. NO is
toxic to many bacteria, especially those residing within
macrophages (e.g., Salmonella, Listeria). The macrophage
is similar to the neutrophil in that toxic oxygen metabo-
lites are generated for bacterial killing and the lysosomes
contain potent hydrolytic enzymes and cationic peptides
(defensins). While the neutrophil responds to a stimulus
rapidly, the macrophage is not present until later in an
infectious process, often after 8 to 12 hours. In some
instances, neutrophils may eliminate an organism before
macrophages arrive in any great number. When tissue
destruction has occurred as a result of an inflammatory
response, macrophages are attracted to the area by prod-
ucts from dying neutrophils and bacteria. They phagocy-
tose the debris and remove it. In some instances,
macrophages may engulf particulate material that they
are unable to digest. When this occurs, the macrophage
may migrate to a mucosal surface such as the respiratory
or gastrointestinal tract for elimination from the body.

Some microorganisms are more easily killed by phago-
cytes than others. Bacteria that have polysaccharide
capsules are less readily engulfed than unencapsulated
counterparts. Opsonizing antibody or complement com-
ponents must be present to coat such organisms before
phagocytes can engulf them. Some microorganisms are
readily phagocytosed, but are able to grow intracellularly.
For example, microorganisms such as Listeria monocyto-
genes and Mycobacterium tuberculosis are not killed after
phagocytosis by macrophages. Organisms may produce
factors that inhibit phagolysosome fusion or even escape
the phagolysosome into the cytoplasm, thus preventing
exposure to enzymatic degradation.

Natural Kifler (NK) Cells.  The natural killer cell is a lymphoid
cell with the characteristics of neither a T lymphocyte
nor a B lymphocyte — ie. it does not have a
T cell receptor, CD4, CD8, or CD2 and it does not

have surface immunoglobulin. The NK cell does,
however, have a cell membrane receptor CD16, a low-
affinity IgG receptor. This non-T, non-B cell comprises
about 15% of the lymphoid cells in the peripheral blood.
NK cells function to kill tumor cells, virus-infected cells,
and certain bacteria; they are not MHC-restricted in their
killing and they do not appear to require previous sensi-
tization to target cells. Morphologically the NK cell is a
large granular lymphocyte. Upon contact with an appro-
priate target, NK cells may release soluble cytotoxic
factors such as perforin and tumor necrosis factors alpha
and beta.

Gamma-Delta T Cells. T cells expressing antigen-specific
receptors that are composed of gamma and delta
chains (gamma-delta T cells) constitute a small percent-
age of the circulating pool of lymphocytes in nonrumi-
nant species. In ruminants, however, gamma-delta T cells
may represent up to 30% of the circulating lymphocyte
pool. Most T lymphocytes, regardless of animal species,
express antigen-specific receptors composed of alpha and
beta chains. Gamma-delta T cells are thought to be
involved in innate defense against certain bacteria. They
do this by recognizing not only bacterial stress proteins
(expressed by bacteria while in the host) but also cells
containing facultative intracellular bacteria and some
viruses. In most species, gamma-delta T cells are present
in the lamina propria underlying mucosal epithelia,
strategically beneficial sites for cells involved in host
defense.

Inflammation

Inflammation is the term given to the response of the host
to injury. Pathology textbooks classically describe four
signs of inflammation: calor (heat), dolor (pain), tumor
(swelling), and rubor (redness). The process that creates
these clinical signs has three components: 1) increased
circulation to the area, 2) increased capillary permeabil-
ity, and 3) chemotaxis of neutrophils (initially) and
macrophages (later) to the area. Mediators that are
released in response to injury and/or an infectious process
come from four enzyme systems: 1) the clotting system,
2) the kinin system, 3) the fibrinolytic system, and 4) the
complement system. For example, the inflammatory
response initiated following activation of the comple-
ment system leads to the production of chemotactic
peptides (C3a and CS5a) that cause leukocytes in the cir-
culation to marginate, diapedese through the vascular
endothelium, and migrate along a chemotactic gradient
to the site of injury or infectious process. C3a and C5a
also cause mast cell degranulation that results in the
release of histamine followed by increased capillary per-
meability, which brings increased amounts of fluid to the
site carrying additional factors to assist in the inflamma-
tory response. The arrival of neutrophils and the
phagocytic engulfment of microorganisms result in
the formation of a purulent exudate (pus). Eventually,
macrophages arrive to aid in phagocytosis and in the
clean-up of cellular debris resulting from the interaction
of neutrophils with the infectious agent.
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One of the roles macrophages have in the response of
the host to an infectious agent is to release cytokines
when they encounter microbial by-products. Cytokines
result in upregulation of endothelial cell adhesion mole-
cules recognized by circulating leukocytes (IL-1, tumor
necrosis factor alpha), attraction of leukocytes (IL-8),
release of acute phase proteins (IL-6), and activation of
effector cells such as NK cells and T cells involved with
macrophage activation (IL-12).

ACQUIRED [MMUNITY

Generation of the Immune Response

The acquired immune response is instigated by the
presentation of antigen to T and B cells by an antigen-
presenting cell. Antigen that is taken up by macrophages
from the external environment — for example, bacteria
that are phagocytosed and digested in phagocytic
vacuoles — is processed in phagosomes and portions of
the digested antigen are brought to the surface coupled
with major histocompatibility molecules (MHC class II).
Recognition of the antigen/MHC class II complex by a T
cell with the same MHC class II is referred to as MHC-
restriction and is a characteristic of the acquired immune
response. Production of cytokines such as interleukin-1
(IL-1) by the macrophage continues the response and is
followed by production of IL-2 by the T cell. Interleukin-
2isaT cell growth factor and facilitates clonal expansion
of the participating T cell. Meanwhile these T cells, which
are phenotypically CD4+ and functionally called helper T
cells, produce additional cytokines to influence the devel-
opment of B cells, which are specific for the antigen.
Under the influence of T cell produced IL-4, B cells
develop and mature into plasma cells secreting antibod-
ies. Helper T cells produce predominantly IL-4 (T helper
2 cells or Ty,), which facilitate production of IgG, and IgE;
T cells that produce predominantly gamma interferon (T
helper 1 cells or Ty;) facilitate cell-mediated immune
responses. Hence, the ratio of Ty, to Ty, cells determines
whether the immune response to a particular microor-
ganism will be predominantly humoral (i.e., antibody) or
cellular (i.e.,, activated macrophages). Recovery from
infection is therefore frequently dependent upon the type
of T cell response that is elicited upon exposure to an
infectious agent.

The type of immune response that is most efficient in
stopping an infectious process depends on the site of
replication of the disease agent. Antibody is effective
against extracellularly multiplying infectious agents,
while cell-mediated immune responses are most impor-
tant for those that replicate intracellularly. The site of
replication also directs the way in which the immune
response is stimulated. Infectious agents that replicate
inside the cytoplasm of cells, such as viruses, traffic to
vacuoles that intersect those containing MHC class I mol-
ecules. The distinction is important because effector cyto-
toxic T cells (CD8+) recognize antigen in association with
MHC class I molecules.

Antibody Response

Acquired immune responses begin with the engulfment
of the infectious agent by an antigen-presenting cell.
Transportation of the agent to the local lymph node
follows. In the lymph node, the antigen is processed and
presented to lymphocytes. The immune response thus
occurs locally and systemically as well because lymphat-
ics draining the site of the infectious process carry antigen
to the bloodstream and then to the spleen.

The initial introduction of antigen to a host followed
by appropriate processing and T cell stimulation results
in expansion of B cell clones specific to the different
epitopes on the antigen. Under the influence of T cell
cytokines, these B cells will differentiate into antibody-
producing plasma cells. The first antibody to be produced
will be of the IgM isotype and will appear in the circula-
tion 7 to 10 days after initiation of the immune response.
Next, IgG will begin to appear but will not rise to very
high titers in this primary immune response. The next
encounter with antigen, a secondary or anamnestic
response, generates a quicker immune response and the
amount of antibody produced will last longer. Most
importantly, the isotype that predominates in the sec-
ondary response will be mainly IgG. This information is
particularly important in evaluating the potential for a
given disease agent to be the cause of clinical signs seen
in a patient. It is a well-accepted diagnostic procedure to
obtain acute and convalescent serum samples to be eval-
uated for antibody titer and sometimes isotype as well.
Generally, when a disease agent is responsible for clinical
signs two to three weeks after the initial appearance of
signs, the titer will have increased by at least fourfold
if the agent was involved in the infectious process. In
an initial exposure to a disease agent, IgM is the pre-
dominant isotype, while a second or tertiary exposure (or
vaccination) will elicit mostly IgG (Fig 2.3).

The antibody response that is important in defense
against bacterial disease depends on the pathogenic
mechanisms involved, the site of the infectious process,
and the isotype of the antibody elicited (Table 2.1). If the
disease is caused by an extracellular toxin, as in tetanus,
then antitoxin antibodies are important to neutralize and
bind the toxin before it can bind to cellular sites and ini-
tiate clinical signs. This mechanism is important in

Table 2.1. Effector Functions of Antibody
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FIGURE 2.3.

In the primary antibody response, introduction of antigen on day 0 elicits

initially an IgM response followed by an IgG response. Upon secondary exposure to the antigen, there
is a more rapid immune response, which is characterized by higher titers of IgG antibody that remain
in the circulation longer than in the primary response.

diseases such as tetanus, anthrax, and botulism — all
toxin-mediated diseases. In some instances, when a non-
immune host is at risk of developing a toxin-mediated
disease, immediate administration of antitoxin (a solu-
tion containing antibodies to the toxin) is required to
prevent the disease. In order to eliminate infectious
agents, antibodies serve as opsonins as well as initiating
the complement cascade (activation through the classical
pathway). Opsonins lead to increased uptake by phago-
cytic cells, whereas complement activation leads to initi-
ation of inflammation and generation of compounds that
are detrimental to the infectious agent (e.g., membrane
attack complex).

Generally, the IgE response is limited to parasitic infec-
tions and hypersensitivity reactions to various en-
vironmental allergens, such as pollens and grasses.
Occasionally IgE is elicited in response to vaccination
against infectious agents. When this occurs very serious
adverse responses, such as anaphylactic shock, can result.
Often there is a hereditary predisposition toward IgE pro-
duction and these individuals are at increased risk of
having such a vaccine reaction. For immunity to parasite
infections, IgE may assist in the phenomenon of “self
cure,” in which large numbers of nematodes are purged
from the gut by mast cell mediator induced smooth
muscle contraction. Alternatively, some infestations are
controlled by antibody dependent cell mediated cytotox-
icity (ADCC), in which IgE binds to eosinophils by low-
affinity Fc receptors and facilitates release of major basic
protein and other caustic enzymes on the parasite surface.

IgA is a very desirable response to infectious agents
that invade mucosal surfaces. Since secretory IgA (SIgA)
is protected by secretory component from digestion in
the gut by proteolytic enzymes, it is the most efficient
antibody to be active in the environment of the gas-
trointestinal lumen. There it can neutralize virus and bac-
teria to prevent their respective attachment to cellular
receptors. Similarly, SIgA is effective within the secretions
of the respiratory tract. Before a virus or a bacterium can
infect a cell it must first bind to a cell surface protein that

acts as a receptor for the infectious agent. Thus, binding
of the infectious agent by antibody can inhibit binding
to the receptor, and thus lower the infectivity of the
agent. For example, influenza virus expresses a hemag-
glutinin that binds to certain glycoproteins expressed on
epithelial cells in the respiratory tract. Binding of anti-
bodies to the hemagglutinin prevents entry of the virus
into these cells, and disease is prevented.

The importance of antibodies relative to cellular
immune mechanisms in response to infectious agents
depends on the life cycle of the agent. Antibody is
extremely important in controlling agents that are extra-
cellular, such as Streptococcus and Escherichia coli. 1gG and
IgM function as opsonins and work in concert with the
phagocytic cells to enhance engulfment and thereby sub-
sequent killing by mechanisms mentioned above. 1gG
and IgM antibody also activate the complement cascade
and result in lysis of the bacteria (if gram negative). For
those bacteria that are facultative intracellular dwellers,
such as Listeria and Mycobacterium, antibody is relatively
ineffective in achieving ultimate killing and removal of
the agent, although it could be used as an indicator that
exposure/infection has occurred. These types of infec-
tions require a Ty; response that results in production of
gamma interferon. Gamma interferon, also known
as macrophage activating factor, upregulates metabolic
processes in macrophages, enabling them to kill microor-
ganisms able to evade their killing mechanisms. Gamma
interferon is also an activator of NK cells, increasing their
ability to kill targets.

Antibodies are most effective against viruses that
undergo a viremic phase, when there are numerous virus
particles in the extracellular environment. Viruses such as
influenza virus, for example, are neutralized by antibod-
ies specific for the major surface antigens (hemagglutinin
and neuraminidase). Other viruses, herpesvirus, for
example, remain very closely associated with cells and do
not present much opportunity for antibody-mediated
inactivation. The IgA isotype is especially effective on
mucosal surfaces and functions to neutralize viruses



Chapter 2 Immune Responses to Infectious Agents 13

before entry into the body. Secretory IgA is an extremely
effective defense against respiratory and gastrointestinal
viruses as well as viruses that causes systemic disease but
enter via the oral route. Virus neutralization occurs
because the antibody binds to surface determinants of the
virus and prevents the virus from binding to the cellular
receptors to which it must attach in order to initiate the
infectious process.

Cell-Mediated Immunity

Cell-mediated immune responses involve two different
mechanisms: macrophage activation (sometimes referred
to as hypersensitivity) and cytotoxic T cells (Table 2.2).
Activated macrophages are useful in the destruction of
intracellular infectious agents (such as Brucella, Salmo-
nella, Mycobacterium, Rickettsia); cytotoxic T cells lyse host
cells in which infectious agents are present (such as viral
infected cells).

Macrophages are activated following the production of
gamma interferon by Ty; cells. This subset of T helper
cells is stimulated subsequent to the production of IL-12
by infected macrophages. Thus, the upregulation of
macrophages results in destruction of the infectious agent

Table 2.2.
Responses

Effector Functions of T Cell-Mediated Immune

FIGURE 2.4.

that the macrophage previously had been unable to
destroy. The type of inflammatory response generated by
Ty, cells is called granulomatous, describing the predomi-
nant cell types involved (mainly macrophages).

Cytotoxic T cells (CD8+) recognize antigenic determi-
nant in the context of major histocompatibility complex
class I (MHC class I). Processing of antigen (e.g., portions
of a virus particle) that is in the cytoplasm of the cells
results in the incorporation of a portion of the antigen in
the MHC class I molecule that is displayed on the surface
of the affected cell. Recognition of the combination of
MHC class I and antigenic determinant by cytotoxic T
cells (by way of a specific receptor) results in the release
of perforins, tumor necrosis factor alpha, and activation
of the Fas ligand, resulting in the death of the infected
cell.

Antibody dependent cellular cytotoxicity (ADCC)
occurs when antibody binds to a null cell (NK, non-T,
non-B cell) by Fc receptors. The attachment of antibody
to a cell that previously had no receptor for antigen
renders it antigen specific and capable of binding antigen.
Besides null cells, eosinophils and macrophages can also
become involved in ADCC. ADCC is an effective method
of killing cells infected with microorganisms (viral, bac-
terial, or fungal) as well as parasites. In the case of para-
sites, the eosinophil releases granules containing major
basic protein rendering the cuticle of the parasite
permeable.

CELL TRAFFIC

Recirculation of lymphocytes from the blood vascular
system through the lymphoid organs and into the lymph
is critical to the normal function of the immune system.

The relationship between systemic, pulmonary, and lymphatic circulation. A

lymphocyte that circulates in the blood will enter the lymph tissue through postcapillary venules and
will leave through the efferent lymphatics. These eventually enter the thoracic duct and then the vena
cava, where they rejoin the systemic circulation. Lymphocytes in the tissues enter the lymph node

through the afferent lymphatics.
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Blood leaves the left ventricle of the heart and circulates
through the systemic vascular system. After returning
from the tissues where oxygen is delivered, the blood
enters the right ventricle and into the pulmonary circu-
lation where reoxygenation occurs and the circuit begins
again. The path taken by a lymphocyte within the blood
vascular system diverges from this circuit at the postcap-
illary venules in lymph nodes under mucosal surfaces
and the lactating mammary gland. Lymphocytes leave
the blood and enter the tissue by first binding to homing
receptors called integrins. For example, L-selectin on the
lymphocyte membrane binds to a receptor on the
endothelial cell of these postcapillary venules in lymph
nodes, facilitating exit of the lymphocyte into the lymph
node. Once in the lymph node, the lymphocyte travels
to the appropriate area — paracortex for T cells and cortex
for B lymphocytes. If stimulated by antigen while in the
node, the cells remain, undergo clonal expansion, and
become effector cells. If they do not become stimulated,
they exit the lymph node through efferent lymphatics
traveling eventually into the thoracic duct and then into
the posterior vena cava where they once again join the
systemic circulation (Fig 2.4).

The spleen is another lymphoid organ through
which lymphocytes travel. While in the bloodstream,
they enter the spleen and travel through the venous
sinuses constituting the red pulp. If antigen has been
filtered from the bloodstream, splenic lymphocytes
become trapped as they traverse the sinusoids. The peri-
arteriolar lymphatic sheath contains T cells and associ-
ated B cell follicles where immune responses to the
trapped antigen occur.

Lymphocytes home to specific tissue sites depending
upon where they were first stimulated. Lymphocytes

stimulated by antigens that enter the body by way of a
mucosal surface tend to circulate from the mucosal
surface, to the bloodstream, and back to all mucosal sur-
faces, not just to the point of origin. Thus, a lymphocyte
stimulated by antigen in the intestinal canal will recog-
nize addressins expressed by endothelial cells on post-
capillary venules traversing the lung, genitourinary
tract, intestinal tract, and lactating mammary gland.
Likewise, lymphocytes stimulated by antigens that enter
the immune system by way of the bloodstream tend to
stay within the bloodstream-lymphatic circulation and
away from mucosal surfaces. Lymphocytes recognize
“where they are” by possessing receptors that bind to
“addressins” expressed by endothelial cells comprising
postcapillary venules (e.g., L-selectin on postcapillary
venules of lymph nodes).
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Laboratory Diagnosis
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BACTERIA AND FUNGI

A key decision made early in the diagnostic workup is
whether the patient’s condition has an infectious etiol-
ogy. This decision is important because drugs used to treat
conditions with noninfectious etiologies — cortico-
steroids, for example — are often contraindicated for
treatment of conditions with an infectious one, for
which antibiotics are appropriate.

One of the first major goals of the microbiology labo-
ratory is to isolate clinically significant microorganisms
from an affected site and, if more than one type of
microorganism is present, to isolate them in approxi-
mately the same ratio as occurs in vivo. Whether an
isolate is “clinically significant” or not depends upon the
circumstances of isolation. For example, the isolation of
large numbers of a particular microorganism from a nor-
mally sterile site in the presence of an inflammatory
cytology would be interpreted as significant.

Attention must be given to the site cultured as well as
to the method of obtaining the sample for culture. The
determination of significance is made a great deal easier
if the sample is obtained from a normally sterile site.
Obtaining a sample from the alimentary canal, and
expecting meaningful answers, may be unrealistic unless
one is looking for the presence or absence of a particular
microorganism, for example, Salmonella or Campylobacter.

Sample Collection

Care must be given to how the sample is collected; if not,
interpretation of results may be difficult. Most infectious
processes arise subsequent to the contamination of a
compromised surface or site by microorganisms that are
also a part of the flora occurring on a contiguous mucosal
surface. In other words, microorganisms isolated from an
affected site are often similar (if not identical) to those
found as part of the normal flora of the patient.

Transport of Samples

The sooner the sample is processed in the microbiology
laboratory, the better. Realistically, the time between
sample collection and processing may range from
minutes to hours. Sample drying (all microorganisms)

and exposure to a noxious atmosphere (oxygen for obli-
gate anaerobes) are the major dangers in not analyzing
samples promptly. For this reason, it is important that
the sample be kept moist (for a syringe full of exudate,
this is obviously not an important consideration) and, if
conditions warrant (see below), air excluded. Moistness
is maintained by placing the sample in a transport
(holding) medium composed of a balanced salt solution
usually in a gelled matrix. Because this medium does not
contain any nutrient material, microorganisms in the
sample multiply poorly if at all (and thereby relative
numbers and ratios are preserved) but remain viable for
a time, at least for overnight (exactly how long depends
upon the microorganism involved — beta hemolytic
Streptococcus, for example, does not survive as long as
Escherichia coli). Swabs should always be placed in trans-
port medium, regardless of the time elapsed between pro-
cessing and collection. Fluids that may contain anaerobic
bacteria (e.g., exudate from draining tracts, peritoneal
and pleural effusions, abscess material) should be cul-
tured immediately. If this material is contained in a
syringe, then the air should be expelled and a sterile
stopper placed over the needle. If a swab is used to collect
the sample, it should be placed in an anaerobic transport
medium. If a syringe full of sample cannot be processed
immediately, the syringe should be emptied into an
anaerobic transport medium and held at room tempera-
ture. Similarly placed swabs are treated in the same
manner. Do not refrigerate samples suspected of contain-
ing anaerobes because some species do not tolerate
reduced temperatures.

Demonstration of an Infectious Agent

The presence of an infectious agent is accomplished by
examination of stained smears made from a portion of
the clinical sample, culture techniques, molecular/
immunological methods, or a combination of these
methods.

Direct Smears. Information obtained from examination
of a stained smear is valuable because it may be the first
indication (and sometimes the only one) that an infec-
tious agent is present. Also, what is seen (shape, gram-
staining characteristics) will help guide the choice of
therapy 24 hours before culture results are available. At
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least 10* microorganisms/ml or gram of material must be
present in order to be readily detected microscopically.

As is the case with a sample obtained from a normally
sterile site, the presence of bacteria in bladder urine is a
significant finding. However, interpretation of the results
of analysis of urine samples obtained by catheter or by
catch is difficult because of the confounding presence of
flora flushed from the distal urethra. Finding bacteria by
direct smear in concentrated (the preferred) or uncon-
centrated urine obtained by percutaneous aspiration of
bladder urine is a significant finding. Demonstration of
1 bacteria/oil field in a drop of unconcentrated urine
(which has been allowed to dry and then stained) repre-
sents about 10° to 10 bacteria/ml of urine.

Two types of stains are available, the gram stain and
Romanowsky-type stains such as Wright's or Giemsa.
Each type of stain has advantages and disadvantages.
The gram stain is useful in that the shape and the gram-
staining characteristics of the agent are seen. The disad-
vantage of the gram stain is that the cellular content of
the sample is not readily discerned. On the other hand,
a Romanowsky-type stain gives the observer a feeling for
the cellular nature of the sample and whether or not there
is an infectious agent present. Cytologic evaluation of the
sample is very important in assessing the significance of
the microorganism seen and subsequently grown.

Culture Techniques. Media are inoculated with a portion of
the specimen. Inoculation should be performed in a semi-
quantitative fashion (especially samples of bladder urine
obtained by catheter or catch).

Determination of the relative numbers of micro-
organisms in a sample greatly helps interpretation of
significance. Colonies of microorganisms growing on all
four quadrants of a petri plate indicate that there are large
numbers of microorganisms in the sample. If a sample
yielded one or two colonies growing on the plate, the
significance of these colonies and thus the question as
to the infectious etiology of the condition would be
in doubt. “Enrichment” prior to plating of a sample
obtained from a normally sterile site should never be
done because one microorganism can grow to numbers
that equal many thousands in a very short period of time.
Obviously more credence will be given to a process from
which thousands of microorganisms were isolated than
to a sample from which one was isolated. An important
exception to this general “rule” is whether the presence
or absence of a particular microorganism is significant,
e.g., Salmonella in a fecal specimen. From a clinical per-
spective, the use of enrichment broths, other than for the
determination of the presence or absence of a particular
species of bacterium, is more trouble than it is worth.
Too often, enrichment culture results lead to the
unnecessary workup and treatment of a contaminating
microorganism.

Determination of significance is aided by the cytology
of the sample obtained from the affected site. Isolation
(demonstration) of numerous microorganisms from a
normally sterile site without the presence of inflamma-
tory cells should be viewed with suspicion. The one
exception to this rule is cryptococcal infection wherein

the sample may contain a large number of yeast cells but
very few inflammatory cells (the cryptococcal capsule is
immunosuppressive). The isolation or demonstration of
a “significant number” of microorganisms from a nor-
mally sterile site without evidence of an inflammatory
response can be explained by contaminated collection
devices, contamination of the collection device from a
contiguous, normally nonsterile site, contamination of
the medium inoculation device in the microbiology lab-
oratory, or contamination of the medium before inocu-
lation. Collection devices sterilized by liquid disinfectants
quite often become contaminated by microorganisms
able to live in such fluids (Pseudomonas is notorious for
this).

Plates may be streaked in any fashion as long as indi-
vidual colonies are produced after incubation. Assessing
relative numbers is very subjective, and every laboratory
has their own way of doing this. Relative numbers of
microorganisms may be reported by noting how much
growth occurs on the surface of the plate. Obviously,
growth of one colony (the offspring of one bacterium) vs.
growth of colonies over the whole plate would be viewed
differently with respect to clinical significance. Determi-
nation of the actual numbers of bacteria present is only
important when analyzing urine obtained by catch or
catheter because of the problem of contamination of the
sample by bacteria in the distal urethra. In this instance,
disposable calibrated loops containing 0.001 or 0.01ml
of urine are used to inoculate appropriate media
(blood/MacConkey, for example).

Aerobic Bacteria. The standard medium inoculated
for the isolation of facultative microorganisms is a blood
agar plate. Many laboratories include a MacConkey agar
plate as well (or as a “split” plate with blood agar on
half and MacConkey agar on the other half). MacConkey
agar is useful because enteric microorganisms (e.g.,
Escherichia coli, Klebsiella, Enterobacter) grow very well,
as do the nonenteric Pseudomonas. Most other nonenteric
gram-negative rods and all gram-positive microorganisms
do not grow well on this medium. Bordetella grows as
tiny pinpoint colonies after 24 hours, and after 48
hours of incubation, the colonies will be quite large.
Assessing the growth on MacConkey agar will help
greatly in determining the presence or absence of enteric
organisms, the group of bacteria most difficult to deal
with therapeutically.

Anaerobic Bacteria. Anaerobic bacteria grow on
blood agar that is specially prepared by ridding the
medium as much as possible of oxygen and its products.
The plates come from the manufacturer in sealed pouches
designed to exclude air. After anaerobic plates are inocu-
lated, they should be placed in a container of flowing
oxygen-free CO, or placed directly into an anaerobic envi-
ronment. (Note that anaerobic blood plates that have been
removed from their pouches should be stored in flowing
oxygen-free CO, or in an anaerobic environment.)

When to inoculate media for anaerobic incubation
depends upon the source of the sample. Processing
samples for anaerobes is time consuming and expensive.



The most common sites or conditions that contain
anaerobic bacteria are draining tracts; abscesses; pleural,
pericardial, and peritoneal effusions; pyometra; osteo-
myelitis; and lungs. Anaerobic culture of sites that
contain a population of anaerobic bacteria as part of the
normal flora is wasteful (e.g., feces, vagina, distal urethra,
oral cavity). An exception would be culture of duodenal
aspirates for assessment of bacterial overgrowth. In this
instance, the relative numbers found are what are sought
(overgrowth is usually considered present when the total
number of bacteria, anaerobes and aerobes, exceeds
10%/ml of contents). Anaerobic culture of the urinary tract
is not routinely performed because the recovery of these
microorganisms from this site is extremely rare.

Molecular/immunologic Methods. Sometimes it is important to
determine the presence or absence of a particular
microorganism as quickly as possible so that appropriate
measures can be taken to deal with the problem. This is
especially true when infectious agents are suspected
that pose a threat to other animals including human
care givers (e.g., Salmonella, Leptospira). Likewise, some
infectious agents take so long to grow in culture that
formulation of a rational therapeutic strategy is difficult
(e.g., some fungal agents, Mycobacterium). Still others
are hard to detect because they are difficult to culture
(e.g., Leptospira, rickettsias) or have not been cultured
in artificial media (e.g., Clostridium piliformis, Lawsonia
intracellularis). In these instances, various techniques
are available. Immunologically based techniques make
use of antibodies specific for the microorganism in
question. These antibodies are usually immobilized
on a solid support and are used to trap the agent. The
presence of the trapped agent is then detected
with specific antibody that has been labeled in some
way (usually with a color reagent). Some kits making
use of this approach are commercially available (e.g.,
Salmonella).

Molecular techniques utilizing DNA probes specific for
a segment of DNA that is unique to the microorganism
in question, or the polymerase chain reaction (PCR) using
specific primers, have been designed for a number of
agents, although few are commercially available.

VIRUS

General Considerations

The diagnosis of viral diseases, although tedious and
time-consuming, has been enhanced by modern tech-
nology, and although an individual animal may succumb
to a viral disease, most contact animals or birds can be
protected from infection. In animals, viruses sometimes
reside innocuously in one species but are devastating in
another contact host and therefore have major health
implications. Prompt diagnosis of a viral-caused disease
is therefore essential for an effective course of disease
prevention and control.

Proper methods of collecting and processing clinical
specimens and a complete history are vital to the suc-
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cessful isolation of viruses. Tissues that are autolyzed or
necrotic usually do not yield infectious virus because of
the susceptibility of most viruses to detrimental environ-
mental conditions. Viral isolation and identification
should be attempted in the following conditions:

1. During an existing outbreak of a vesicular disease
in ruminants (e.g., foot-and-mouth disease in
cattle, pigs, sheep, or goats).

2. In a feedlot or ranch situation where additional
susceptible livestock or poultry are at risk.

3. Where the viral etiology is required because of
zoonotic potential (e.g., bluetongue or rabies in
wildlife or velogenic viscerotropic Newcastle
disease in psittacines).

4. When human exposure has occurred (e.g., rabies,
western or eastern encephalomyelitis virus, herpes
B virus of monkeys).

5. When a prophylactic vaccination program is to be
instituted in a clinically affected herd or flock.

6. In delineating epidemiologic parameters as to the
incidence and prevalence of viral diseases relative
to season or geography.

7. As a component part of an infectious disease in a
host.

In certain instances, a diseased animal can be euthana-
tized for humane or diagnostic reasons and tissue speci-
mens obtained in a fresh condition. Collection of
appropriate specimens (Tables 3.1 and 3.2) during the
acute phase of the disease or viremia or at necropsy, and
inclusion of additional submissions from similarly
affected animals, enhances isolation of viruses. The fol-
lowing factors should be considered in selecting clinical
specimens: 1) type of disease (e.g., respiratory — lung or
trachea or vesicular — vesicle or skin biopsy), 2) the age
and species of the host, 3) the type of lesions in or on the
animal, and 4) the size of carcasses able to be shipped on
ice.

A systematic approach for the rapid laboratory diag-
nosis of a viral-caused disease in animals is outlined
below.

1. Anamnesis and histologic examination of the
diseased tissues as a presumptive diagnosis for a
viral etiology.

2. Measurement of the development of viral-specific
antibodies (acute and convalescent sera) during
clinical disease.

3. Examination of tissue sections of 6y by
fluorescein-labeled specific antibodies to detect
specific viral antigens by localization of fluore-
scence in specific areas in infected tissue.

4. Examination of feces, plasma, or serum by
immunoassays that detect specific viral antigens
(e.g., rotavirus in feces, feline leukemia virus in
serum, bovine respiratory syncytial virus in lung).

5. Examination of positive- or negative-stained
specimens by electron microscopy to identify the
morphalogy of virus. This diagnostic procedure is
limited by the concentration of viral particles
(>10°%/ml) required for detection.
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Table 3.1. Suggested Specimens from Mammalian Species for Virus Isolation and Identification



Table 3.1.

Continued
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Table 3.1. Continued

6. Isolation or amplification of infectious virus in
cell cultures and identification of the virus
propagated from the clinical submission.

Many viral diseases, such as pseudorabies in adult
pigs, do not kill the host but pose a potential threat by
their ability to spread to susceptible offspring and other
species. Serological assays on sera from live animals deter-
mine which hosts are potential virus carriers or which are
susceptible or exposed to a viral infection. Identifying
these virus-infected animals permits their culling to
remove a disease threat to the herd or flock. Serologic
identification is also important in determining epizooti-
ologic patterns or number of viral pathogens involved in
a disease syndrome.

Isolating a virus does not necessarily implicate that
virus as the causative agent in the described disease since
the pathogenicity of viruses may vary from species to
species. It is important, therefore, to establish that the iso-
lated virus produces a similar disease in the same or
related species. This involves inoculating susceptible or
nonimmune animals. When dual viruses are isolated
from a specimen, a clear interpretation of the role of each
isolate in the disease process is necessary. The disease

potential of field viruses is obscured by the frequent iso-
lation of vaccine (attenuated) strains of virus that are rou-
tinely used in most herd and flock disease prevention
programs. The presence of genetic markers (e.g., plaque
size, virulence, cell susceptibility, nucleic acid patterns) of
these vaccine strains helps identify such viruses.

ISOLATION OF VIRUS FROM
CLINICAL SPECIMENS

Cultivation in Tissue Culture

Viruses are isolated from clinical specimens by inoculat-
ing susceptible primary or continuous cell cultures
derived from the host or related species, embryonated
eggs, or laboratory animals. Specimens submitted for viral
isolation should be placed in virus transport media (e.g.,
a balanced salt solution containing antibiotics) in sealed
containers for safety in handling. They should be clearly
identified by appropriate labeling. If histopathology
(freezing destroys tissue morphology) is not required,
submissions of tissues should be on ice (4°C) or frozen
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FIGURE 3.1. Cytopathic effect (syncytial) on bovine fetal kidney cells by the herpesvirus of
malignant catarrhal fever (X 200).

(>-20°C). Tight plastic wrapping of the specimens
should be avoided because it insulates the tissues and will
enhance autolysis and necrosis and decrease infectious
virus.

Clinical specimens for viral isolation from a live
host should be collected if possible during acute disease
or prior to antibody formation. Excretions or secre-
tions, swabs at body orifices, internal fluids (lymph
or unclotted blood), and biopsy materials obtained
during acute disease provide suitable specimens for viral
isolation.

In the laboratory, tissue specimens are processed
as a 10% or 20% (w/v) homogenate in a balanced salt
solution with 200mg of gentamicin or 100 units of peni-
cillin and 100mg of streptomycin per ml and filtered
when grossly contaminated with other microorganisms
through 0.45pm and 0.22um Millipore-type filters. Cell
cultures used to isolate virus should be previously tested
for noncytopathic bovine viral diarthea virus by
immunofluorescence and mycoplasma by either culture
or immunofluorescence.

To isolate virus, tissue homogenates are placed onto
cellular monolayers, absorbed 1 hour or longer at 35°C to
37°C, and the inoculum is left on or removed and fresh
media added. Inoculated and uninfected cell cultures are

observed for 7 to 10 days. Viral cytopathic effect (CPE) in
cells is usually evident between 24 and 72 hours for most
cytopathic viruses (Fig 3.1). However, for most clinical
material containing low concentrations of virus, several
(>3) blind cell passages are recommended.

After a virus has been demonstrated at limiting dilu-
tion to replicate in a cell by CPE or other parameters,
infectious virus is released from cells by three cycles of
freeze-thaw or sonication, followed by centrifugation and
storage (at —70°C) to maintain maximum infectivity.
Each virus isolated should be identified as to species of
origin, morphologic type, passage level, and host cell
used for propagation.

Embryonated Eggs

Many avian viral pathogens can be isolated in embry-
onating chicken eggs (ECE). A key to successful viral
isolation in ECE is the route of inoculation (Fig 3.2).
Candled ECE that die within 24 hours after inoculation
are considered traumatic deaths. Subsequent deaths of
inoculated ECE are placed at 4°C for several hours (to
avoid hemorrhages) prior to collection of fluids or visual
examination of the embryos and egg membranes.
Embryos that are stunted, deformed, edematous, or hem-
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FIGURE 3.2. The chicken embryo (10 to 12 days old) and routes of inoculation to reach the
various cell types (as indicated). For chorioallantoic membrane inoculation, a hole is first drilled through
the egg shell and shell membrane; the shell over the air sac is then perforated, causing air to enter
between the shell membrane and the chorioallantoic membrane, creating an artificial air sac, where the
sample is deposited. The sample comes in contact with the chorionic epithelium. Yolk sac inoculation is
usually carried out in younger (6-day-old) embryos, in which the yolk sac is larger. (Reproduced with
permission from Davis BD et al. Microbiology. 2nd ed. Hagerstown, MD: Harper and Row, 1977.)

orrhagic and membranes that contain lesions (i.e., pocks)
should be homogenized in a sterile balanced saline as
a 10% (w/v) suspension and repassaged in ECE or cell
cultures. To avoid toxicity, a dilution of the inoculum
is done.

Animal Inoculation

The inoculation of animals remains a vital part of the
identification procedure for a viral pathogen. Because of
the unknown pathogenic effects of specific viruses on
the host, inoculation of a susceptible animal provides
information on tissue tropism, virulence, pathogenesis,
and transmissibility of the virus. The inoculation route
selected in the host usually requires knowledge of the
disease (e.g., respiratory disease by nasal route or enteric
disease by oral route). Certain viral diseases are known
foreign animal diseases, and to prevent the spread of such
viruses, appropriate containment and isolation facilities
with monitored air flows and HEPA viral filters must be
used when animals are inoculated with such viruses.
Inoculated animals should be monitored daily and blood
samples collected at routine intervals. After inoculation,
animals that die are necropsied and tissues collected for
viral isolation and histopathology. The carcass of the
animal is incinerated to avoid the spread of viral
pathogens to other susceptible hosts.

Chorioallantoic membrane inoculation

IDENTIFICATION OF VIRUSES OR VIRAL
ANTIGENS IN CLINICAL SPECIMENS

Electron Microscopy

Electron microscopy (EM) identifies the morphology and
size of a virus. This technique provides rapid diagnostic
data on a viral isolate. Tentative diagnosis of viral diseases
can be made by EM on thin sections of affected tissues
and cell-free homogenates of clinical specimens. The use
of EM for diagnosis is limited, however, because the
method is not very sensitive (>10° virus particles/ml are
required to see a single viral particle on a 200 mesh grid)
and viruses from different species have similar morphol-
ogy and size.

Immune Electron Microscopy

Immune electron microscopy (IEM) enhances detection
of viruses in tissues, cells, or fecal specimens by reacting
specific immune sera with virus. In IEM, specific antibody
to a virus, preferably polyclonal, is mixed with virus for
1 hour to produce antigen-antibody complexes. These
immune complexes are centrifuged at 1000 X g onto
Formvar-coated grids, then stained with 4% PTA, pH 7.0,
and examined by EM. The reaction of viral fluids with
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specific acute or convalescent serum as viewed by EM
determines if a virus is associated with a specific disease.
This procedure has been used successfully for viruses
associated with viral-caused enteritides.

Immunofluorescence

Immunofluorescence is a visible fluorescence accentuated
by ultraviolet light as a specific antibody covalently
bound to a fluorochrome (e.g., fluorescein isothio-
cyanate, rhodamine) combines with a fixed antigen. This
technique provides a sensitive and rapid method for
detecting and identifying specific viruses in either tissues
or cell cultures (Fig 3.3). Immunofluorescence is
detectable by either a direct or indirect procedure. The
direct immunofluorescence test employs a virus-specific
antibody labeled with fluorescein that combines with a
specific viral antigen located in cells or tissues. The indi-
rect test requires the use of a fluorescein-labeled anti-
serum to a virus-specific immunoglobulin. Although the
indirect assay is more sensitive, it may be less specific
because most sera, except monoclonals, usually contain
antibodies against more than one virus or antigen.

For each tissue examined, adequate tissue controls are
necessary to distinguish autofluorescence, or nonspecific
fluorescence. To determine the specificity of the im-
munofluorescent reaction, a blocking assay is done in
which tissue antigen is exposed to a known viral anti-
serum and then is reacted with fluorescein-labeled anti-

serum to the virus. A decrease in the tissue fluorescence
in the specific antibody-blocked sites when compared to
a positive (unblocked) tissue slide indicates a specific
immunofluorescence reaction.

Nucleic Acid Hybridization

Molecular hybridization techniques have led to the syn-
thetic production of viral DNA probes. These probes,
obtained by restriction endonuclease (RE) breakage of
extracted viral DNA, have been used to characterize seg-
ments of viral DNA by hybridization to complementary
segments peculiar to a virus. Viral DNA is produced by
cloning, and such DNA is produced in an annealed
segment of a bacterial plasmid, a double-stranded, cova-
lently closed circular DNA molecule found in the cyto-
plasm of bacteria. The specificity of the single-stranded
(ss) DNA radio-labeled probe to anneal with a comple-
mentary strand forms the basis of identifying viral
sequences in cells (e.g., retroviruses). The nucleic acid
hybridization technique can be applied to purified,
restriction endonuclease-treated and to electrophoresed
DNA or DNA from clinical tissues and is done by blotting
(Southern blot) on a solid matrix (e.g., a nitrocellulose
filter). After blotting, the DNA fragments are fixed to the
filter and the filter is incubated with the radio-labeled
or biotin-labeled DNA probe. The unbound probe is
removed after extensive washing. The position (black
dots) of hybridized DNA relative to the radioactive probe

FIGURE 3.3. Cytoplasmic immunofluorescence in fetal
bovine lung cells produced by BVD virus (X 200). (Reproduced with
permission from Castro AE. Bov Pract 1984;19:61.)



or a color change on the filter is revealed, respectively,
on x-ray film in contact with the filter or by spots of
fluorescence on the filter.

Experimentally, this methodology has been used to
delineate nucleic acid differences between strains of
viruses and to locate the genes responsible for coding
specific proteins and pathogenic properties of a virus.
This technique is both time-consuming and labor-
intensive, and currently is beyond most veterinary
diagnostic laboratories. When DNA probes become
routinely available, however, they will enhance the
identification of viral nucleic acids in both tissues and
cell cultures.

Polymerase Chain Reaction

The more recent development of the polymerase chain
reaction (PCR) is unquestionably one of the most
advanced techniques in molecular genetics that can be
applied to the detection of extremely small amounts of
viral nucleic acid in infected cells. The importance of the
procedure lies in the ability to amplify impure DNA or
RNA, either fragmented or intact, by the simple chemical
rather than biologic proliferation of a predetermined
stretch of nucleic acid. The PCR is based on the cyclic syn-
thesis of a DNA segment limited by two specific oligonu-
cleotides that are used as primers. Based on the nucleotide
sequence of viral genomic DNA, usually a pair of 30 to
500 nucleotide primers are selected and synthesized for
detecting the viral genome in infected cells using the
PCR. There is little doubt that the PCR will be the diag-
nostic tool of the future as more viral genomes have been
sequenced.

Enzyme-Linked Immunosorbent Assay

The enzyme-linked immunosorbent assay (ELISA) is a
rapid, highly sensitive immunoassay adapted to measure
viral antigen or antibody (see Chapter 2). ELISAs have
been developed for numerous avian viral pathogens
(e.g., avian laryngotracheitis virus, avian encephalitis,
Newcastle disease virus, infectious bronchitis virus, and
reovirus).

SEROLOGIC DETECTION OF VIRUSES

Most viruses usually elicit an immune response in the
host; if an animal is infected in utero (e.g., tolerant) or
is immunodeficient, however, a detectable humoral
response may not occur. A humoral or cellular response
is a measure of an exposure or a recent infection with a
viral pathogen. Most diagnostic serologic assays measure
humoral immunity in animals, and assays for measuring
cellular immunity to viruses are used infrequently in
veterinary diagnostic medicine.

Viruses have certain antigens that are type- or group-
specific and that in part determine the serologic assay
used. To establish a diagnosis by serology, acute (onset of
clinical signs) and convalescent serum (10 to 28 days
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later) is required. A fourfold (e.g., from 4 to =16) or
higher rise in antibody titer (the reciprocal of the serum
dilution) indicates an ongoing viral infection. Antibody
levels in single serum samples are difficult to interpret as
they pertain to the course of disease. However, in certain
chronic diseases (e.g., bluetongue, bovine leuKkosis,
caprine arthritis encephalitis, equine infectious anemia),
antibody in a single serum indicates exposure to the virus
and identifies a potential carrier state; therefore, culling
the animal from the herd or flock is warranted.

Serology can help rapidly establish a viral diagnosis
(acute or chronic) when viral isolation is negative. Serol-
ogy can also definitively rule out the presence of a specific
viral antigen or antigens, whereas negative viral isolation
cannot. Serologic assays on single serum samples are only
diagnostic on a herd or flock basis (usually sample 10%
of animals at risk) to determine 1) the effectiveness of a
vaccination program, or 2) exposure of a herd or flock to
a viral pathogen.

Serum Virus Neutralization (SN) Test

Most viruses produce a visible cytopathic effect (CPE) in
cell cultures. CPE is used to determine the presence of
protective or virus-neutralizing antibodies in a serum. To
quantify the amount of neutralizing antibody, serum
from an animal is serially diluted by twofold dilutions
and mixed with a known amount of virus (50 to 300
infectious doses of virus-TCIDs;) for 1 hour at 37°C and
then a uniform volume is inoculated into animals or
embryonating chicken eggs (ECE) or onto cell cultures.
The SN test is very specific because one antibody mole-
cule can neutralize one infectious viral particle. Most anti-
genic differences between types of viruses have been
determined by SN. Both IgG and IgM antibodies are
measurable by this test. The SN determines the presence
of a recent viral infection provided paired sera are
simultaneously tested.

Hemagglutination Inhibition (HI) Test

The ability of specific viruses to hemagglutinate certain
erythrocytes has been used to quantify the amount
of virus. Such viruses contain a hemagglutinin protein
(HA) on the virus capsid that can usually be dissociated
from the viral surface by organic solvents to provide a
stable HA unit. The HI can be used to identify or type
a specific virus provided the hemagglutinin clumping
of erythrocytes is inhibited by specific antiserum. A pos-
itive hemagglutinin reaction is seen as a button or cluster
of erythrocytes in the bottom of a round microwell
or tube. Gradations of hemagglutination are scored 1
through 4 to indicate the percentage of hemagglu-
tination. If a hemagglutinating virus is isolated from
an animal, the virus can be implicated in a disease by its
reaction with acute and convalescent serum from the
same animal. To measure viral antibodies by the HI test
requires a specific type of erythrocyte, a known quantity
of virus (usually 4 hemagglutinating units), a known
positive and negative serum, and twofold serially diluted
test sera.
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Hemadsorption-Inhibition (HAD-1) Test

The HAD-I test is based on the ability of certain virus-
infected cells (monolayers) to attract specific erythrocytes
to their surface. The presence of hemadsorbing erythro-
cyte clusters on a cellular monolayer indicates that viral
protein (hemagglutinin) has accumulated on the surface
of the cell membrane. The hemadsorption phenomenon
can be inhibited by pretreatment of virus-infected cells
for 30 minutes, usually at ambient temperature with
twofold dilutions of antisera followed by the addition
of 0.05% to 0.5% erythrocytes. Antibody (Ab) can be
quantified by comparing the observed washed virus-
infected cell monolayers that contain adhered clumped
erythrocytes on the surface of the cell (Ab negative)
with the cell monolayers that contain free-floating
erythrocytes (Ab positive).

Virus-infected cells can be recovered if the HAD-I test
is done aseptically. The HAD-I assay usually can be done
within 24 to 48 hours after a cellular monolayer is
infected by hemadsorbing virus.

Complement Fixation

Complement fixation (CF) tests employ the cascade of
complement in reactions of viral antigens that fix com-
plement — usually guinea pig — when combined to anti-
body. Although CF has been used in early test tube assays
to detect virus (e.g., leukemia viruses), virus-infected cells,
or virus-specific antibody, the complexity of the assay and
the time required have led to its replacement by simpler
procedures.

Immunodiffusion

The immunodiffusion (ID) procedure is routinely used as
a diagnostic tool to monitor the spread of specific viral
pathogens in various animals diseases (e.g., bluetongue,
equine infectious anemia, bovine leukosis, caprine arthri-
tis, encephalitis, infectious bursal disease). The basis of
the test is the ability of certain soluble viral antigens to
diffuse in a semisolid medium (agar) with the formation
of a precipitin line with specific antisera.
Immunoelectro-osmophoresis combines the diffusion
procedure with the principle of movement of charged
protein molecules in an electrical field. Since most viral
antigens assume an electrically negative charge, applica-
tion of an electrical current moves the viral particle to the
anode (+). Following electrical migration, the antigen
can be elucidated by the use of a positive antiserum that
migrates toward the cathode (—). This technique has been
used to detect antigens of African swine fever virus.

Radioimmunoassay

The radioimmunoassay (RIA) is an exquisitely sensitive
method for quantifying antigens or antibodies when one
component is radio-labeled. Although RIA has an advan-
tage for detecting minute amounts of antibodies, the
need for a scintillation counter to measure radioactivity
and very pure reagents limits use of this assay to appro-
priately equipped diagnostic laboratories.

Enzyme-Linked Immunosorbent Assay

ELISAs are highly sensitive immunoassays in which the
specificity of the reaction can be enhanced by increasing
the level of purification of the antigen or antibody
employed. The ELISA can detect ng levels of IgG-, IgM-,
and IgA-type antibodies. ELISAs can be made quantitative

FIGURE 3.4. Western immunoblot of bluetongue virus
proteins using serum obtained before and after natural infection
with BTV serotype 17. Virus proteins identified are given in the right
margin; LMW represents three low molecular weight virus proteins
that have not been previously defined; X represents an additional
noncharacterized virus protein; P designates specific BTV protein; NS
is the nonstructural virus protein. Lanes A and B represent pre- and
postinfection serum, respectively. Inmune complexes were detected
in lane B using a biotin-avidin-enzyme probe, e.g., biotin-labeled
rabbit antisheep IgG in association with peroxidase-labeled avidin.
(Reproduced with permission from MA Adkison and JL Stott.)




if appropriate standard curves are developed. Numerous
commercially available assays for avian and mammalian
viruses provide qualitative information on antibody or
antigens to various viruses.

Monoclonal antibody reaction in the ELISA may not
always be detectable by immunofluorescence, so com-
parisons of antibody by ELISA to other immunoassays
may not always be appropriate. A blocking assay by
ELISA, in which the AgAb reaction can be blocked by
another specific serum, is of interest. The amount of
blocking decreases the color change and indicates the
specificity of the ELISA reaction.

Western Immunoblot Assay

The Western immunoblot assay can detect antibodies to
a full range of viral proteins as revealed on a strip of
nitrocellulose paper as discrete bands by electrophoresis.
When a serum sample is applied to the nitrocellulose
strip, antibodies from animals infected with a specific
virus bind to the specific viral proteins at the appropriate
positions. These bands become dark and distinct when
the nitrocellulose paper is treated with a reagent (Fig 3.4).
Because it provides a full viral antibody profile of the
serum sample, this test is the most specific viral diagnos-
tic test currently available.

USE OF MONOCLONAL ANTIBODY
FOR VIRAL DiAGNOSIS

Monoclonal antibodies have recently been applied to the
characterization of viral strains and antigenic drift, and
to the mapping of antigenic determinants. Monoclonal
antibodies coupled to a fluorochrome have enhanced
detection of viruses in tissues by immunofluorescence,
especially when minimal virus is present. These tech-
niques have provided data for separating specific serovars
of viruses such as bluetongue, for which 24 different
serotypes exist. Monoclonal antibodies are proving useful
in the development of commercial ELISAs for viruses
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because they can detect minor or major viral antigenic
components. Problems still associated with the use of
monoclonal antibodies are the expense and the extensive
development time.

Although the advent of monoclonal antibodies is a
heralded event, inherent problems in their production
remain. Monoclonals, however, have found initial use in
veterinary virology in identifying viral morphologic types
previously grouped together in a species and in develop-
ing protective subunit vaccines that circumvent problems
inherent with modified-live viral vaccines.
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Antimicrobial Chemotherapy

JOHN FE. PRESCOTT

Antimicrobial drugs exploit differences in structure or
biochemical function between host and parasite. Modern
chemotherapy is traced to the work of Paul Ehrlich, who
devoted his life to discovering agents that possessed selec-
tive toxicity. The first clinically successful broad-spectrum
antibacterial drugs were the sulfonamides, developed in
1935 as a result of Ehrlich’s work with synthetic dyes. It
was, however, the discovery of penicillin by Fleming and
its development by Chain and Florey in World War II that
led to the subsequent discovery of further antibiotics,
chemical substances produced by microorganisms that at
low concentrations inhibit or kill other microorganisms.
The chemical modification of many of the drugs discov-
ered early in the antibiotic revolution has led to the devel-
opment of new and powerful antimicrobial drugs with
properties distinct from their parents. Antibiotics and
their derivatives have more importance as antimicrobial
agents than do the fewer synthetic antibacterial drugs. By
contrast, antiviral drugs are all chemically synthesized.

Important milestones in the development of antimi-
crobial drugs are shown in Figure 4.1. The therapeutic use
of antimicrobial drugs in veterinary medicine has fol-
lowed their use in human medicine because of the cost
of their development.

SPECTRUM OF ACTION
OF ANTIMICROBIAL DRUGS

Antimicrobial drugs can be classified as narrow or broad
spectrum based on the following:

1. Class of microorganism. Penicillins are narrow
spectrum because they inhibit only bacteria;
trimethoprim and lincosamides are broader
because they also inhibit protozoa; and
tetracyclines and chloramphenicol are broad
spectrum because they inhibit bacteria,
mycoplasma, rickettsiae, and chlamydiae.
Polyenes only inhibit fungi.

2. Antibacterial activity. Some antibiotics are narrow
spectrum in that they inhibit only gram-positive
(bacitracin, vancomycin) or gram-negative bacteria
(polymyxin), whereas broad-spectrum drugs such
as tetracyclines inhibit both gram-positive and
gram-negative bacteria. Other drugs such as
penicillin G or lincosamides are most active
against gram-positive bacteria but will inhibit
some gram-negatives.
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3. Bacteriostatic or bactericidal. This distinction
is an approximation that depends on drug
concentrations and the organism involved.
For example, penicillin is bactericidal at high
concentrations and bacteriostatic at lower
ones. The distinction between bactericidal and
bacteriostatic is critical in certain circumstances,
such as the treatment of meningitis or septicemia
in neutropenic patients.

MECHANISM OF ACTION
OF ANTIMICROBIAL DRuUGS

The marked structural and biochemical differences
between eukaryotic and prokaryotic cells give greater
opportunity for selective toxicity of antibacterial drugs
compared to antifungal drugs because fungi, like mam-
malian cells, are eukaryotic. Developing selectively toxic
antiviral drugs is particularly difficult because viral repli-
cation depends largely on the metabolic pathways of the
host cell. This chapter mainly discusses antibacterial
drugs.

The mechanisms of action of antibacterial drugs fall
into four categories: 1) inhibition of cell wall synthesis,
2) damage to cell membrane function, 3) inhibition of
nucleic acid synthesis or function, and 4) inhijbition of
protein synthesis (Fig 4.2).

INHIBITION OF CELL WALL SYNTHESIS

Antibiotics that interfere with cell wall synthesis include
penicillins and cephalosporins (beta-lactam antibiotics),
cycloserine, bacitracin, and vancomycin. The bacterial
cell wall is a thick envelope that gives shape to the cell.
This tough wall outside the cell membrane is a major
difference between bacteria and mammalian cells. In
gram-positive bacteria it consists largely of a thick layer
of peptidoglycan, which gives the cell rigidity and main-
tains a high internal osmotic pressure of about 20atm. In
gram-negative bacteria this layer is thinner and the inter-
nal osmotic pressure correspondingly lower. Peptidogly-
can consists of a polysaccharide chain made up of a
repeating disaccharide backbone of alternating N-
acetylglucosamine-N-acetylmuramic acid in beta-1,4
linkage, a tetrapeptide attached to the N-acetylmuramic
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FIGURE 4.1. Milestones in antimicrobial therapy.

acid, and a peptide bridge from one tetrapeptide to
another, so that the disaccharide backbone is cross-linked
both within and between “layers.” The cross-linkage
between transpeptides gives the cell wall remarkable
strength. Several enzymes are involved in transpeptida-
tion reactions.

The effect of beta-lactam antibiotics (penicillins and
cephalosporins) is to prevent the final cross-linking in the
cell wall, inhibiting division and creating weak points.
Among the targets of these drugs are penicillin-binding

proteins (PBPs), of which there are three to eight in bac-
teria; many of these PBPs are transpeptidase enzymes.
They are responsible for the formation and remodeling of
the cell wall during growth and division. Different PBPs
have different affinities for drugs, which explains the vari-
ation in the spectrum of action of different beta-lactam
antibiotics. Degradative mechanisms are also involved in
cell wall production. These are carried out by autolysins,
and some penicillins act partly by decreasing normal
inhibition of the autolysins.
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FIGURE 4.2.

The action of beta-lactam antibiotics is thus to block
peptidoglycan synthesis, which severely weakens the cell
wall, and to promote the action of the autolysins, which
lyse the cell. Beta-lactams are active only against actively
growing cells. The greater activity of some beta-lactams
against gram-positive bacteria is the result of the greater
quantity of peptidoglycan and higher osmotic pressure
in gram-positive bacteria, the impermeability of some
gram-negative bacteria because of their lipopolysaccha-
ride and lipid exterior, and the presence of beta-lactamase
enzymes in many gram-negative organisms. The remark-
able activity against gram-negatives of some of the newest
penicillins and cephalosporins is due not just to their
improved ability to enter gram-negative cells and bind
PBPs, but to their ability to resist a variety of beta-
lactamase enzymes found in the periplasmic space of
gram-negative bacteria. More recently, beta-lactamase-
inhibiting drugs with no intrinsic antibacterial activity,
such as clavulanic acid and sulbactam, have been com-
bined with amoxicillin or ticarcillin to expand the spec-
trum of activity of these latter compounds by neutralizing
enzymes that might otherwise degrade them.

Mechanisms of action of antibacterial drugs.

Bacitracin and vancomycin inhibit the early stages in
peptidoglycan synthesis. They are active only against
gram-positive bacteria.

Penicillins

Sir Alexander Fleming's observation that colonies of
staphylococci lysed on a plate that had become contam-
inated with a Penicillum fungus was the discovery that led
to the development of antibiotics. In 1940, Chain, Florey,
and their associates succeeded in producing significant
quantities of penicillin from Penicillium notatum. Almost
a decade later, penicillin G became widely available
for clinical use. In the years that followed, this antibiotic
was found to have certain limitations: its relative insta-
bility to stomach acid, its susceptibility to inactivation
by penicillinase, and its relative inactivity against most
gram-negative bacteria. Isolation of the active moiety,
6-aminopenicillanic acid, in the penicillin molecule
has resulted in the design and development of semisyn-
thetic penicillins that overcome some of these
limitations.



The development of the cephalosporin family, which
shares with penicillin the beta-lactam ring, has led to a
remarkable array of drugs with improved ability to pene-
trate different gram-negative bacterial species and to resist
beta-lactamase enzymes. In recent years, other naturally
occurring beta-lactam antibiotics have been described
that lack the bicyclic ring of the classical beta-lactam
penicillins and cephalosporins. Many of these new drugs
have potent antibacterial activity and are highly
inhibitory to beta-lactamase enzymes.

Clinically important penicillins can be divided into
four groups:

1. Highest activity against gram-positive organisms,
but susceptible to acid hydrolysis and beta-
lactamase inactivation (e.g., penicillin G).

2. Relatively resistant to staphylococcal beta-
lactamases, but of lower activity than penicillin G
against susceptible gram-positive organisms and
inactive against gram-negatives (e.g., oxacillin,
cloxacillin, methicillin, and nafcillin).

3. Relatively high activity against both gram-
negative and gram-positive organisms, but in-
activated by beta-lactamases (e.g., ampicillin,
amoxicillin, carbenicillin, and ticarcillin). Usually
susceptible gram-negative organisms include
Escherichia coli, Proteus mirabilis, and Salmonella.
Carbenicillin and ticarcillin are considerably more
active than ampicillin against Pseudomonas
aeruginosa. These semisynthetic penicillins are less
active than penicillin G against gram-positive
bacteria and susceptible anaerobes.

4. Relatively stable in gastric acid and suitable for
oral administration in monogastrates (e.g.,
penicillin V (the phenoxymethyl analogue of
penicillin G), ampicillin, amoxicillin, oxacillin,
and cloxacillin).

Antimicrobial Activity. Penicillin G is the most active of
the penicillins against gram-positive aerobic bacteria such
as non-beta-lactamase-producing Staphylococcus aureus,
beta-hemolytic streptococci, Bacillus anthracis and
other gram-positive rods, corynebacteria, Erysipelothrix,
Listeria, and against the anaerobes. It is moderately active
against the more fastidious gram-negative aerobes such
as Haemophilus, Pasteurella, and some Actinobacillus, but
it is inactive against Enterobacteriaceae, Bordetella, and
Pseudomonas. The penicillinase-resistant isoxazolyl peni-
cillins (oxacillin, cloxacillin, methicillin, and nafcillin) are
resistant to S. aureus penicillinase, but are less active than
penicillin G against other penicillin sensitive gram-posi-
tive bacteria. Ampicillin and amoxicillin are slightly less
active than penicillin G against gram-positive and anaer-
obic bacteria and are also inactivated by penicillinase pro-
duced by S. aureus. They have considerably greater activity
against gram-negative bacteria. They are ineffective
against Pseudomonas aeruginosa. Carbenicillin and ticar-
cillin resemble ampicillin in spectrum of activity with the
notable difference of having activity against P. aeruginosa.

Resistance. In gram-positive bacteria (particularly S.
aureus), resistance is mainly through production of extra-
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cellular beta-lactamase (penicillinase) enzymes that
break the beta-lactam ring of most penicillins. Resistance
in gram-negative bacteria results, in part, from a wide
variety of beta-lactamase enzymes and also from low bac-
terial permeability or lack of penicillin-binding protein
receptors. Most or all gram-negative bacteria express low
levels of species-specific chromosomally mediated beta-
lactamase enzymes within the periplasmic space, and
these sometimes contribute to resistance.

Plasmid-mediated beta-lactamase production is wide-
spread among common gram-negative bacteria path-
ogens and opportunistic pathogens. The enzymes are
constitutively expressed and cause high-level resistance.
The majority are penicillinases rather than cephalo-
sporinases. The most widespread are TEM-type beta-
lactamases, which readily hydrolyze penicillin G and
ampicillin rather than methicillin, cloxacillin, or car-
benicillin. The less widespread OXA-type beta-lactamases
hydrolyze isoxazolyl penicillins (oxacillin, cloxacillin,
and related compounds).

A major recent advance has been the discovery of
broad-spectrum inhibitors of beta-lactamase (e.g., clavu-
lanic acid, sulbactam). These drugs have weak antibacte-
rial activity but show extraordinary synergism when
administered with penicillin G, ampicillin, or amoxicillin
because they irreversibly bind the beta-lactamase
enzymes of resistant bacteria.

Absorption, Distribution, and Excretion.  The penicillins are organic
acids that are generally available as the sodium or potas-
sium salt of the free acid. Apart from the isoxazolyl peni-
cillins and penicillin V, acid hydrolysis limits the systemic
availability of most penicillins from oral preparations.
Both ampicillin and amoxicillin are relatively stable in
acid.

The penicillins are predominantly ionized in the blood
plasma, have relatively small apparent volumes of distri-
bution, and have short half-lives (0.5 to 1.2 hours) in all
species of domestic animals. After absorption, penicillins
are widely distributed in body fluids. Because of their high
degree of ionization and low solubility in lipid, they
attain only low intracellular concentrations and do not
penetrate well into transcellular fluids. The relatively
poor diffusibility of penicillins across cell membranes is
reflected in their milk-to-plasma concentration ratios
(0.3). The relatively low tissue levels attained may,
however, be clinically effective because of the high sen-
sitivity of susceptible bacteria to penicillins and their bac-
tericidal action. Ampicillin and amoxicillin, in addition
to having a wider spectrum of antimicrobial activity,
penetrate cellular barriers more readily than penicillin
G. Their somewhat longer half-lives might be attributed
to enterohepatic circulation. Penetration to cerebrospinal
fluid (CSF) is usually poor but is enhanced by inflamma-
tion. In addition, active removal of penicillin from CSF
is diminished by inflammation. The penicillins are elim-
inated almost entirely by renal excretion, which results
in very high levels in the urine. The renal excretion mech-
anisms include glomerular filtration and mainly proximal
tubular secretion.
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Adverse Effects. Penicillins are remarkably free of toxic
effects, even at doses grossly in excess of those recom-
mended. The major adverse effect is acute anaphylaxis;
milder hypersensitivity reactions (urticaria, fever, angio-
neurotic edema) are more common. All penicillins are
cross-sensitizing and cross-reacting. Anaphylactic reac-
tions are less common after oral penicillin administra-
tion than after parenteral administration. Many of the
acute toxicities reported in animals are the toxic effects
of the potassium or procaine with which the penicillin is
combined. The use of penicillin in guinea pigs invariably
causes fatal Clostridium difficile colitis, and use of ampi-
cillin in rabbits causes fatal C. spiriforme colitis.

Cephalosporins

Cephalosporins are natural or semisynthetic products of
the fungi Cephalsporium spp.; the related cephamycins are
derived from actinomycetes. The nucleus of the semi-
synthetic cephalosporins, 7-aminocephalosporanic acid,
bears a close structural resemblance to that of the peni-
cillins, which accounts for a common mechanism of
action and other properties shared by these two classes
of drugs. They are bactericidal. Like the penicillins,
cephalosporins have short half-lives, and most are
excreted unchanged in the urine. Attachment of various
R groups to the cephalosporanic acid nucleus has resulted
in compounds with low toxicity and high therapeutic
activity. Though not an ideal description, the clas-
sification of cephalosporins as belonging to “generations”
relates to their increasing spectrum of activity against
gram-negative bacteria because of improved penetra-
tion of cells and their progressive resistance to the beta-
lactamases of gram-negative bacteria.

Antimicrobial Activity. The first-generation cephalosporins
(e.g., cephalothin, cephalexin, cephaloridine, and
cefadroxil) have a similar spectrum of activity to ampi-
cillin, with the notable difference that beta-lactamase-
producing staphylococci are susceptible. They are active
against a variety of gram-positive bacteria such as S.
aureus, many streptococci (except enterococci), cory-
nebacteria, and gram-positive anaerobes (Actinomyces
and Clostridium). Among gram-negative bacteria,
Haemophilus and Pasteurella are susceptible, as are some
E. coli, Klebsiella, Proteus, and Salmonella. Enterobacter and
P. aeruginosa are resistant. Many anaerobic bacteria,
except members of the Bacteroides fragilis group, are sus-
ceptible. The second-generation cephalosporins (e.g.,
cefamandole, cefoxitin, and cefuroxime) have increased
resistance to gram-negative beta-lactamases and thus
broader activity against gram-negative bacteria as well as
against bacteria susceptible to the first-generation drugs.
They are active against some strains of Enterobacter and
against cephalothin-resistant E. coli, Klebsiella, and
Proteus. Some B. fragilis are susceptible. Like the first-
generation cephalosporins, these drugs are not active
against P. aeruginosa or Serratia. The third-generation
cephalosporins (e.g., cefotaxime, moxalactam, and cef-
operazone) are characterized by reduced activity against

gram-positive bacteria, modest activity against P. aerugi-
nosa, and remarkable activity against Enterobacteriaceae.

Resistance. The mechanisms of acquired resistance to
cephalosporins are not well understood. Methicillin-
resistant S. aureus are resistant to all generations of
cephalosporins. Plasmid-mediated resistance to first- and
second-generation drugs have been described in gram-
negative bacteria. Emergence of resistance in Enterobacter,
Serratia, and P. aeruginosa during treatment with third-
generation drugs results from derepression of inducible,
chromosomal beta-lactamase enzymes, which in turn
results in broad-spectrum resistance to beta-lactam
antibiotics.

Absorption, Distribution, and Excretion. Cephalosporins  are
water-soluble drugs. Of the first-generation cephalo-
sporins, cephalexin and cephadroxil are relatively
acid-stable and sufficiently well absorbed from the
intestine to be administered orally in dogs and cats, but
not in horses or ruminants. Other first-generation
cephalosporins must be administered parenterally
although they are often painful on intramuscular injec-
tion and irritating on intravenous injection. Second- and
third-generation cephalosporins are available for oral use
and could be given to dogs and cats. Following absorp-
tion from injection sites, cephalosporins are widely dis-
tributed into tissue and body fluids. Third-generation
cephalosporins penetrate cerebrospinal fluid well, and
because of their high activity against gram-negative bac-
teria, have particular potential application in the treat-
ment of meningitis.

Adverse Effects. Cephalosporins are relatively nontoxic
antibiotics in humans. Allergic reactions occur in 5% to
10% of human patients who are hypersensitive to peni-
cillin. Intravenous and intramuscular injections of some
drugs are an irritant.

Other Beta-Lactam Antibiotics

The last 15 years have seen the discovery of other natu-
rally occurring beta-lactam antibiotics. These include
the cephamycins, clavulanic acid, thienamycin, the
monobactams (such as aztreonam), the carbapenems
(such as imipenem), the PS-compounds, and the car-
petimycins — all compounds with the basic beta-lactam
ring but without the bicyclic ring structure of the classi-
cal beta-lactams. All are highly inhibitory to beta-
lactamases, and many possess potent antibacterial prop-
erties or are used in combination with earlier beta-lactams
for their potent beta-lactamase inhibitory effects (clavu-
lanic acid, sulbactam).

DAMAGE TO CELL MEMBRANE FUNCTION

Antibiotics that damage cell membrane function include
the polymyxins, the polyenes (amphotericin, nystatin),



the imidazoles (miconazole, ketoconazole, itraconazole,
fluconazole, clotrimazole), and monensin. The cell mem-
brane lies beneath the cell wall, enclosing the cytoplasm.
It controls the passage of materials into or out of the cell.
If its function is damaged, cellular contents (proteins,
nucleotides, ions) can leak from the cell and result in cell
damage and death.

Polymyxins

The structure of the polymyxins is such that they have
well-defined separate hydrophilic and hydrophobic
sectors. Polymyxins act by binding to the membrane
phospholipid, which results in structural disorganization,
permeability damage, and cell lysis. The polymyxins are
selectively toxic to gram-negative bacteria because of the
presence of certain phospholipids in the cell membrane
and because the outer surface of the outer membrane of
gram-negative bacteria consists mainly of lipopolysac-
charide. Parenteral use is associated with nephrotoxic,
neurotoxic, and neuromuscular blocking effects. The
major clinical applications are limited to the oral treat-
ment of E. coli and Salmonella diarrheas and the local
treatment of coliform infections.

Polyenes

The polyenes are selectively active against fungi since
they only affect membranes containing sterols. Polyenes
inhibit the formation of membrane lipids, forming pores
through which the vital contents of the cytoplasm are
lost. See the section on antifungal therapy, below.

Imidazoles

Imidazoles interfere with the biosynthesis of sterols and
bind cell membrane phospholipids to cause leakage of
cell contents. They are active against the fungal cell mem-
brane. See the section on antifungal therapy, below.

INHIBITION OF NucLEiC AciD FuNCTION

Examples of drugs that inhibit nucleic acid function are
nitroimidazoles, nitrofurans, nalidixic acid, the fluoro-
quinolones (enrofloxacin, ciprofloxacin), novobiocin,
rifampin, sulfonamides, trimethoprim, and 5-flucytosine.
Because the mechanisms of nucleic acid synthesis, repli-
cation, and transcription are similar in all cells, drugs
affecting nucleic acid function have poor selective toxic-
ity. Most act by binding to DNA to inhibit its replication
or transcription. Drugs with greater selective toxicity are
the sulfonamides and trimethoprim, which inhibit the
synthesis of folic acid.

Nitroimidazoles

Nitroimidazoles, such as metronidazole and dimetrida-
zole, possess antiprotozoal and antibacterial properties.
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Activity within bacterial cells is due to the unidentified,
reduced products of the drug, which are only seen in anaer-
obes or microaerophiles. Nitroimidazoles cause extensive
DNA strand breakage either by inhibiting the DNA repair
enzyme, DNase 1, or by forming complexes with the
nucleotide bases that the enzyme does not recognize.
Nitroimidazoles are bactericidal to anaerobic gram-
negative and many gram-positive bacteria and are active
against protozoa such as Tritrichomonas fetus, Giardia
lamblia, and Histomonas meleagridis. They are highly active
against Serpulina hyodysenteriae, the agent of swine dysen-
tery. Chromosomal resistance may cause slight increases
in minimum inhibitory concentrations (MIC) but, as is the
case for nitrofurans, plasmid-encoded resistance is rare.
Nitroimidazoles are generally well absorbed after oral
administration, but parenteral injection is highly irritat-
ing. They are well distributed throughout body tissues and
fluids, including brain and cerebrospinal fluid. Excretion
is through the urine. There are no reports of adverse effects
in animals given a therapeutic dosage. The most serious
potential hazard is the controversial report of carcino-
genicity in laboratory animals. For this reason, these drugs
are not used in food animals.

Nitrofurans

Like the nitroimidazoles, the nitrofurans are antiproto-
zoal but have wider antibacterial activity; they are most
active under anaerobic conditions. After entry into the
cell, bacterial nitroreductases produce uncharacterized
unstable reduction products, which differ with each
type of nitrofuran. These products cause strand breakage
in bacterial DNA. The nitrofurans are synthetic S5-
nitrofuraldehyde derivatives with broad antimicrobial
activity. Toxicity and low tissue concentrations limit their
use to the local treatment of infections and to the treat-
ment of urinary tract infections.

Fluoroquinolones

Fluoroquinolones (ciprofloxacin, enrofloxacin, spar-
floxacin) are active against gram-negative bacteria. They
cause selective inhibition of bacterial DNA synthesis
by inhibiting DNA gyrase. Fluoroquinolones are bacterici-
dal drugs that inhibit DNA synthesis by a poorly
understood mechanism. Nalidixic acid (which is rarely
used because of toxicity) is most active against gram-
negative bacteria except P. aeruginosa, but the newer
fluoroquinolone derivatives are broader spectrum and
active against some gram-positive bacteria, including
mycobacteria. Activity against mycoplasma and rickettsia
is also an important attribute of the newer fluoro-
quinolones. The fluoroquinolones are rapidly absorbed
after oral administration and have half-lives in humans
varying from 4 to 12 hours. They are widely distributed in
tissues, and may be concentrated, for example, in the
prostate. Penetration into cerebrospinal fluid is about half
that of serum, which makes these drugs useful to treat
meningitis. They are being introduced rapidly into
veterinary use, particularly for use against gram-negative
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bacteria and mycoplasma. One drawback is the fairly rapid
development of chromosomally mediated resistance.

Rifampin

Rifampin, which has particular activity against gram-
positive bacteria and mycobacteria, has remarkable
selectivity of inhibition of bacterial DNA-dependent
ribonucleic acid (RNA) polymerase. Rifampin prevents
initiation of transcription.

Sulfonamides and Trimethoprim

Sulfonamides are synthetic drugs with broad antibacter-
ial and antiprotozoal properties. They interfere with the
biosynthesis of folic acid and prevent the formation of
purine nucleotides. Sulfonamides are functional ana-
logues of para-aminobenzoic acid and compete with it for
the same enzyme, tetrahydropteroate synthetase, forming
nonfunctional folic acid analogues and inhibiting bacte-
rial growth. Selective toxicity of sulfonamides occurs
because mammalian cells have lost their ability to syn-
thesize folic acid but rather absorb it from the intestine,
whereas bacteria must synthesize it. In the bacterial cell,
preformed folic acid is progressively exhausted by several
bacterial divisions.

Other drugs affect folic acid synthesis by interfering
with the enzyme dihydrofolate reductase. One example
is trimethoprim, which is selectively toxic to bacteria
rather than to mammalian cells because of greater affinity
for the bacterial enzyme. The enzyme inhibits the con-
version of dihydrofolate to tetrahydrofolate, producing
a sequential blockade of folic acid synthesis with
sulfonamides.

Sulfonamides

The sulfonamides constitute a series of weak organic acids
that enter most tissues and body fluids. The degree of ion-
ization and lipid solubility of the large number of indi-
vidual sulfonamides influences absorption, determines
capacity to penetrate cell membranes, and can affect the
rate of elimination. Sulfonamides exert a bacteriostatic
effect against both gram-positive and gram-negative bac-
teria and can also inhibit other microorganisms (chlamy-
dia and some protozoa). They are available in a wide
variety of preparations for either oral or parenteral use.
They have largely been abandoned because of widespread
resistance, difficulties in administration, and the exis-
tence of better alternatives. Certain individual sulfon-
amides are combined with trimethoprim in fixed ratio
(5:1) combination preparations that have the advantage
of both synergistic and bactericidal effects.

Individual sulfonamides are derivatives of sulfanil-
amide, which contains the structural prerequisites for
antibacterial activity. The various derivatives differ in
physicochemical and pharmacokinetic properties and in
degree of antimicrobial activity. The sodium salts of sul-
fonamides are readily soluble in water, and parenteral
preparations are available for intravenous administration.
Certain sulfonamide molecules are designed for low sol-

ubility (e.g., phthalylsulfathiazole) so that they will be
slowly absorbed; these are intended for use in the treat-
ment of enteric infections.

Antimicrobial Activity. Sulfonamides are broad-spectrum
antimicrobial drugs. They are active against aerobic gram-
positive cocci and some rods and some gram-negative
bacteria, including Enterobacteriaceae. Many anaerobes are
sensitive.

Resistance.  Resistance to sulfonamides in pathogenic and
nonpathogenic bacteria isolated from animals is wide-
spread. This situation reflects their extensive use in
human and veterinary medicine for many years. Sulfon-
amide resistance may occur as a result of mutation
causing overproduction of para-aminobenzoic acid
(PABA) or as a result of a structural change in the dihy-
drofolic acid-synthesizing enzyme with a lowered affinity
for sulfonamides. Most often, sulfonamide resistance is
plasmid-mediated.

Absorption, Distribution, and Excretion. Most sulfonamides are
rapidly absorbed from the gastrointestinal tract and
distributed widely to all tissues and body fluids, includ-
ing synovial and cerebrospinal fluid. They are bound
to plasma proteins to a variable extent. In addition to
differences among sulfonamides in extent of binding,
there is variation among species in binding of indi-
vidual sulfonamides. Extensive (80%) protein binding
serves to increase half-life. They enter cerebrospinal fluid
well.

Sulfonamides are eliminated by a combination of renal
excretion and biotransformation processes in the liver.
This combination of elimination processes contributes to
the species variation in the half-life of individual sulfon-
amides. While a large number of sulfonamide prepara-
tions is available for use in veterinary medicine, many of
these are different dosage forms of sulfamethazine. This
sulfonamide is most widely used in the food-producing
animals and can attain effective plasma concentrations
(within the range 50 to 150pg/ml) when administered
either orally or parenterally. Due to their alkalinity, most
parenteral preparations should only be administered by
intravenous injection. Prolonged-release oral dosage
forms of sulfamethazine are available.

Adverse Effets. The sulfonamides can produce a wide
variety of side effects, some of which may have an aller-
gic basis whereas others are due to direct toxicity. The
more common adverse effects are urinary tract distur-
bances (crystalluria, hematuria, or even obstruction) and
hematopoietic disorders (thrombocytopenia and leu-
kopenia). Some adverse effects are associated with partic-
ular sulfonamides. Sulfadiazine and sulfasalazine given
for long periods to dogs to control chronic hemorrhagic
colitis have caused keratoconjunctivitis sicca.

Trimethoprim-Sulfonamide Combinations

Trimethoprim is combined with a variety of sulfonamides
in a fixed ratio. The combination produces a bactericidal



effect against a wide range of bacteria, with some impor-
tant exceptions, and also inhibits certain other microor-
ganisms. Veterinary preparations contain trimethoprim
combined with sulfadiazine or sulfadoxine in the 1:5
ratio.

Antimicrobial Activity. Trimethoprim-sulfonamide combina-
tions have a generally broad spectrum and usually
bactericidal action against many gram-positive and gram-
negative aerobic bacteria, including Enterobacteriaceae.
The combination is active against a large proportion of
anaerobic bacteria, at least under in vitro conditions.
Mycoplasma and P. aeruginosa are resistant.

Synergism occurs when the microorganisms are sensi-
tive to both drugs in the combination. When bacteria are
resistant to sulfonamides, it may still be obtained in up
to 40% of cases, even when bacteria are only moderately
sensitive to trimethoprim. Due to differences between the
trimethoprim and sulfonamide in distribution pattern
and processes of elimination, the concentration ratios of
the two drugs will differ considerably in tissues and urine
from the ratio in the plasma. This variation is not impor-
tant since the synergistic interaction occurs over a wide
range of concentration ratios of the two drugs.

Resistance.  Resistance to sulfonamides is due to structural
alteration in the dihydrofolic acid synthesizing enzyme
(dihydropteroate synthetase), whereas resistance to
trimethoprim wusually results from plasmid-encoded
synthesis of a resistant dihydrofolate reductase enzyme.
Bacterial resistance to the combination has progressively
developed with use of these preparations in animals.

Absorption, Distribution, and Elimination. Trimethoprim is a lipid-
soluble organic base that is approximately 60% bound to
plasma proteins and 60% ionized in the plasma. This
combination of physicochemical properties enables the
drug to distribute widely, to penetrate cellular barriers by
nonionic diffusion, and to attain effective concentrations
in most body fluids and tissues, including brain and cere-
brospinal fluid. Hepatic metabolism is the principal
process for elimination of trimethoprim. The half-life and
fraction of the dose that is excreted unchanged in the
urine vary widely among different species. The drug is
well absorbed following oral administration in dogs, cats,
and horses or from injection sites in these and other
species.

Adverse Effects.  Serious side effects are uncommon; those
that do occur can usually be attributed to the sulfonamide
component. Oral trimethoprim-sulfonamide has the
advantage over other oral antimicrobials of causing little
disturbance among the normal intestinal anaerobic
microflora.

INHIBITION OF PROTEIN SYNTHESIS

Examples of drugs that inhibit protein synthesis are
tetracyclines, aminoglycosides (streptomycin, neomycin,
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kanamycin, gentamicin, tobramycin, and others),
aminocyclitols (spectinomycin), chloramphenicol, lin-
cosamides (lincomycin, clindamycin), and macrolides
(erythromycin, tylosin, tiamulin, and others). Because of
the marked differences in ribosomal structure, composi-
tion, and function between prokaryotic and eukaryotic
cells, many important antibacterial drugs selectively
inhibit bacterial protein synthesis. Antibiotics affecting
protein synthesis can be divided into those affecting the
30S ribosome (tetracyclines, aminoglycosides, aminocy-
clitols) and those affecting the 50S ribosome (chloram-
phenicol, macrolides, lincosamides).

Tetracyclines

Tetracyclines interfere with protein synthesis by inhibit-
ing the binding of aminoacyl tRNA to the recognition
site. The various tetracyclines have similar antimicrobial
activity but differ in pharmacologic characteristics.

Antimicrobial Activity.  Tetracyclines are broad-spectrum drugs
active against gram-positive and gram-negative bacteria,
rickettsiae, chlamydiae, some mycoplasmas, and proto-
zoa such as Theileria. Tetracyclines have good activity
against many gram-positive bacteria, the more fastidious
nonenteric bacteria such as Actinobacillus, Bordetella, Bru-
cella, Haemophilus, some Pasteurella, and many anaerobic
bacteria, but their activity against these bacteria and
against Enterobacteriaceae is increasingly limited by resis-
tance. Pseudomonas aeruginosa is resistant, except in
urinary tract infections, where tetracyclines may be drugs
of choice.

Resistance. Widespread resistance to the tetracyclines has
considerably reduced their usefulness. Such resistance is
high level and usually plasmid-mediated. Cross-resistance
between tetracyclines is complete.

Adverse Effects. Tetracyclines are generally safe antibiotics
with a reasonably high therapeutic index. The main
adverse effects are associated with their severely irritant
nature, with disturbances in gastrointestinal flora, with
their ability to bind calcium (cardiovascular effects, teeth
or bone deposition), and with the toxic effects of degra-
dation products on liver and kidney cells. Their use in
horses has largely been abandoned because of a tendency
to produce broad-spectrum suppression of the normal
intestinal flora and fatal superinfection with Salmonella or
with unidentified pathogens (“Colitis X”).

Chloramphenicol

Chloramphenicol is a broad-spectrum, generally bacte-
riostatic drug that binds the 50S ribosome, distorting the
region and inhibiting the peptidyl transferase reaction.
Chloramphenicol is a stable, lipid-soluble, neutral com-
pound. It was originally produced from cultures of an
actinomycete, but it is now synthesized chemically.

Antimicrobial Activity. Chloramphenicol is active against
gram-positive and gram-negative bacteria, chlamydiae,
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rickettsiae, and some mycoplasmas. Most gram-positive
and many gram-negative pathogenic aerobic and
anaerobic bacteria are susceptible, though resistance
is increasing in Enterobacteriaceae. The drug is generally
bacteriostatic.

Resistance. Most chloramphenicol resistance is the result
of plasmid-encoded chloramphenicol acetylase enzymes
which modify chloramphenicol so that it is no longer
active.

Absorption, Distribution, and Excretion. In dogs, cats, and pre-
ruminants, chloramphenicol is well absorbed from the
intestine; in ruminants the drug is inactivated after
oral administration. Because of its low molecular
weight, lipid solubility, and modest plasma protein
binding, the drug is well distributed in most tissues and
fluids, including the cerebrospinal fluid and aqueous
humor. The half-life of chloramphenicol varies widely in
animals from a low of 1 hour in horses to 5 or 6 hours in
cats. In neonates the half-life is considerably longer. The
drug is mainly eliminated by glucuronide conjugation in
the liver.

AdverseEffects.  The fatal aplastic anemia seen in 1 in 25,000
to 40,000 humans treated with chloramphenicol does
not occur in animals, although prolonged high
dosing may cause reversible abnormalities in bone
marrow activity. The potential for nondose-related fatal
aplastic anaemia in humans has led to its prohibition for
use in food animals in the United States and Canada
because of fear of the presence of drug residues in meat
products.

Aminoglycosides and Aminocyclitols

The aminoglycosides are bactericidal. The mode of action
of streptomycin is best understood. Streptomycin has a
variety of complex effects in the bacterial cell: a) it binds
to a specific receptor protein in the 30S ribosomal
subunit, distorting the codon-anticodon interactions at
the recognition site and causing misreading of the genetic
code so that faulty proteins are produced; b) it binds to
“initiating” ribosomes to prevent the formation of 70S
ribosomes; and c) it inhibits the elongation reaction of
protein synthesis. The other aminoglycosides act simi-
larly to streptomycin in causing mistranslation of the
genetic code and in irreversible inhibition of initiation,
although the extent and type often differ. They have
multiple binding sites on the ribosome, whereas strepto-
mycin has only one, and can also inhibit the transloca-
tion step in protein synthesis. Spectinomycin is a
bacteriostatic aminocyclitol antibiotic that is believed to
inhibit polypeptide chain elongation at the translocation
step.

The aminoglycoside antibiotics are polar organic bases.
Their polarity largely accounts for the similar pharmaco-
kinetic properties that are shared by all members of the
group. Chemically, they consist of a hexose nucleus to
which amino sugars are attached by glycosidic linkages.
All are potentially ototoxic and nephrotoxic. The newer

aminoglycosides are more resistant to plasmid-mediated
enzymatic degradation and are less toxic than the older
compounds. Amikacin > tobramycin = gentamicin >
neomycin = kanamycin > streptomycin in potency, spec-
trum of activity, and stability to plasmid-mediated resis-
tance. This activity mirrors the age of introduction of
the drugs, with streptomycin being the oldest of the
aminoglycosides.

Antimicrobial Activity.  Aminoglycosides are particularly active
against gram-negative bacteria as well as against
mycobacteria and some mycoplasma. Anaerobic bacteria
are usually resistant. As a general rule, gram-positive
bacteria are resistant to older drugs (streptomycin,
neomycin) but may be inhibited by newer drugs (gen-
tamicin, amikacin). A particularly useful property is the
activity of newer aminoglycosides against P. aeruginosa.
Their bactericidal action on aerobic gram-negative bacilli
is markedly influenced by pH; they are most active in an
alkaline environment. Increased local acidity secondary
to tissue damage may account for the failure of an amino-
glycoside to kill usually susceptible microorganisms at
infection sites or in abscess cavities. Combinations of
aminoglycosides with penicillins are often synergistic;
the concurrent administration of the newer beta-lactam
antibiotics with gentamicin or tobramycin has been used
to treat serious gram-negative infections, for example,
those caused by P. aeruginosa.

Resistance.  Most clinically important resistance is caused
by a variety of R plasmid-specified degradative enzymes
located in the periplasmic space. Certain of these
enzymes inactivate only the older aminoglycosides
(streptomycin, or neomycin and kanamycin), but others
are broader spectrum. The remarkable property of
amikacin is its resistance to many of the enzymes that
inactivate other aminoglycosides. Plasmid-mediated resis-
tance to streptomycin is widespread and commonly
linked to sulfonamides, tetracyclines, and ampicillin.
Chromosomal resistance to streptomycin, but not to the
other aminoglycosides, develops fairly readily during
treatment.

Absorption, Distribution, and Excretion. Aminoglycosides are
poorly absorbed from the gastrointestinal tract, bind to
a low extent to plasma proteins, and have limited
capacity to enter cells and penetrate cellular barriers.
They do not readily attain therapeutic concentrations
in transcellular fluids, particularly cerebrospinal and
ocular fluid. Poor diffusibility can be attributed to their
low degree of lipid solubility. Their apparent volumes of
distribution are relatively small, and their half-lives are
short (2 hours) in domestic animals. Even though these
drugs have a small volume of distribution, selective
binding to renal tissue (kidney cortex) occurs. Elimina-
tion takes place entirely by renal excretion (glomerular
filtration), and unchanged drug is rapidly excreted in the
urine. Impaired renal function decreases their rate of
excretion and makes adjustment of the maintenance
dosage necessary to prevent accumulation with attendant
toxicity.



Major changes are taking place in recommendations
for intramuscular dosage with aminoglycosides, which is
moving from three times daily to a single daily dosage.
This has the effect of increasing therapeutic efficacy, since
antibacterial activity depends on both peak concentra-
tions and total concentration, and reducing toxicity,
since the nephrotoxic effects depend on a threshold
effect, concentrations above which have no further
action. This dramatically changed understanding of
aminoglycoside dosage will likely increase the use of the
less toxic members.

Adverse Effects. All aminoglycosides can cause varying
degrees of ototoxicity and nephrotoxicity. The tendency
to produce vestibular or cochlear damage varies with the
drug: neomycin is the most likely to cause cochlear
damage and streptomycin to cause vestibular damage.
Nephrotoxicity (acute tubular necrosis) occurs in asso-
ciation with prolonged therapy and excessive trough
concentrations of the aminoglycoside (particularly gen-
tamicin) in plasma. The aminoglycosides can produce
neuromuscular blockage of the nondepolarizing type,
which causes flaccid paralysis and apnea. This is most
likely to occur in association with anesthesia.

Spectinomycin

Spectinomycin is an aminocyclitol antibiotic with a spec-
trum of activity and mechanism of action similar to that
of kanamycin but without the toxic effects of the amino-
glycosides. It is normally bacteriostatic and is not par-
ticularly active on a weight basis. Its activity against
gram-negative bacteria is unpredictable because of natu-
rally resistant strains. Chromosomal resistance develops
readily but does not cross-react with aminoglycosides.
Plasmid resistance is uncommon but often extends to
streptomycin. The drug has most of the pharmacokinetic
properties of aminoglycosides but appears to penetrate
cerebrospinal fluid better. It has been used in agricul-
tural practice to treat salmonellosis and mycoplasma
infections.

Macrolides

Macrolide antibiotics are bacteriostatic with activity par-
ticularly against gram-positive bacteria and mycoplasma.
They bind to 50S ribosome in competition with chlo-
ramphenicol and inhibit the translocation step of protein
synthesis. The precise mechanism of action is unknown.
Macrolide antibiotics (erythromycin, tylosin, tiamulin,
azithromycin, clarithromycin, and spiramycin) have
action and pharmacokinetic properties similar to the lin-
cosamides. Like the lincosamides they are lipid soluble,
basic drugs that are concentrated in tissue compared to
serum and penetrate cells well.

Antimicrobial Activity. Erythromycin has an antibacterial
spectrum similar to penicillin G, but it includes
activity against penicillinase-producing S. aureus, Campy-
lobacter, Leptospira, Bordetella, rickettsia, chlamydia, some
mycoplasma, and atypical mycobacteria. It may be bac-
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tericidal at high concentrations. Tylosin and spiramycin
are less active than erythromycin against bacteria but
more active against a broad range of mycoplasma. Tia-
mulin has better activity than the other macrolides
against anaerobes, including Serpulina hyodysenteriae, and
is distinguished for its remarkable activity against
mycoplasmas. Azithromycin and clarithromycin are par-
ticularly active against non-tuberculous mycobacteria.

Resistance. Ome-step chromosomal resistance to eryth-
romycin develops fairly readily, even during treatment,
but is generally unstable. Plasmid-mediated resistance is
common. Cross-resistance between erythromycin and
lincosamides and other macrolides is common. There
is little information about resistance of veterinary
pathogens to tylosin. Development of resistance to tia-
mulin appears to be relatively uncommon; organisms
resistant to tiamulin show one-way cross-resistance with
other macrolides.

Absorption, Distribution, and Excretion. Erythromycin stearate
and estolate are well absorbed after oral administration,
but the base is not. Intramuscular injection of eryth-
romycin is very irritating. The absorption of tylosin from
the intestine varies with the formulation. Tiamulin is well
absorbed. These drugs are well distributed through body
tissues and fluids, except the cere-brospinal fluid. Tissue
concentrations often exceed serum concentrations. In the
case of spiramycin, such tissue concentration is extreme
and is associated with tissue binding. A large proportion
of these drugs is degraded in the body, but some is
excreted through the kidney and the liver.

Adverse Effects.  Macrolides are generally safe drugs though
painful on injection. Their potential for causing irre-
versible diarrhea in adult horses means that they should
be avoided in this species. Tylosin and tiamulin adminis-
tered intravenously to calves may produce severe nervous
depression. The drugs should not be given orally to rumi-
nants because of their potential for disturbing the rumen
flora.

Lincosamides

Lincomycin and clindamycin have antibacterial activity
mainly against gram-positive aerobic bacteria and against
anaerobic bacteria. The drugs bind the 3508 ribosomal
subunits at binding sites that overlap with those of
chloramphenicol and the macrolides. They inhibit the
peptidyl transferase reaction. The lincosamides, lin-
comycin and clindamycin, are products of an actino-
mycete with activity and mechanism of action similar to
that of the macrolides. Lincomycin is most commonly
used in veterinary medicine, although it is less active on a
weight basis than clindamycin. Lincosamides are active
against gram-positive aerobic and all anaerobic bacteria,
and against mycoplasmas; but most gram-negative
aerobes are resistant. Clindamycin is more active than
lincomycin against anaerobes and may be bactericidal.
Chromosomal stepwise resistance develops fairly readily,
and plasmid-mediated resistance is common. Cross-
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resistance between lincosamides is complete and com-
monly occurs also with macrolides. Lincomycin is readily
absorbed after oral or intramuscular administration. Food
delays and reduces absorption. The absorption of different
clindamycin compounds is variable. The lincosamides are
widely distributed in body tissues and fluids, including the
prostate and milk, but cerebrospinal fluid concentrations
are low. They penetrate intracellularly because of their
lipophilic properties. Most excretion is through the liver.
The major adverse effect of lincosamides is their ability
to cause fatal diarrhea in horses, rabbits, guinea pigs,
and hamsters. In rabbits, fatal diarrhea results from pro-
liferation of Clostridium spiroforme or C. difficile. Oral lin-
cosamides at low concentrations produce severe ruminal
disturbances in adult ruminants.

ANTIMICROBIAL SUSCEPTIBILITY
AND DRUG DOSAGE PREDICTION

The use of antimicrobial drugs in treating infections
depends on the relation of the quantitative susceptibility
of the microorganism to tissue concentrations of drug.
The antimicrobial susceptibility of many veterinary
pathogens is highly predictable and clinical experience
has established effective dosages for infections caused by
these organisms. In many bacteria, however, the presence
of various mechanisms for acquiring resistance means
that susceptibility to a particular antibacterial drug may
need to be tested.

Antimicrobial Susceptibility Testing

There are two general methods for antimicrobial sus-
ceptibility testing in vitro: the dilution method and
the diffusion method. The dilution method gives quanti-
tative information on drug susceptibility while the
diffusion method gives qualitative (or at best semiquan-
titative) information. The tests must be performed under
standardized conditions.

Dilution Antimicrobial Tests. ~Antimicrobial drugs of known
potency are prepared in doubling dilutions of con-
centrations similar to those achievable in the tissues of
patients given usual drug dosages. The highest dilution at
which there is no visible bacterial growth following inoc-
ulation and incubation is the minimum inhibitory con-
centration (MIC), which is wusually less than the
minimum bactericidal concentration (MBC) for drugs
(Table 4.1).

The advantage of determining quantitative suscepti-
bility of an organism is that this information can be
related to knowledge of drug concentrations in particular
tissues in the prediction of appropriate drug dosage. In
medical practice, MIC results are usually interpreted
by the system of categories suggested by the U.S.
National Committee for Clinical Laboratory Standards
(1997). These interpretative guidelines take into account
the inherent susceptibility of the organism to each
drug, the pharmacokinetic properties of the particular

Table 4.1. Minimum Concentration of Tetracycline
Inhibitory to Selected Veterinary Pathogens

drug, dosage, site of infection, and drug toxicity. These
categories are 1) susceptible, meaning that the infecting
organism is usually inhibited by concentrations of a
particular antibiotic attained in tissues by wusual
dosage; 2) intermediately susceptible, meaning that
the infecting organism is inhibited by blood or tissue
concentrations achieved with maximum dosage; and
3) resistant, meaning that it is resistant to normally
achievable and tolerated concentrations of antimicrobial
drugs.

Diffusion AntimicrobialTests. ~ A standard concentration of a pure
culture of the pathogen is placed on appropriate agar and
individual filter paper discs containing known concen-
trations of individual antibiotics are placed on the agar,
which is incubated for 18 hours at 35°C. The zone of inhi-
bition around each disc is measured and the measure-
ment is referred to a chart that classifies the organism as
being susceptible, resistant, or moderately susceptible to
the particular antibiotic in each drug. Standards for per-
forming these tests are defined. Under standard condi-
tions, there is a linear inverse relationship between the
diameter of the zone of growth inhibition and MIC. The
interpretation of zone diameters as susceptible, resistant,
or intermediate relates to serum drug concentrations of
antibiotics in different animal species commonly achiev-
able under standard dosage regimens. From these drug
concentrations, MIC break points have been selected and
extrapolated to zone diameters in providing the inter-
pretative standards.

The description of a bacterium as “susceptible” or
“resistant” to an antimicrobial drug depends ultimately
on clinical success or failure of treatment. Quantitative
information on susceptibility is obtained in the labora-
tory under artificial circumstances, which do not take
into account host defenses, the dynamics of drug
disposition, or the dynamics of interaction of a vary-
ing drug concentration with a bacterium in the host
environment.



Design of Drug Dosage

Pharmacokinetic descriptions of drug disposition in dif-
ferent animal species, when combined with quantitative
susceptibility (MIC) data, allow prediction of reasonable
drug dosage in animals. It is generally assumed, and in
some cases has been shown, that optimum drug dosage
requires that tissue concentration of the drug equal or
exceed the MIC of the pathogens. The extent to which
tissue concentrations should exceed MIC has not been
well defined for most antibiotics, although it is well rec-
ognized that high concentrations of drugs maintained for
sustained periods give better effects than lower concen-
trations for shorter times. The tendency to try to main-
tain serum drug concentrations over MIC ignores the
postantibiotic effect when, for several hours after removal
of a drug present at > MIC, no bacterial growth occurs.
The postantibiotic effect is observed with drugs such as
aminoglycosides but not with beta-lactams, and is more
marked in vivo than in vitro. The maximum interval of
drug dosing should, however, preclude resumption of
bacterial growth.

Factors Affecting Tissue Drug Concentrations

Dosage. The dosage regimen is made up of the size
of the dose, which is limited by drug toxicity, and the
dosage interval, which is determined by the half-life of the
drug. The dosage interval required to maintain therapeu-
tic tissue concentrations by intravenous dosing should
not exceed twice the half-life for most antibiotics,
but giving drugs by other routes lengthens the dosage
interval.

Routes of Administration. Antibacterial drugs can be adminis-
tered by a wide variety of routes — for example, oral, sub-
cutaneous, intramuscular, intravenous, intramammary,
intrauterine, or respiratory.

Intravenous Injection. Intravenous injection of a drug
gives immediate high serum drug concentrations, which
rapidly decline as the drug is distributed. Intravenous
dosing may be the only way to exceed the MIC of some
pathogens, but frequent dosing by this route is generally
impractical in veterinary medicine.

Intramuscular Injection. Intramuscular injection is
commonly used in veterinary medicine because it
gives good serum concentrations within 1 to 2 hours of
administration. The major advantage is that intra-
muscular injection gives the highest serum concentration
of all routes other than intravenous, although subcuta-
neous injection is a reasonable alternative. Drug formu-
lation can be prepared to give slow release of the drug
after intramuscular injection and thus prolong dosage
intervals to reduce handling of animals.

Oral Administration. The oral administration of
antimicrobial drugs is limited to monogastric and pre-
ruminant animals and to young foals. The oral dose is
generally several times greater than the parenteral dose
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because the drug is less well absorbed. Although the oral
route is often the easiest way to administer drugs, it is not
always the most reliable. Some drugs (aminoglycosides,
polymyxins) are not absorbed from the intestine, others
are destroyed by stomach acidity (benzyl penicillin), and
absorption may be impaired by food (as occurs with
ampicillin, tetracyclines, lincomycin). Administration of
antibiotics in water is nevertheless a particularly simple,
convenient, and inexpensive way to treat livestock
because it involves little if any handling of animals and
avoids the expense of mixing antibiotics in feed.

Local Application. Infections of the udder, female
genital tract, external ear canal, and skin are commonly
treated by local application of antibiotics. High drug con-
centrations are obtained without systemic toxic effects.
The concentration of free drug in the serum largely
determines the concentration in tissue fluids, since
penetration of drugs into interstitial fluids in most tissues
of the body is through pores in capillary endothelium.

Physicochemical Properties of the Drug.  These characteristics largely
determine the extent of the distribution of a drug in the
body. Most antimicrobial drugs distribute well in
extravascular tissue fluids, principally the interstitial
fluid. They penetrate capillary endothelium through
pores that admit molecules with a molecular weight of
less than about 1000. Passage across biological mem-
branes such as into tissue cells or across nonfenestrated
capillary endothelium depends on drug ionization, lipid
solubility, molecular weight, and the amount of free drug
present. Lipid-soluble and nonionized drugs such as the
macrolides and chloramphenicol distribute well and even
concentrate in tissue, whereas ionized and weakly lipid-
soluble drugs such as penicillins and aminoglycosides dis-
tribute poorly. These physicochemical differences largely
determine the pharmacokinetic characteristics of the
drugs; thus, aminoglycosides and penicillins have small
apparent volumes of distribution and short half-lives after
intravenous injection and are eliminated through the
urinary tract, whereas macrolides and tetracyclines have
large apparent volumes of distribution and longer half-
lives and are eliminated in part through the liver. Pene-
tration of special sites in the body such as the central
nervous system, eye, and prostate (which among other
differences lack capillary pores) is only by low molecular
weight, lipid-soluble, nonionized drugs.

Protein Binding of Drug. In general, serum protein
binding of drugs up to 90 percent is of little clinical
importance. Aminoglycosides and polymyxin bind
extensively to intracellular constituents and thus are
inactivated by pus.

Excretion Mechanisms. These determine the concentration
of drugs in the organs of excretion. Remarkably high
concentrations of drugs may be achieved in urine or
bile.

Physiological Barriers. Anatomic-physiologic barriers in the
brain, cerebrospinal fluid, eye, and mammary gland
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reduce the entry of drugs from the blood. Inflammation
reduces but does not abolish these barriers.

Duration of Treatment

Although it is axiomatic that a drug must be present for
adequate time at the site of infection, the variables affect-
ing time of treatment have not been defined. The
response of different types of infection to antibiotics
varies, and clinical experience with different types of
infection is important in assessing response to treatment.
In general, if no response to treatment is observed after
two days, diagnosis and treatment should be reassessed.
Treatment should be continued for 48 hours after symp-
toms have resolved, depending on the severity of infec-
tion. For serious infections, treatment should last 7 to 10
days. Some uncomplicated infections, such as cystitis in
females, have been successfully treated with single doses
of antibiotics.

USeE OF ANTIBACTERIAL COMBINATIONS

Combinations of drugs sometimes have dramatic
success where individual drugs fail. An outstanding early
example is the use of penicillin-streptomycin combina-
tions in enterococcal endocarditis in humans. However,
early studies of the outcome of combination treatment of
pneumococcal meningitis in humans showed the serious
clinical effects of mixing bacteriostatic and bactericidal
drugs. The importance of antagonistic interactions be-
tween drugs is greatest in those infections or patients
where immune defenses are poor — meningitis, endo-
carditis, or chronic osteomyelitis — or where immuno-
deficiencies are present. In other patients or diseases,
because of the complexity of the host-bacterial-antibiotic
interaction, it is harder to detect either synergistic or
antagonistic effects clinically.

A drug combination is additive if the combined effect
of several drugs is the sum of their independent activities
measured separately, synergistic if the combined effect is
significantly greater than their independent effects, and
antagonistic if it is significantly less than their indepen-
dent effects. Synergism and antagonism are not absolute
characteristics; such interactions are often difficult to
predict, vary with bacterial species and strains, and may
occur only over a narrow range of concentrations. No
single in vitro method detects all such interactions. The
methods used to determine in vitro interactions are gen-
erally time-consuming and are not often available in the
laboratory.

Antimicrobial combinations are frequently synergistic
if they involve the following mechanisms: 1) sequential
inhibition of successive steps in metabolism (e.g.,
trimethoprim-sulfonamide combination), 2) sequential
inhibition of cell wall synthesis (e.g., vancomycin-
penicillin, mecillinam-ampicillin), 3) facilitation of drug
entry of one antibiotic by another (e.g., beta-lactam-
aminoglycoside, polymyxin-sulfonamide), 4) inhibition
of inactivating enzymes (e.g., ampicillin-clavulanic

acid), and 5) prevention of emergence of resistant popu-
lations (e.g., erythromycin-rifampin combination against
Rhodococcus equi).

To some extent, antagonism between antibiotic com-
binations is a laboratory artifact that depends on the
method of measurement and may thus, with some excep-
tions, be unimportant clinically. The antagonistic effects
of some combinations are, however, detected clinically.
Antagonism may occur if antimicrobial combinations
involve the following mechanisms: 1) inhibition of bac-
tericidal activity (e.g., bacteriostatic and bactericidal
drugs used to treat meningitis where, depending on the
time-dose relation, bactericidal effects are prevented),
2) competition for drug binding sites (e.g., macrolide-
chloramphenicol combinations, which are of unclear
clinical significance), 3) inhibition of cell permeability
mechanisms (e.g., chloramphenicol or tetracycline-
aminoglycoside combinations, which are of unclear clin-
ical significance), and 4) derepression of resistance
enzymes (e.g., new third-generation cephalosporin
antibiotics with older beta-lactam drugs).

RESISTANCE TO ANTIBACTERIAL DRUGS

The potential for mutation and for genetic exchange
between all types of bacteria, combined with the short
bacterial generation time, is of major importance in lim-
iting the use of antimicrobial drugs in controlling infec-
tion in animals and humans. The use of antimicrobial
drugs does not induce resistance in bacteria but rather
eliminates the susceptible bacteria and leaves the resistant
bacteria already present in the population.

Resistance to antimicrobial drugs can be classified as
constitutive or acquired.

Constitutive Resistance

Microorganisms may be resistant to certain antibiotics
because the cellular mechanisms required for antibiotic
susceptibility are absent from the cell. Mycoplasma, for
example, are resistant to benzyl penicillin G because they
lack a cell wall.

Acquired Resistance

Acquired, genetically based resistance can arise because of
chromosomal mutation or, more importantly, through
the acquisition of genetic material. Chromosomal muta-
tions tend to produce changes in bacterial cell structures,
whereas plasmid-mediated resistance tends to encode
synthesis of enzymes that modify antibiotics. Chromo-
somal resistance is often a gradual, stepwise process,
whereas plasmid resistance is often high-level, all or
none, resistance. Examples of important mechanisms of
resistance are 1) enzymatic inactivation of antibiotics, 2)
failure of bacterial permeability, 3) alteration in target
receptors, 4) development of by-pass mechanisms in
metabolic pathways, and 5) development of enzymes
with low drug affinity.



Chromosomal Mutation to Resistance. ~Chromosomal mutation
to resistance is generally a minor problem. Mutations
to antibiotic resistance are spontaneous events in-
volving changes in chromosomal DNA sequences
uninfluenced by the presence of antibiotics. Such muta-
tions often lead to other changes that leave the cell at a
disadvantage so that, in the absence of antibiotic selec-
tion, these mutants may gradually be lost. Mutation to
antibiotic resistance can be dramatic, as in the case of
single-step mutation to streptomycin resistance where
MIC increases a thousandfold, or gradual, as in the case
of chromosomal resistance to penicillin where a series of
mutational events may gradually increase the MIC of
the organisms. These differences occur because when
antibiotics affect one target site, chromosomal muta-
tion is a single-step process, whereas when several
targets are affected, mutation to resistance is a multistep
process.

The rate of mutation differs for, and is characteristic
of, each antibiotic. Sometimes antibiotics are used in
combination to overcome the possibility of mutation to
resistance — the chance of mutation to resistance to two
antibiotics is the product of the chances of mutation for
each antibiotic alone. In veterinary medicine, mutational
resistance has limited the use of streptomycin, novo-
biocin, rifampin, and, to a lesser extent, erythromycin.

A chromosomal mutation resulting in multiple anti-
biotic resistance has been described for clinically relevant
bacteria. The region involved, Mar (multiple antibiotic
resistance) locus, controls efflux systems resulting in resis-
tance to a variety of drugs without modification of the
drugs.

Transferable Drug Resistance. Genetic exchange as a cause of
antibiotic resistance is of major importance in veterinary
medicine. Unlike chromosomal resistance, which occurs
in individual bacteria, transfer of genetic material
produces epidemic or infectious resistance, often to several
antibiotics at one time and even, though rarely, in
the absence of antibiotic selection. The extrachromoso-
mal elements responsible for antibiotic resistance are
plasmids that in this context were sometimes called R
factors (or R plasmids). The plasmid DNA responsible for
resistance can reproduce itself within a cell and spread to
other cells by transformation, transduction, conjugation,
or transposition.

Transformation. A clinically unimportant method of
gene transfer in which naked DNA passes from one cell
to another, altering the genotype of the recipient. Trans-
posons may be transferred in this way (see below).

Transduction. A process by which plasmid DNA is in-
corporated by a bacterial virus and then transferred to
another bacterium. An example is transfer of a beta-
lactamase gene from penicillin resistant to susceptible
staphylococci.

Conjugation. In this common process of gene transfer,
a donor bacterium synthesizes a sex pilus, which attaches
to a recipient bacterium in a mating process and transfers
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copies of plasmid genes to the recipients. The donor
retains copies of the plasmid genes but the recipient has
now become a potential donor. Conjugation can occur
between species of the same genera but also across genera
and families.

Transposition. Short DNA sequences known as trans-
posons (“jumping genes”) can transpose from plasmid to
plasmid, plasmid to chromosome, or chromosome to
plasmid. A transposon copy remains at the original site.
The frequency of transposition is characteristic of the par-
ticular transposon and bacterium. The importance of
transposition as the key element in resistance transfer is
that transposition is independent of the recombination
process of the bacterial cell — homology with the inter-
acting DNA is not required. Plasmids from diverse sources
possess identical antibiotic inactivating genes because of
transposons.

Clinical Importance of Antimicrobial Drug Resistance

Acquired drug resistance has become a major problem in
pathogenic bacteria of veterinary importance. It is
common in many species, although some bacteria, par-
ticularly gram-positive bacteria such as many streptococci
and corynebacteria, have remained highly susceptible to
commonly used drugs. Acquired resistance to penicillins
is frequent in S. aureus, and acquired multiple antibiotic
resistance to many common antibiotics seriously limits
their use in Enterobacteriaceae such as Salmonella, E. coli,
and Proteus. Acquired resistance is increasingly observed
in nonenteric bacteria such as Pasteurella, Bordetella,
and Haemophilus and has been identified in virtually
every pathogenic bacterial genus as well as in the normal
flora.

There is a causal relationship between antimicrobial
drug use and the development of resistance; given the
nature of the genetic elements responsible, it is
inevitable. The development of resistance has been well
documented among enteric bacteria in veterinary medi-
cine. The intestine is a major site of transfer of antibiotic
resistance both because of the vast numbers of bacteria
present and because of the opportunities for spread of
these bacteria between intensively reared animals kept in
close association with their manure. While the spread of
drug resistance is not so well documented in individual
companion animals such as horses and dogs, analogies to
the situation on farms are useful in understanding how
spread occurs.

Multiple drug resistance plasmids will be maintained
in a population by the use of any antibiotic to which
resistance is encoded by the plasmid genes. Thus the use
of almost any antibiotic will tend to promote multiple
resistance.

Intestinal Escherichia coli. Extensive study of antimicrobial
resistance in intestinal E. coli in animals has
provided information on the mechanisms and ecology
of antimicrobial resistance. These studies have shown
the relationship between the extent of resistance and
the degree of antimicrobial use. For example, resistance
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in E. coli from adult ruminants is slight, whereas it is
pronounced in intensively reared animals where anti-
biotic use is common. These E. coli may be resistant to up
to 10 clinically useful drugs as a result of plasmid-
mediated resistance. Among enterotoxigenic E. coli
from farm animals, plasmid-mediated resistance to tet-
racyclines, sulfonamides, and streptomycin is now
practically universal, and is increasingly common to
ampicillin and neomycin. Antibiotic-resistance plasmids
in enterotoxigenic E. coli in swine and calves may also
include genes for virulence determinants such as toxin
production or adhesins. Antibiotic use may thus poten-
tially promote the transfer of virulence genes between
bacteria.

Within the intestine, R plasmids are found in E. coli
and in the more dominant anaerobic flora of the large
bowel. Within a short time of treating an animal with
an antibiotic, the E. coli and much of the anaerobe
population become resistant to that antibiotic, princi-
pally because of selection of resistant strains but also
because of transfer of R plasmids. In the absence of
antibiotics, conditions in the large bowel seem to prevent
the transfer of R factors. Short-term oral use of antibiotics
is followed by high levels of E. coli resistance, which
fall once the antibiotics are removed because the major-
ity of R plasmid bearing E. coli are not good intestinal
colonizers. However, the continuous presence of anti-
biotics is associated with extensive resistance, which
persists long after the antibiotic is removed since resistant
E. coli that are good intestinal colonizers have been
selected.

Salmonella typhimurium.  Multiple antibiotic resistance is
a major problem in S. typhimurium. Among S. typhimurium
strains, certain phage types are ready recipients of R
plasmids; these strains may be resistant to six or more
antibiotics. The extent of resistance is most marked
among calf isolates because the extensive use of antibi-
otics in some types of calf rearing and the nature of
salmonellosis in calves apparently provide an op-
portunity for the development and spread of resistant
Salmonella. The progressive development of antibiotic
resistance in a certain phage-typed strain of S.
typhimurium in calves in Britain and its spread to cause
human disease have been documented by Anderson
(1968) and others. Like E. coli, acquisition of R plasmids
by certain phage types of S. typhimurium may confer
intestinal-colonizing abilities on the recipient and permit
the spread of these clones.

Hospital-Acquired Resistant Infections

Acquired antimicrobial resistance in resident hospital
bacteria is a major problem. There is a causal relationship
between antibiotic use in hospitals and the development
of resistance in bacteria. Colonization of patients by resis-
tant opportunist bacteria is hard to prevent because of
shared air spaces and environment, utensils, and medical
and nursing staff.

PuBLIC HEALTH ASPECTS OF ANTIMICROBIAL
RESISTANCE IN ANIMAL PATHOGENS

The use of antimicrobial agents in animals, particularly
in intensively reared livestock, can result in antibiotic-
resistant bacteria reaching the human population
through a variety of routes. The extent of the con-
tribution via these routes has not been determined.
Most antibiotic resistance in human pathogens comes
from antibiotic use in human medicine. However,
antimicrobial-resistant bacteria of animal origin, such as
E. coli, can colonize the intestines of people. Heavily
exposed humans (farmers who use feed containing antibi-
otics, slaughterhouse workers, cooks and other food han-
dlers) often have a higher incidence of resistant E. coli in
their feces than the general population. Contamination
of meat by intestinal bacteria at slaughter is extensive and
an important route by which resistant bacteria reach
people. While many of these bacteria are nonpathogenic,
many pathogenic bacterial species from the intestines of
animals cause zoonotic infections in humans (e.g., Sal-
monella, Campylobacter jejuni) and these infections may be
harder to treat because of acquired resistance. The non-
pathogenic bacteria of animals acquired by humans are a
potential source of resistance plasmids for human patho-
genic bacteria other than the zoonotic infections.

In the mid-1960s, the British government established
a commission of inquiry to assess the dangers of anti-
biotic feed additives in animals in promoting resistance
in human pathogens. This was launched because of 1) the
outbreak of antibiotic-resistant S. typhimurium in calves in
Britain and its subsequent appearance in human infec-
tions, 2) a chloramphenicol-resistant Salmonella typhi out-
break in Central America, 3) evidence of resistance in the
E. coli of intensively reared chickens and pigs routinely
fed antibiotics as growth promoters, and 4) the discovery
of transmissible antibiotic resistance. The landmark 1968
Swann Report recommended that antibiotics used in
human medicine (such as penicillin and tetracyclines) be
withdrawn from unrestricted use as growth promoters
in animals. Similar measures have been adopted in the
European Economic Community and Japan.

In the United States and elsewhere, many antibiotics
are incorporated into feed at low levels to promote
growth, and the same antibiotics are used at higher con-
centrations for specified therapeutic and prophylactic
purposes, without veterinary prescription. The Food and
Drug Administration Report (1972) investigated the prob-
lems raised in the Swann Report and concluded that there
was sufficient evidence to stop the use of subtherapeutic
levels of penicillin and chlortetracycline, except under
veterinary prescription. The proposal has not yet been
accepted.

Control of Antibiotic Resistance

Avoiding the use of a drug is almost the only way to
control antibiotic resistance. The phenomenon of multi-
ple resistance-encoding R plasmids means, however, that



continued use of one antibiotic for which there are resis-
tance genes tends to maintain resistance for all antibiotics
for which the R factor encodes. In human hospitals,
reducing or eliminating the use of particular antibiotics
has been followed by decreased resistance to these and
sometimes to other antibiotics.

ANTIFUNGAL CHEMOTHERAPY

The susceptibility of fungi to different drugs is often, but
not always, predictable. Fungal drug susceptibility testing
is technically complex and simple methods paralleling
the disk diffusion antibacterial susceptibility test are not
generally available.

Antifungal Agents for Topical Use

Many chemicals have antifungal properties and are used
for topical treatment of fungal infections of the skin
and sometimes of the mucosal surfaces. These include
phenolic antiseptics such as hexachlorophene; iodides;
quaternary ammonium antiseptics; 8-hydroxyquinoline;
salicylamide; propionic, salicylic, and undecanoic acids;
and chlorphenesin. Among the more effective topical
broad-spectrum antifungal drugs are natamycin (a
polyene antibiotic), clotrimazole (an imidazole com-
pound), nystatin (a polyene antibiotic), and ketoconazole
and miconazole (see below).

Antifungal Agents for Systemic Use

The recent development of the imidazoles (ketoconazole,
itraconazole, and fluconazole) has been a major advance
in systemic fungal therapy because of their oral adminis-
tration, relative lack of toxicity, and effectiveness. The
earlier major antifungal drug for systemic use, ampho-
tericin B, had the disadvantages of toxicity and requiring
intravenous administration, but it did have the advantage
of fungicidal activity.

Griseofulvin.  Griseofulvin is a fungistatic antibiotic that
inhibits mitosis and is active only against dermatophytes
(ringworm fungi). Resistance in some dermatophytes has
been reported to develop during treatment. Griseofulvin
is effective against ringworm fungi only if administered
orally. The drug is incorporated into keratin in the basal
cells of the epidermis and reaches the superficial dead and
parasitized keratinized epithelium through progressive
maturation of the basal cells.

Amphotericin. Amphotericin B is a polyene antibiotic, like
nystatin, which binds ergosterol, the principal sterol of
the fungal membrane, causing leakage of the cell
contents. It is a broad-spectrum, generally fungicidal
antibiotic. It is active against Blastomyces dermatitidis,
Histoplasma capsulatum, Cryptococcus neoformans, Candida
spp., Sporothrix schenckii, and Coccidioides immitis. Strains
of filamentous fungi, though commonly sensitive, vary
from extreme susceptibility to resistance.
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Amphotericin B must be administered intravenously.
Renal toxicity is an inevitable side effect of such treat-
ment and must be monitored; the effect is reversible if
the drug is stopped. Amphotericin is the most important
drug available for treating systemic mycoses caused by
dimorphic fungi and by yeasts. Its prime place is increas-
ingly being challenged by the imidazoles, which are less
toxic and easier to administer. The drug is given by slow
intravenous injection, usually every other day over 6 to
10 weeks.

Lipid formulations containing amphotericin B, though
expensive, show great promise clinically because of lower
kidney toxicity.

Flucytosine. ~ S-flucytosine is deaminated in the fungal cell
to S-fluorouracil, which is incorporated into messenger
RNA to produce garbled codons and faulty pro-
teins. It has a narrow spectrum of activity, which includes
most Cryptococcus neoformans and many Candida, but
most filamentous fungi are resistant. Resistance develops
readily during treatment. Therefore, flucytosine is often
used only in combination with other drugs, usually
amphotericin.

Imidazoles: Ketoconazole, Miconazole, Itraconazole, Fluconazole. Imida-
zoles interfere with the biosynthesis of ergosterol
and bind fungal cell membrane phospholipids to cause
leakage of cell contents. Ketoconazole, miconazole, itra-
conazole, and fluconazole are fungistatic against a wide
range of yeasts, dimorphic fungi, and dermatophytes;
they also have some antibacterial and antiprotozoal
activity. Ketoconazole, itraconazole, and fluconazole
appear to be more active than miconazole and are the
favored drugs for systemic administration because they
can be given orally rather than intravenously. Ketocona-
zole, itraconazole, and fluconazole appear to produce few
significant adverse effects in humans and animals, but
liver damage has been reported in people given keto-
conazole. They appear to be an effective treatment for
many systemic fungal infections in dogs and cats, but
there has been little experience with their use in other
animal species. They have the disadvantage of fungista-
tic action; prolonged treatment may be necessary in
serious infections to prevent the relapses that have
occurred, and this is expensive.

ANTIVIRAL CHEMOTHERAPY

Antiviral Drugs

The development of nontoxic chemicals for therapeutic
use in viral diseases is far more difficult than the devel-
opment of antibacterial drugs, but the long-term
prospects for antiviral chemotherapy in animals are
encouraging. HIV infection in people has led to the devel-
opment and introduction of antiviral drugs effective
against retroviruses. Viral replication depends largely on
the active participation of the metabolic pathways of
the host cell, and the balance between preventing viral
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Table 4.2.

Table 4.3.

replication and wrecking cellular metabolism is delicate.
Only a relatively small number of useful drugs have been
described, and their spectrum of antiviral activity is often
narrow. Work has concentrated on selective drugs that
use virally encoded enzymes either as specific targets for
inhibition or to activate drugs within virally infected
cells. Recently these have included many drugs preferen-
tially phosphorylated by virus-specific thymidine kinase
and further phosphorylated by cellular enzymes; the
resulting triphosphates of these “second generation
antiviral drugs” inhibit viral DNA polymerase, act as
bogus substrates for this enzyme, or both.

Antiviral drugs are generally only effective prophylac-
tically or in the early stages of disease when viral repli-
cation is occurring. Rapid diagnosis is therefore required.
Although no antiviral drugs have been approved for vet-
erinary use, Tables 4.2 and 4.3 summarize the potential
of currently available medical antiviral compounds for
topical and systemic use in animals. The desirable char-
acteristics of veterinary antiviral compounds are broad-
spectrum efficacy, low cost, ease of administration, and
lack of drug residues. Few of the antiviral drugs available
possess these characteristics, although some of the
immunomodulators may have them.
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Antimicrobial Drugs: A
Strategy for Rational Use and
the Ramifications of Misuse

DWIGHT C. HIRSH

Antimicrobial drugs are used to treat (therapeutic) or
prevent (prophylactic) disease produced by infectious
bacterial agents. Most of the discussion that follows
will deal with therapeutic use of these drugs, though
comment will be made regarding prophylactic use when
appropriate. Further, the discussion will deal with bacte-
rial agents.

STRATEGY FOR RATIONAL USE

The decision to use antimicrobial drugs therapeutically
involves the determination of whether there is an infec-
tious agent present. Some consideration (though this
rarely occurs) should be given to whether the infectious
process actually poses a threat of sufficient seriousness
to outweigh the risks of treatment (discussed below) and
whether the infectious process will resolve without the
use of this class of drug. The same comment should
be made about prophylactic use: consideration should
be given to whether there is an unacceptably high pre-
valence of infectious complications following a certain
procedure to justify their use.

Central to the decision to use antimicrobial drugs is
the demonstration that an infectious agent is part of the
disease process under consideration. The gold standard
for this determination, of course, is the results of micro-
biological culture. Strict application of this standard is
unrealistic, however, because the decisions to use antimi-
crobial drugs are made several days before culture data are
available. Therefore, as an aid in determining that a par-
ticular process has an infectious component, certain clues
are used. The Infection Control Committee at the Veteri-
nary Medical Teaching Hospital, University of California,
has drawn up guidelines to be used as aids in the
decision-making process (Table 5.1). Though these guide-
lines help “rule in” or “rule out” an infectious compo-
nent, there is no stronger proof than the demonstration
that an infectious agent is present.

The following scheme is used to justify the therapeu-
tic use of an antimicrobial drug the day the patient is first
seen. The whole purpose of the exercise is to answer the
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following questions: Is there an infectious agent present?
What is the best antimicrobial drug to use?

Is There an Infectious Agent Present?

Apart from having the results of bacteriologic culture in
hand, this question can be answered by experience (e.g.,
all similar cases have had an infectious component) or
microbijologically. It is the microbiological aspect of the
decision process that will be the focus of the discussion
here. Unless noted otherwise, all subsequent remarks will
be focused on infectious processes involving normally
sterile (or nearly sterile) sites.

One of the most rewarding methods that can be used
to determine the presence or absence of an infectious
agent is the direct smear (see Chapter 3). Examination of
a direct smear answers two very important questions: Is
there an infectious agent present? And, if so, what is the
agent likely to be? Answers to both of these questions
help justify the use of an antimicrobial agent, and, what
is equally important, help determine which one is likely
to be effective.

After it has been demonstrated that an infectious agent
is present, i.e., microorganisms are seen in the direct
smear, the next step in the process is to make an educated
guess as to their identity. This is the most important step
in the process in the rational use of antimicrobial drugs
— to have in mind what it is you are going to be treat-
ing. Experience and retrospective data are keys to this
determination, and allow the clinician to formulate a
“microbiological differential list” with the proper hierar-
chy. By noting the shape of the microorganisms seen in
the direct smear, certain members of the differential list
can be “ruled in” or “ruled out.” Generally, bacteria come
in two shapes: rods and cocci. Filamentous forms (Actin-
omyces, Nocardia) are treated as a separate category. Of
course, if no infectious agents are seen but other clues
point to infectious process, a microbiological differential
list is still constructed, but it will be more difficult to “rule
in” or “rule out” certain microorganisms or groups of
microorganisms because of the lack of visual clues.

More sophisticated methods involve the detection of
prokaryotic (bacterial) DNA in a normally sterile site. A
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polymerase chain reaction (PCR) that uses universal
primers for prokaryotic DNA allows for this determina-
tion. The disadvantage to such a determination is the lack
of an “isolate” to identify and to test for susceptibility to
antimicrobial agents.

Observation of bacteria in a direct smear may seem to
result in the formulation of a microbiological differential
list of endless possibilities. Experience and retrospective
data allow for the paring down of the list, keeping only
the most common in proper hierarchical order. For
example, in samples from dogs, Bordetella is almost never
found except from the respiratory tract, and here it is not
commonly found in samples obtained from the lower
tract of patients with clinical signs of pneumonia. Like-
wise, in samples from dogs, Pseudomonas is hardly ever
found in locations other than the external ear or the
lower urinary tract. Bordetella or Pseudomonas would
be very unlikely candidates to explain the presence of
rod-shaped bacteria in a sample of exudate from the
peritoneal cavity of a dog. Aside from “common
microbiological sense,” there are other clues that are
helpful. For example, misshapen or long, slender rods are
almost always members of the anaerobe group (especially
if seen in malodorous fluid obtained from a normally
sterile site).

Alimentary Canal — A Spedial Case.  Seeing a microorganism in a
normally sterile site does not pose much of a problem in
determining whether there is an infectious process
present. Infectious diseases of normally contaminated
sites (mouth, vagina, gastrointestinal canal), however,
can pose special problems. The alimentary canal is the
only contaminated site where the direct smear can help
determine whether there is an infectious bacterial disease.
There are three conditions in which direct smear can aid
in the diagnosis and treatment: 1) diarrhea associated
with Campylobacter, 2) Helicobacter-associated condi-
tions of stomach and intestinal canal, and 3) Serpulina-
associated diseases. In the first condition, the observation
in stained smears (e.g., Wright-Giemsa) of curved rods, in
the second, the observation of helical-shaped rods, and
in the third, the observation of spirochetal shapes suggest
that an infectious agent may be associated with the
abnormal signs observed. In all three instances, the pres-
ence of a microorganism with a unique characteristic
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gives the visual clue necessary to make an educated guess
as to the etiology of the abnormal signs. More sophisti-
cated techniques (PCR) have been shown to be useful in
determining the presence of Clostridium difficile or the
genes encoding its toxins.

What Is the Best Antimicrobial Agent to Use?

If an infectious agent is observed in the direct smear,
the answer to the first question posed above has been
answered. If none is seen, yet the other clues are present
that point to an infectious process (see Table 5.1), the first
question has also been answered in the affirmative. The
next step in the decision-making process is to ask what
antimicrobial drug should be used. To answer this ques-
tion, it is important to have in mind the “microbiologi-
cal target.” Depending upon the site from which the
sample was obtained and what was seen in the direct
smear, an educated guess is made as to the identity of the
agent(s) involved. Retrospective data should be used to
suggest what antimicrobial agents would be effective for
the microorganisms on the microbiological differential
list. Then, depending upon distribution, toxicity, and
expense, a final choice is made.

The next day, the microbiology laboratory should be
able to furnish information that is useful in determining
the appropriateness of first-day choice of antimicrobial
agent(s). It can, for instance, tell you whether a rod-
shaped bacteria seen in direct smear is a member of the
enteric group, which is an extremely important piece of
information since members of this group are unpre-
dictable with respect to susceptibility patterns (due to
the propensity of this group of microorganisms to possess
R plasmids, see Chapter 4 and below) and, as a conse-
quence, more expensive and more toxic antimicrobial
drugs are used if their presence is likely.

Obligate anaerobic bacteria pose a special challenge. It
is important to be led to suspect their presence early
because the methods used to confirm them are lengthy;
and, just as importantly, most laboratories do not
perform susceptibility tests on them. Even if they did, the
results would not be available for about a week after
sample submission. There are, however, some clues that
help determine whether members of this group are
present. A major clue is odor. If an exudate or fluid smells
fetid, there is a good chance that obligate anaerobes are
present. Without smell, an educated guess can also be
made as to their presence depending upon the site from
which the sample was obtained and the shape of the
microorganism (misshapen, slender rods).

RAMIFICATIONS OF MISUSE
OF ANTIMICROBIAL AGENTS

In addition to obvious benefits derived from antimicro-
bial agents, there are risks involved with their use. These
risks involve the patient as well as others that share the
same environment, including ourselves. The risks con-
cern resistance to antimicrobial agents.
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Resistance

In general, there are two mechanisms whereby bacteria
become resistant. They can change the target of the
antimicrobial drug by mutation, a random event unre-
lated to the presence of the drug. Clinically relevant
mutation to resistance is unusual in microorganisms
isolated from veterinary sources. However, it has been
recently shown that a mutation in a chromosomal gene
encoding a particular transcriptional activator residing in
the Mar (multiple antibiotic resistance) locus resulted in
multiple drug resistance. The mechanism for this phe-
nomenon appears to be a deregulation of control of chro-
mosomal genes governing the flux of drugs across the
bacterial cell wall. Thus, the “multidrug resistance” phe-
notype is due to changes in the transport systems of the
cell wall, leading to resistance to just about any clinically
useful antibiotic (e.g., quinolones, beta-lactams, tetracy-
clines, and chloramphenicol). Drugs are pumped out of
the bacterial cell before they reach therapeutically use-
ful concentrations. This phenotype has been described
for Escherichia coli, Salmonella, Pseudomonas aeruginosa,
Proteus vulgaris, Klebsiella, and Campylobacter.

The major way in which bacteria become resistant is
through the acquisition of DNA that encodes resistance
to antimicrobial drugs. These genes may contain the
information for enzymes that inactivate certain antimi-
crobials by acetylation or phosphorylation (aminogly-
coside and chloramphenicol modifying enzymes),
for enzymes that inactivate by breaking bonds
(beta-lactamases and cephalosporinases that inactivate
penicillin/ampicillin and cephalosporins, respectively),
for proteins that are involved with transport of an antimi-
crobial (tetracyclines), or they may encode a target
protein different from the native (susceptible) one (a
different tetrahydrofolate reductase is responsible for
trimethoprim resistance).

DNA encoding these various enzymes can be acquired
by bacteria in several ways: 1) they can take up DNA from
their environment (called transformation); 2) they may
become “infected” by a bacterial virus that contains the
resistance genes the virus had acquired from a previously
resistant bacterial host (called transduction); or 3) they can
“receive” it from other bacteria by a sexual process (called
conjugation). Although there are examples of each of these
occurring in nature, the most common method of DNA
acquisition is through conjugation, at least for the acqui-
sition of resistance genes by bacteria in an environment
containing antimicrobial drugs.

Acquired DNA usually exists within the bacterial cell
separate from the chromosome (extrachromosomally).
This extrachromosomal DNA is called a plasmid. If the
plasmid contains genes encoding resistance to antimi-
crobial drugs, then these plasmids are called R plasmids.
R plasmids may encode information for conjugation,
and if so, such plasmids are transmissible and therefore
have the capacity to move from one bacterium to
another, either within a family (e.g., E. coli to E. coli, or
E. coli to Salmonella) or outside of a family (e.g., E. coli
to Pasteurella). This transmissibility has been noted for
gram-positive and gram-negative bacteria, for obligate

aerobes, and for facultative and obligate anaerobes.
It appears to be most clinically relevant among members
of the family Enterobacteriaceae (e.g., E. coli, Salmonella,
Klebsiella).

A particular bacterium may contain a number of dif-
ferent plasmids, several of which may be R plasmids. The
number of resistance genes encoded on a plasmid is vari-
able, from two (which seems to be about the minimum)
to more than seven. The genes encoding resistance to
all of the commonly used antimicrobial drugs are found
on plasmid DNA. The exceptions are resistance to the
quinolones, the polymyxins, and metronidazole. The
consequence of this is that after conjugation, a suscepti-
ble strain of bacteria may have acquired resistance to a
number of antimicrobial agents and have the potential to
pass these resistance genes on to yet another, while
keeping a copy for itself.

In addition to being mobile by means of conjugation,
resistance genes are mobile in their own right. Mobile
genes, called transposable genetic elements or transposons,
move from one piece of DNA to another. Most often, the
information encoding resistance to a particular antimi-
crobial agent is on a transposon. The importance of this
is that, in the hospital environment where bacteria are
exposed to a number of different antimicrobial agents
(and by definition they will have acquired the gene nec-
essary to cope with each of these antimicrobials), the
genetic pool of resistance genes is very large. And since
the genes themselves are mobile, they would have the
tendency to insert themselves on any number of plas-
mids, forming plasmids with many and varied resistance
genes. Bacteria containing such R plasmids would be
extremely difficult to kill or suppress with antimicrobial
drugs if they were to become involved with a disease
process.

R plasmids seem to be common among the enteric
group. It is extremely difficult, therefore, to predict which
resistance genes will be present, especially if the R
plasmid has been “constructed” from the resistance gene
pool in a hospital environment. For this reason, a major
effort should be made in “ruling out” or “ruling in”
members of this group on the microbiological differen-
tial list for a particular site or condition.

Within 24 to 48 hours after the initiation of anti-
microbial therapy, dramatic changes occur in one of the
major host defense systems of the patient, the normal
flora. These changes are reflected in the replacement of
the normal flora with bacteria resistant to the antimicro-
bial drug being used. To understand why this is a risk, it
is important to understand the role of the normal flora
as a host defense barrier.

The Risk

Colonization resistance (see Chapter 2) is a term that
describes the innate immunity afforded the host by its
normal flora. It is the normal flora and the mechanisms
whereby the normal flora is maintained that protect
the host from colonization (infection) by extraneous
microorganisms. This is an important concept since pre-
vention of colonization by agents with pathogenic poten-



tial (e.g., Salmonella) or prevention of colonization by
resistant strains of microorganisms is key to minimizing
the risk we and our patients take in living in an envi-
ronment contaminated by microorganisms.

Colonization resistance can be decreased by a number
of outside influences, principally stress, and by antimi-
crobial agents. If the colonization resistance is decreased
sufficiently, then replacement will occur (a surface does
not go unoccupied!).

Antimicrobial agents decrease colonization resistance.
Hospitalized dogs were 38 times more likely to have
acquired resistant Salmonella if they were first given an
antibiotic. Within 24 to 48 hours after administration of
an antimicrobial, the normal flora is depressed to the
degree that resistant strains start to recolonize since those
microorganisms that replace the normal flora will be
resistant to the antimicrobial drug administered. These
resistant strains may be a part of the normal flora (e.g.,
normal, unmedicated dogs shed large numbers of R
plasmid containing E. coli in their feces) or from the
animal’s environment. In either case, the replacement
strain will be resistant to the antimicrobial being used.
Having resistant bacteria occupying a surface is not
harmful in itself, unless the resistant strain has the ability
to invade the host cell to which it has gained access. But
as mentioned above, if a normally sterile site contiguous
to the recolonized surface becomes compromised, bact-
eria (now resistant bacteria) will contaminate, and the
resulting disease will be more difficult to treat. This recol-
onization effect is the reason behind the recommenda-
tion that prophylactic use of antimicrobial agents extend
no longer than 24 to 48 hours.

Colonization resistance is reduced by the stress of
illness and the stress of new social/environmental expe-
riences. These changes occur secondary to changes in
the normal flora. What appears to transpire are changes
in the elements responsible for the maintenance of the
stable, normal flora. Although these changes have been
defined most precisely in the oral cavity, there are data
that suggest that they also occur in the intestinal canal
as well. In the oral cavity, the epithelial cells are coated
with fibronectin, a glycoprotein. Fibronectin contains
receptors for streptococci, the most abundant microor-
ganism found on the buccal, lingual, and gingival sur-
faces. It is the streptococci that exclude other, potentially
more dangerous microbes from associating with the oral
cavity (most would agree that these would be microor-
ganisms belonging to the enteric group such as E. coli or
Kiebsiella). The amount of fibronectin coating these cells
decreases in the stressed animal, leaving available under-
lying attachment sites (for gram-negative microorgan-
isms) either on the cells themselves or on glycoproteins
that coat the cells after fibronectin is gone. It should be
noted, too, that if the animal is treated with antimicro-
bials as well, the streptococci will also be removed since
the oral streptococci are very susceptible to most antimi-
crobial agents. There is recent evidence that shows that
some gram-negative enteric bacteria possess adhesins for
receptors on fibronectin, underscoring the importance of
keeping the normal flora intact. The resulting change
from a flora composed of relatively innocuous bacteria
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(nonhemolytic streptococci) to one with pathogenic
potential (members of the enteric group) becomes an
important issue if compromise occurs in a normally
sterile contiguous site (e.g., the lung).

Risk to Others

Antimicrobial agents select bacteria that contain genes
encoding resistance to that particular drug. Because the
genes encoding resistance are almost always found on R
plasmid DNA, antimicrobial use selects for resistance
genes to other antibiotics as well. In the hospital envi-
ronment where antimicrobials are used, the environment
is contaminated with microorganisms containing very
mobile genetic material encoding resistance to a variety
of antimicrobial agents. We are a part of this environ-
ment, and therefore also partake in this gene pool. Even
with an intact colonization resistance, we are transiently
colonized with bacteria derived from animals placed in
our care. Transient colonization is enough for conjuga-
tion and subsequent passage of resistance genes to our
resident normal flora. If by chance the host human is also
being medicated with antimicrobials, the chance of col-
onization with resistant animal strains increases, as does
the possibility of passage of an R plasmid.

SUMMARY

In outlining the rational use of antimicrobial agents, this
chapter emphasizes the importance of two questions: Is
there an infectious component to the disease process
under consideration? And, if so, what antimicrobial drug
would be effective? The direct smear is a tool that is useful
in ascertaining whether an infectious component exists.
Once it has been reasonably established that there is
an infectious component, a “microbiological differential
list” (in hierarchical order) is created and further shaped
depending upon visual clues obtained from the direct
smear. Experience and retrospective susceptibility data
are used to determine which antimicrobial drugs would
be effective for the most likely of the constituents of the
microbiological differential list. A final choice is made
after considering distribution, toxicity, and cost.

Antimicrobial drugs should be treated as an environ-
mental pollutant. They exert very powerful selective
pressures on the gene pool in which we all partake. In
addition to being potent selective agents, antimicrobials
are a risk to those patients receiving them by diminish-
ing host defense barriers.
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Vaccines

YUAN CHUNG ZEE DWIGHT C. HIRSH

INTRODUCTION

Vaccines are substances that are used to elicit immune
responses to prevent or minimize disease produced by
infectious agents. Vaccines can be composed of the infec-
tious agent itself (either live or killed) and/or a product
of the agent. Products containing a killed bacterial agent
are more properly called bacterins. Products that have
toxic activities are called toxins, and toxins that have been
inactivated are called toxoids.

To be effective, vaccines must elicit an immune
response that interferes with the “life style” of the infec-
tious agent.

Humoral Immunity

Antibodies function immunologically by binding to epi-
topes on the surface of the infectious agent and/or one
of its products. By binding to the surface of an infectious
agent, antibodies interfere with attachment to host target
cells by stearic interference and/or by changing the
charge or hydrophobicity of the surface of the agent;
interfere with viral attachment; and trigger the comple-
ment cascade generating products that are opsonic and
products that are damaging to agents that have surface
membranes. Antibodies that bind to products of infec-
tious agents can block the attachment of the product to
receptors on cellular targets and/or change the configura-
tion of the product resulting in a change in binding
affinity.

Cell-Mediated Immunity

Cell-mediated immunity is an immune response that
results in the generation of “activated” macrophages
and/or specific cytotoxic T lymphocytes. This aspect of
the immune response concerns agents that live inside of
cells, which are thus protected from interaction with the
elements of the humoral components of the system.
Activated macrophages are mononuclear phagocytic
cells that have come in contact with IL-1 and gamma
interferon (INF-gamma). Such cells have increased phago-
cytic and enzymatic activity, contain increased amounts
of nitric oxide, and have increased production of TNE
increased expression of IL-1, and increased expression of
MHC-IL This increase in activity is thought to be respon-
sible for the destruction of infectious agents that non-

activated mononuclear cells cannot destroy following
uptake. Some term this immune state (i.e., activation of
macrophages) cellular hypersensitivity.

Cytotoxic T lymphocytes recognize affected host cells
(e.g., cells infected with virus or bacteria). In so doing,
these lymphocytes secrete substances that result in the
death of the affected host cell. If the affected host cell
contained an infectious agent, that agent would now
be liberated and in contact with other host immune
participants (e.g., antibody, complement, activated
macrophages).

Generation of the Immune Response

Antibodies are elicited by antigens that are processed by
antigen-processing cells via the exogenous pathway.
Thus, extracelluar bacteria (live or killed), inactivated
viral particles, pieces of virus, and products are processed
by the exogenous pathway. Epitopes are presented to the
immune system in context of MHC-II by an antigen-
presenting cell that secretes IL-1 and little, if any, IL-12.
T helper cells (Ty, subset of CD4* lymphocytes) respond
to this stimulus by secreting cytokines that trigger an
antibody response (IL-2, IL-4, IL-5, IL-6).

Some infectious agents replicate within cells. If the
agent multiplies within a mononuclear phagocyte, then
antigens are processed by way of the exogenous and/or
endogenous pathways and epitopes are presented in
context of MHC-II (antigen processed by exogenous
pathway), but the antigen-presenting cell secretes IL-1
and IL-12. IL-12 stimulates T helper cells (Ty; subset)
while turning off Ty, subset of T helper cells. Ty, cells
secrete INF-gamma, resulting in the activation of
mononuclear phagocytic cells. Some of these “intracellu-
lar” agents (some viruses, bacteria, fungi) replicate in the
cytoplasm of mononuclear phagocytic cells. Antigens
from these agents are processed by the endogenous
pathway, as are antigens liberated within nonphagocytic
cells, so that epitopes are presented to the immune
system in context of MHC-I. Epitopes presented in this
fashion are recognized by CD8"* cytotoxic lymphocytes.
These lymphocytes function by lysing infected targets,
i.e., cells expressing epitope-MHC-I complexes.

To briefly summarize the generation of the immune
response, the antigen is processed so that epitopes are
complexed with MHC-II determinants. This means that
antigen must be processed (by the exogenous path-
way) by antigen-processing cells that express MHC-II
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determinants, i.e.,, macrophages (mononuclear phago-
cytic cells), B lymphocytes.

In order to generate activated macrophages, the
antigen must not only be processed so that epitopes are
complexed with MHC-II determinants, but also replicate
within the antigen-processing cell.

In order to generate specific cytotoxic T lymphocytes,
the antigen must be processed by the endogenous
pathway. To enter the pathway the antigen must find its
way into the cytoplasm of the affected cell. The easiest
way to accomplish this is to escape the endosome. To
achieve this, the infectious agent must be alive.

DNA VACCINES

DNA vaccines are those in which the gene encoding the
antigen in question is inserted into a plasmid vector
that has a strong promotor (e.g., cytomegalovirus imme-
diate/early promotor; SV40 early promotor) that will
result in expression of the target gene. The construct is
injected intramuscularly. Myocytes that become trans-
fected serve as antigen-presenting cells and express
antigen in context of MHC-I (turn on CD8" T lympho-
cytes). It is unclear how antigen is expressed in context
of MHC-II (for CD4" T lymphocytes). Possibilities include
MHC-II antigen-presenting cells (macrophages/B lym-
phocytes) becoming transfected, or transfected myocytes
transfering the plasmid construct to MHC-II antigen-
presenting cells.

DNA vaccines have been successful in eliciting
protective immune responses (both humoral and
cellular) to a variety of bacterial, viral, and protozoal
microorganisms.

ADJUVANTS

Adjuvants are used to influence the nature of the immune
response elicited by an antigen. The response is
influenced at various stages, depending upon the adju-
vant. Some adjuvants function as depots, so that antigen
is slowly released over an extended period of time to
maximize the immune response. Examples include
water/oil emulsions, minerals/salts (bentonite, alu-
minum), and inert particles (microspheres). Other adju-
vants direct activity to the processing step in the
initiation of the immune response. Examples include
“immune stimulating complexes” (ISCOMs) composed
of cholesterol-phospholipid structures that contain the
immunogen, and liposomes (lipid vesicles). Immune
responses can be influenced by “targeting” various com-
ponents using various cytokines as adjuvants. For
example, IL-1 activates T lymphocytes; IL-12 and INF-
gamma influence the helper T lymphocyte subset selec-
tion; and granulocyte macrophage colony-stimulating
factors activate macrophages and increase efficiency of
antigen processing.

VIRAL VACCINES

Immunization of animals with viral vaccines is of utmost
importance in prophylactic veterinary medicine. The
basis of an effective vaccine is its ability to induce an
immune response or responses capable of eliciting pro-
tection to subsequent field exposure to pathogenic organ-
isms. A multitude of vaccine preparations have been
developed and used over the years, with variable rates of
success. The success of a potential vaccine hinges pri-
marily on safety and efficacy; however, economics will
play a pivotal role in vaccine design, development, and
ultimate production on a commercial basis.

Various approaches have been employed over the years
in vaccine development. These include 1) administering
live virulent virus in an anatomical site so that the target
tissue or tissues are not infected, 2) administering live vir-
ulent virus to animals at a time of relatively strong resis-
tance to disease expression, 3) concurrent administration
of live virulent virus and immune serum, 4) use of live
avirulent viral strains (e.g., attenuated viruses), and 5)
use of inactivated virus. In recent years, additional
approaches to vaccine development have been employed.
These include subunit, synthetic peptide, and recombi-
nant products. Regardless of vaccine type, the desired
result is to induce immune responses specific for viral
antigens expressed on the virion surface or on the surface
of infected cells, so that clinical disease is averted upon
exposure to virulent virus. The rational development of
an efficacious viral vaccine requires an understanding
of viral pathogenesis, of protective immune responses
induced following infection, and of their protein
specificities. The latter point is of obvious importance for
developing recombinant and synthetic peptide vaccines.

Concerning pathogenesis, the following three general
types of viral infections occur:

1. Viral attachment and replication may be confined
to the mucosal surfaces of the respiratory or
gastrointestinal tracts. In such instances, local
immunity in the form of secretory antibody (e.g.,
IgA) is important. The role of cell-mediated
immunity (CMI) is uncertain in such infections.

2. Other viruses gain entry by similar routes but may
also cause a viremia with subsequent infection of
local or distant target tissue or tissues. In such
cases, two lines of defense can come into play:
immunity at the mucosal surface and systemic
immunity.

3. Many viruses gain direct entry into the host’s
circulation via insect bite (arthropod-borne
viruses), inadvertent inoculation, or a traumatic
break in an epithelial surface. In such infections,
systemic immunity is the primary line of defense.

These mechanisms of viral infection and subsequent
dissemination should be considered in vaccine develop-
ment and in determining route of administration.

Our discussion of viral vaccine types focuses on live
virus with attenuated virulence and on inactivated virus



Table 6.1. Types of Viral Vaccines

(Table 6.1). But before we begin this discussion, brief
mention of additional approaches to vaccination is war-
ranted. Concomitant administration of live virulent virus
and immune serum has been practiced in the past,
although it is no longer an acceptable approach. Many
viruses exhibit age-dependent virulence characteristics.
That is to say, at some ages, viral exposure leads to clini-
cal disease, but at other times susceptibility to disease is
negligible. Thus, there is a time period in which the
animals can be immunized with live virulent virus. Inten-
tional exposure of mature females, who are resistant to
clinical disease due to age, prior to breeding may ensure
the developing (avian) embryo or newborn the protection
of maternal antibody. Another approach to the use of vir-
ulent virus is inoculation of an anatomical site that is iso-
lated from the target tissue, thus inducing immunity
without the risk of disease. This practice requires that the
virus be strictly confined to a local infection.

Live Attenuated Viral Vaccines

The attenuated viral vaccines include artificially attenu-
ated (modified-live) viral vaccines and naturally occurring
viruses with reduced virulence for a given host. Viral iso-
lates with reduced or no virulence have been used as
vaccine material. The origin of such fortuitous isolates
may be the natural host. Another source of vaccine may
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be a closely related virus isolated from a different host;
for example, the cowpox virus was initially used to vac-
cinate humans against smallpox. The major requirements
of such an approach are that it induce adequate immu-
nity and that the viral avirulence be stable. The majority
of vaccines currently used today in veterinary medicine
are attenuated viruses. The most common approach to
viral attenuation is the development of host-range
mutants. Other approaches include development of
temperature-sensitive and cold-adapted mutants (mis-
sense mutations), deletion mutants, and recombinant
viruses (virulent X avirulence).

Host-range mutants are developed by serial passage in
a host system different from the natural host to be vac-
cinated. Such attenuation of virulence for a given host
has been routinely conducted in laboratory animals,
embryonated chicken eggs, and cell cultures; the latter is
gaining in popularity. Upon serial passage in such a
system, the virus loses virulence for the natural host due
to accumulation of missense or base substitution muta-
tions in the viral genome that are expressed as alterations
in virus-specified proteins. The basis of such attenuation
is uncertain.

Conditional lethal mutants have been generated with
the intent that such viruses would exhibit limited repli-
cation in the host and serve as potential vaccines.
Temperature-sensitive mutants are typically created by
mutagenesis and phenotypically selected on the basis of
temperature. Cold-adapted mutants are generated by
propagation at successively lower temperatures, the end
product being incapable of replication at normal tem-
peratures. The cold-adapted mutants typically acquire
multiple mutations in genes encoding virulence and
are relatively more stable than temperature-sensitive
mutants.

A unique approach to expression of cloned viral genes
is the use of heterologous viral expression vectors. Vac-
cinia virus, as an infectious vaccine expression vector, has
received the most attention to date due to absence of clin-
ical disease in animal species and the fact that at least 22
kilobases of the vaccinia genome can be deleted without
loss of infectivity. The latter attribute gives researchers
ample space in which to insert foreign cloned genes and
has the potential to permit insertion of multiple foreign
viral genes for the purpose of designing multivalent and
multiviral vaccines. A major advantage of such infectious
vaccine vectors is the potential for induction of CMI by
inserting expressed viral proteins into the host cell mem-
brane in context with histocompatibility antigens.

Construction of deletion mutants is another potential
mechanism of virus attenuation. Theoretically, this
process could be used to selectively delete genes that
express factors for virulence, persistence, or immuno-
suppression without compromising viral replication.
Realizing such an approach will require extensive infor-
mation on protein function and mapping of their coding
regions within the viral genome. In the light of unlim-
ited possibilities for vaccine development, mention
should be made of the newly approved pseudorabies vac-
cines produced by gene deletion. The thymidine kinase
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gene is deleted in the pseudorabies vaccine strain, which
is able to induce an immune response without producing
disease. Furthermore, the genes coding for virus glyco-
proteins gpl, gplll, or gpx are deleted in the vaccine
strain. The presence of antibody to these specific virus
antigens can be used to differentiate field-strain infected
animals from vaccinated animals, an immense advance
in the epidemiology and control of viral disease.

The use of genetic recombination of genome segment
reassortment is a potential approach to developing vac-
cines for viruses expressing antigenic drift. Theoretically,
a standard attenuated virus could be crossed with new
viral variants; avirulent virus carrying genetic informa-
tion from the field virus that codes for proteins critical in
induction of immunity could be subsequently selected.

Nonreplicating recombinant viral vectors that are not
capable of multiplication in vivo but that can express
foreign proteins during the abortive infectious stage have
been shown to induce humoral and cell-mediated immu-
nity in recipient hosts. Experimental studies show that
dogs or cats are resistant to wild-type rabies viral chal-
lenge when inoculated with avian pox-rabies glycopro-
tein recombinant viruses. This type of viral vaccine has
the distinct advantage of being safe in the immunosup-
pressed host.

There are advantages and disadvantages to attenuated
viral vaccines. Table 6.2 illustrates such general charac-
teristics as compared to killed viral vaccines. A major
advantage of live viral vaccines is their ability to replicate
within the host and thereby elicit both humoral and cel-
lular immune responses. In the case of viral infections
attaching primarily to the mucosal surfaces of the respi-
ratory and gastrointestinal tracts, administering attenu-
ated viruses by the nasal or oral routes provides a good
stimulus of local immunity. Economic considerations also

Table 6.2. Relative Advantages and Disadvantages of Live
vs. Inactivated Virus Vaccines

favor attenuated vaccines due to the moderate cost of pro-
duction and the typical absence of a requirement for
adjuvants, immunopotentiating agents, and multiple
booster doses.

While attenuated viral vaccines continue to provide
valuable prophylactic measures for veterinary medicine,
certain disadvantages are associated with their use, some
of which are proven while others remain speculative. The
development of attenuated vaccines can prove to be a
tedious process, and a fine line separates modification and
loss of immunogenicity. Many viruses exhibit reduced
immunogenicity as attenuation progresses. Assessment of
viral attenuation can often be difficult, if not impossible,
since consistent experimental reproduction of clinical
disease is difficult with certain viruses. In such instances,
a vaccine virus considered to be attenuated may produce
clinical disease under special circumstances involving
stress, physiologic imbalance, or concurrent infections
with other organisms. Viruses that exhibit a wide host
range are also problematic. Virus attenuated for one
animal species may retain virulence for more susceptible
species, and since attenuated viruses cause an active infec-
tion, transmission to other species may occur. Viral atten-
uation for the most susceptible species is an obvious
approach to this dilemma, but this may result in a loss of
immunogenicity for less-susceptible species.

A major concern in the use of attenuated viruses is
reversion to virulence. This phenomenon has plagued
vaccine development and licensing over the years. Rever-
sion to virulence is a more serious possibility with those
viruses that enjoy a wide host range or that are biologi-
cally transmitted by arthropod vectors. While the virus
may appear stable in the host for which the vaccine was
intended, reversion to virulence may occur in the vector
or in other species. Vaccination of pregnant animals must
also be of concern, since attenuated viruses may be path-
ogenic for the developing fetus. Vaccinating animals with
reduced immunologic responsiveness can result in
expression of clinical disease.

Additional negative features of attenuated virus vac-
cines include 1) the potential for reassortment (viruses
with segmented genomes) or recombination between
vaccine strains or with wild-type virus to create new
viruses, 2) typical lack of a vaccine marker for serologic
differentiation of vaccine and wild-type virus exposure,
3) development of persistent infections, 4) poor stability
of vaccine virus, especially in hot tropical areas, and S)
replication interference between viruses in multivalent
vaccines. Viruses that exhibit continued antigenic drift
present a vaccine dilemma since new isolates must be
continually attenuated and tested for safety and efficacy.

Inactivated Virus Vaccines

Many inactivated vaccines have been experimentally or
commercially developed for use in veterinary medicine.
Virus inactivation has most commonly employed forma-
lin, beta-propiolactone, acetylethyleneimine, or bina-
ryethyleneimine. Additional methods include ultraviolet
light, gamma irradiation, psoralen compounds, and
ozone gas. The primary advantage of killed virus vaccines



is safety — many potential disadvantages of live-virus
vaccines are eliminated since no virus replication occurs.
Virus for inactivation has been produced in laboratory
animals, embryonated chicken eggs, and, most com-
monly today, in cell cultures. From an economic view-
point, viruses that grow to high titer in cell cultures and
exhibit first-order inactivation kinetics provide the best
candidates for vaccine preparation. Adjuvants are typi-
cally required to induce good immunity with Kkilled viral
products, and multiple doses are usually required. With
the continued development of better adjuvants and
immunopotentiating complexes (ISCOMs), inactivated
vaccines will prove more effective. Inactivated vaccines
are also relatively stable under adverse conditions, and
their potential for strain interference in multivalent
preparations is reduced compared to attenuated vaccines.

There are, however, certain disadvantages associated
with the use of inactivated virus vaccines. Most inacti-
vating agents are toxic, and some are carcinogenic. Unlike
live virus, inactivated vaccine virus is not quantitatively
amplified, so it requires adjuvant and multiple inocula-
tions. Furthermore, such preparations do not induce
strong CMI responses, since inducing such responses
requires that the antigen be presented in association with
histocompatibility antigens on cell surfaces. Nor are such
vaccines associated with development of local secre-
tory immunity, due to the usual parenteral route of
vaccination.

The success of viral inactivation depends on the inac-
tivant and viral characteristics. While most viruses can be
successfully inactivated, the retention of critical antigenic
integrity is variable. Antigens responsible for inducing
protective immunity must be preserved. A possible com-
plication of inactivated vaccine use is the potential for
animal sensitization such that an exacerbated clinical
disease is experienced upon exposure to virulent field
virus. This sensitization is not well understood, but it is
apparently immunologically precipitated by an unbal-
anced immune response such as humoral vs. cellular
immunity, immune response to nonneutralizing epi-
topes, or preferential stimulation of IgE.

Development of subunit vaccines is currently an area
of extensive research; it includes purification of viral sub-
units, recombinant technology, and peptide synthesis.
Relative to veterinary medicine, developing such
“advanced-type” vaccines is best illustrated with foot-
and-mouth disease virus. The bases of a subunit vaccine
are proteins (or peptide sequences) capable of eliciting
protective immunity. Such proteins would typically be
found on the virion surface and contain epitopes capable
of inducing neutralizing antibody. Vaccines can be pre-
pared by disruption of the virus followed by protein
purification. The potential cost of such preparations has
precluded their commercial development, but recent
biotechnological advances have offered alternatives via
recombinant DNA and peptide synthesis technologies.

The basic approach to developing recombinant vac-
cines involves artificial insertion of DNA that contains
the desired viral genomic coding sequences into an
appropriate expression vector. The DNA to be cloned can
be obtained directly from the viral genome of DNA
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viruses by use of restriction enzymes or indirectly by
reverse transcription of mRNA or genomic segments of
monocystronic RNA viruses of “positive sense.” The viral
or complementary DNA (cDNA) is inserted into a plasmid
or bacteriophage followed by infection of susceptible
prokaryotic cells such as Escherichia coli; more recently,
yeast cells and mammalian cells are also being developed
as expression vectors. Multiple strategies have been used
to construct vaccine expression vectors, and most include
a strong promoter (constitutive or inducible). Following
infection of the cell with the plasmid, the cloned cDNA
can be expressed and the desired gene product purified
for vaccine use.

Recent attention has also been focused on the inocu-
lation of plasmid DNA encoding viral antigens into
tissues in vivo. Such vaccines would offer the advantages
of having viral glycoproteins expressed on the surface of
transfected cells and inducing immunity without inter-
ference from passively acquired viral antibodies.

Synthetic peptide vaccines are also currently receiving
extensive attention. As with cloned viral vaccines, the
successful development of synthetic peptide vaccines
requires extensive knowledge of the viral proteins
involved in inducing protective immunity. Two basic
approaches are available for determining critical peptide
sequences: 1) indirectly, from nucleotide sequences
derived from cloned viral genes, and 2) directly, by
sequencing purified peptides. The latter approach is facil-
itated by immunologically based peptide and epitope
mapping to determine the regions involved in protective
immunity. An additional approach to determining criti-
cal peptide sequences is based upon the projected tertiary
structure of the viral protein, with the areas that demon-
strate hydrophilic characteristics serving as candidate
sequences. One major drawback of synthesizing peptide
vaccines is the potential for critical epitopes to be formed
by the tertiary structure (an epitope formed by juxtapo-
sition of two separated peptide sequences). Such epitopes
confound attempts to deduce the peptide sequence and
realize such complex configurations in the synthetic
product.

The use of anti-idiotypic antibodies as immunogens to
stimulate the production of viral neutralizing antibodies
has also been explored. The advantage of this type of
immunogen may overcome viral variability problems by
inducing broadly neutralizing antibodies. However, this
type of vaccine induces only antibody responses, not cell-
mediated responses.

ToxoIps, BACTERINS, AND BACTERIAL
VACCINES

As with viral vaccines, the basis of an effective toxoid,
bacterin, or bacterial vaccine is the ability to induce
an immune response or responses capable of eliciting
protection from field exposure to the pathogenic micro-
organism. Most of the principles outlined above with
respect to viral vaccines apply to products designed to
induce protective immunity to bacterial agents. The
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development of an efficacious product depends on under-
standing the pathogenesis of the bacterial disease that is
to be prevented.

In general terms, diseases produced by bacteria can be
grouped into three categories: 1) those that result from
association with a bacterial toxin, 2) those that result
from the sequelae of extracellular multiplication of the
bacterial agent, and 3) those that result from the seque-
lae of intracellular multiplication.

Toxoids

Bacterial toxins are of two kinds: exotoxins and endo-
toxins. Endotoxins are strictly defined as the lipopolysac-
charide portion of the gram-negative cell wall (it is the
lipid A portion that is specifically responsible for the
“toxic” manifestations). Muramyl dipeptide, which is
present in gram-positive cell walls and to a lesser extent
in gram-negative, also has “toxic” properties. We have
used quotation marks around “toxic” because both endo-
toxin and muramyl dipeptide elicit their “toxic” activi-
ties by inducing the production of a variety of cytokines
by host cells. It is the degree of vigor of the host response
that defines the “toxicity.” Exotoxins are proteins that
interact with host cells (usually after binding to a specific
receptor) resulting in deregulation of host cell function
without undue harm to the cell, interference of the
normal physiology of the host cell(s), or death of the host
cell.

Antibodies elicited to various epitopes on toxins that
result in neutralization are sometimes called antitoxins. As
mentioned previously, an antibody may block interaction
between a toxin and its cellular receptor or change the
configuration of the toxin so that it no longer has an
effect on the host cell. Antibodies to exotoxins have been
shown to be efficacious in preventing disease. Antibodies
to endotoxins have had mixed results as far as prevent-
ing disease.

Toxoids are toxins without toxic activity that can elicit
an immune response, i.e., antibodies (see above for expla-
nation). Toxoids can be produced by chemical inactiva-
tion of the native toxin or by manipulations of the gene
encoding the toxin so that the toxin is inactivated. For
example, in the case of A-B toxins (see Chapter 9), where
the A subunit is responsible for the toxic activity of the
toxin and the B subunits are responsible for binding of
the toxin to the host, the gene encoding the A subunit
can be eliminated and a toxoid produced that is com-
posed of B subunits. Antibody to lipopolysaccharide
(endotoxin) is elicited by immunization with mutants
(called “rough” mutants) that produce very little of the
O-repeat unit of the lipopolysaccharide (see Chapter 8).

The main advantage of toxoids is that they are safe.
Toxoids administered parenterally elicit antibody (IgM
and IgG) that interferes with toxin-host cell interactions
that are not at a mucosal surface. On the other hand, the
administration of toxoids on a mucosal surface elicits
antibody (sIgM and sIgA) that interferes with toxin-host
cell interaction at the mucosal surface. The main dis-
advantage of toxoids used for immunization by way of a
mucosal surface is their extremely short half-life.

Bacterins

Bacterins are killed pathogenic bacteria. They are usually
produced by chemical killing of the infectious agent, with
the aim to preserve bacterial structures expressing epi-
topes important in eliciting a protective immune
response. The immune response is almost always anti-
body (see above for explanation).

The advantage of bacterins is that they are com-
pletely safe. If administered parenterally, the antibody
elicited (IgM and IgG) will be effective if the bacterin is
made from a pathogen that has an extracellular life style.
If the bacterin is administered by way of a mucosal
surface, the antibody elicited (sIgM and sIgA) will inter-
fere with interactions of pathogen with host cells. The
disadvantage is that the main immune response is anti-
body so that only antibody-mediated protection will
occur. Thus, bacterins administered parenterally are not
as effective against intracellular pathogens. Bacterins
placed on a mucosal surface have extremely short half-
lives, a serious disadvantage. Another disadvantage is that
the pathogen is usually grown in vitro, and epitopes
expressed in vivo may not be expressed, which can result
in a product that may elicit antibodies with inappropri-
ate specificities.

Bacterial Vaccines

Bacterial vaccines are composed of attenuated versions of
the pathogen, i.e., they are live but reduced in virulence.
Attenuation may be accomplished in a number of ways:
selection of a naturally occurring attenuated strain;
repeated passage on artificial media; or elimination of a
virulence trait by mutation of the gene encoding the trait.

The major advantages of bacterial vaccines are directly
related to their being alive. Live vaccines not only have
longer half-lives than their dead counterparts (regardless
of location), they will express epitopes that may only be
expressed in vivo, thus eliciting antibody to epitopes that
the pathogen will also express following infection.
Another advantage is that live vaccines will elicit anti-
body and cellular hypersensitivity (see above for expla-
nation). A major disadvantage is that live vaccines may
produce disease, for example, through reversion to the
virulent phenotype. Also, if the vaccinated host has
reduced resistance, then the vaccine is more apt to
produce disease.
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The Alimentary Canal
as a Microbial Habitat

DWIGHT C. HIRSH

The microbial flora inhabiting the alimentary canal are
part of a complex ecosystem. The stability of the ecosys-
tem is due to factors that are in part host-related and in
part microbial. The result of interactions between host
and microbe is an ecosystem comprised of many thou-
sands of niches, each inhabited by the species or strain of
microbe most aptly suited to that location, to the exclu-
sion of others. The niche dweller has successfully com-
peted for that particular site.

To produce disease, potentially pathogenic microor-
ganisms must first adhere to target cells. If the target cell
is part of a niche occupied by normal flora, the microor-
ganisms will encounter “colonization resistance,” a host
defense barrier they must overcome before adhering (see
Chapter 2). Adherence results from the interaction of
microbial surface structures (adhesins) with receptors on
target cells. This association is called selective adsorption.
Some adhesins are virulence factors because most
pathogens cannot produce disease without first adhering
to a target cell. After adherence, the pathogen may
produce disease by 1) secretion of an exotoxin, resulting,
for example, in disruption of fluid and electrolyte regu-
lation of the target cell; 2) invasion of the target cell,
causing its death, usually by the action of a toxin (a cyto-
toxin); or 3) invasion of the target cell and the lymphat-
ics, resulting in bacteremia. If adherence is prevented (by
the normal flora or antibodies), disease does not usually
result regardless of the other genetic capabilities of the
pathogenic microorganism.

The fetus is microbiologically sterile as it starts down
the birth canal. Microorganisms are acquired from the
birth canal and, after birth, from the environment. The
immediate environment of the newborn is populated
with microorganisms excreted by the dam and other
animals. These microbes are ingested, compete for niches,
and with time become established as part of the normal
flora. During the first days to months after birth, the flora
is in a state of flux due to the interplay between the
various microbes, the niches of the host, and the chang-
ing diet. Diet influences the nutritional environment
at the level of the niche, which in turn influences the
kinds of microbes that will successfully compete for these
nutrients.

The microbial flora of the mouth is roughly uniform
among domestic mammals. No information is available
for fowl. The description that follows is general and

applies to carnivores and herbivores. The buccal surface,
tongue, and teeth (plaque) are inhabited by facultative
and obligate aerobes. These include streptococci (alpha
and nonhemolytic, see Chapter 22), Pasteurella spp.,
Actinomyces spp. (A. viscosus and A. hordeovulneris in the
dog), enterics (Escherichia coli being the most common),
Neisseria spp. (Branhamella spp.), EF-4 (“eugonic fer-
menter”), and Simonsiella. The flora of the gingival crevice
is composed almost entirely of obligate anaerobes, the
most common genera being Bacteroides, Fusobacterium,
Peptostreptococcus, Porphyromonas, and Prevotella. Saliva
contains a mixture of facultative and obligate species of
anaerobes and aerobes. The esophagus does not possess a
normal flora but is contaminated with organisms found
in saliva. The flora of the rest of the alimentary canal
varies significantly among different animals, as is shown
in Tables 7.1 to 7.5.

Members of the normal flora establish themselves in
a particular niche by excluding other species of micro-
organisms (including potential pathogens), utilizing
various bacterial and host properties in the process.

BACTERIAL PROPERTIES

Structures on the surface of microorganisms living in the
alimentary canal are involved in establishing the eco-
system. It is through these structures that the micro-
organism comes in intimate contact with the host.
Fimbrial adhesins are responsible for adherence of
some bacteria to the surface of the host cell. Fimbriae
are protein in nature and protrude from the surface of
the bacterial cell to bind with carbohydrate moieties that
are part of glycoproteins on the surface of host cells.
There are different types of fimbrial adhesins defined in
terms of morphology, the chemical composition of the
subunits that comprise the entire structure, and the com-
position of the receptor on the surface of the host cell.
The latter property is used to determine, in general, the
types of fimbriae possessed by a particular isolate of bac-
teria. For this purpose, the carbohydrate receptors on the
surface of red blood cells are utilized. If the red blood cells
possess a receptor for the fimbria on the isolate under
study, an agglutination reaction is observed after the
red blood cells and the bacteria are mixed. The most
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Table 7.1. Microbial Flora of the Chicken
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Table 7.4. Microbial Flora of the Pig

Table 7.5. Microbial Flora of the Dog

commonly found fimbriae on the surface of gram-
negative bacteria have affinity for mannose-containing
glycoproteins on the surface of red blood cells. These
fimbriae are called type 1 fimbriae, but they are also known
as common or F1 fimbrige. Bacteria expressing type 1
fimbriae, when mixed with red blood cells, agglutinate
these cells; this agglutination is inhibited by mannose
(mannose-sensitive). A fimbriated isolate can be classified
as expressing a mannose-sensitive or mannose-resistant
hemagglutinin.

Other structures on the surface of bacterial cells
influence how the bacterium will interact with host cells.
These structures are carbohydrates and influence the
interaction by rendering the surface of the bacterial cell
relatively hydrophilic. This hydrophilic property imparts
a repulsive force relative to the host cell surface, since the
host cell surface is somewhat hydrophobic. On the other
hand, protein receptors on the surface of some host cells
have affinity for these surface carbohydrates. The out-
come of the latter interaction is adhesion.

A powerful way for bacteria to secure a particular niche
against other species is to secrete antibiotic-like sub-
stances such as bacteriocins and microcins. Both of these
substances are significant especially in the communities
living in the oral cavity. The role of bacteriocins in the
gastrointestinal tract is less clear. Microcins probably play
a significant role in regulating the population composi-
tion in the gastrointestinal portion of the alimentary
canal.

An important mechanism for regulating population
size and ensuring niche security is fatty acid excretion by
obligate anaerobes. In the gingival crevice, dental plaque,
and the large bowel, the obligate anaerobes in this
manner play a central role in regulating the size and com-
position of the normal facultative flora, the members of
which may include potential pathogens. Under the con-
ditions of the bowel (low Eh, <-500mv, and pH of 5 to
6), butyric, acetic, and lactic acids are extremely toxic to
facultative anaerobes, especially members of the family
Enterobacteriaceae.



64 PART II Bacteria and Fungi

Another way for bacteria to compete successfully is to
acquire nutrients more successfully than competitors.

HoST PROPERTIES

The host contributes to the establishment of a normal
flora by furnishing receptors for adhesins on the surface
of prospective niche dwellers.

The epithelial cell also displays structures that serve as
receptors for fimbriae expressed by enteropathogenic
strains of bacteria. Just as important as the expression of
adhesins by the enteropathogen is expression of the cor-
responding receptor by the target cell.

Peristalsis is a mechanism whereby nonadhering
microorganisms are swept distally. In the small bowel,
peristaltic activity plays a major role in host defense of
the intestinal tract. The likelihood of disease has been
shown to be related directly to the size of a population of
a pathogenic species of bacteria in the small intestine.
The most important regulator of the size of this popula-
tion is peristaltic activity, since there are few other meta-
bolic regulators such as those that exist in the large bowel
(Eh, fatty acids, and pH).

Once the normal flora is established, it gives the
animal a very potent defense barrier against microorgan-
isms that may cause disease. Exclusion of Salmonella from
the intestinal tract of poultry by “cocktails” containing
normal flora microorganisms is an example of the effec-
tiveness of colonization resistance. Disrupting coloniza-
tion resistance puts the animal at risk by exposing
receptors on potential target cells and eliminating a
mechanism regulating the population size of facultative
organisms, including species or strains with pathogenic
potential.

Antimicrobial drugs are the single most efficient agents
that decrease colonization resistance. Most antimicrobial
agents affect the microbial flora of the oral cavity by
depleting the numbers of streptococci that inhabit the
surface of the cheeks and tongue. As a result, these areas
are usually repopulated with resistant (to the antimicro-
bial agent being administered) members of the family
Enterobacteriaceae within 24 to 48 hours. Resistant
members of the environmental flora are also found.
Members of the genus Pseudomonas are notorious exam-
ples of this group.

Antimicrobials also affect the members of the obligate
anaerobic communities that inhabit the gingival crevice
and dental plaque and those that inhabit the large bowel.
Overgrowth of various members of the family Enterobac-
teriaceae tesults because of decreases in levels of fatty
acids. Colonization by potential pathogens, e.g., Salmo-
nella, is enhanced by antibiotics affecting obligate anaer-
obes living in the bowel.

The newborn animal is susceptible to enteric disease
because it is immunologically naive as well as devoid of
established flora. The most vulnerable area is the midje-
junum and distal ileum. The cells of this area express
receptors for the fimbrial adhesins on the surface of path-

ogenic (enterotoxigenic) strains of E. coli. Protection of the
area is mediated by immunoglobulins in colostrum that
are specific for antigenic determinants on these adhesins.
Combination of such antibodies with these structures
blocks attachment of the pathogen to its target cell.

Stress increases the likelihood of disease. Stress results
in changes in the intestinal flora, which occur mainly as
a result of a drop in the anaerobic component of the
normal flora. The levels of coliform bacteria are higher
after a decrease in concentration of fatty acids. The reason
for the decrease in the number of obligate anaerobes is
not known. In addition to these changes, the amount of
fibronectin (a glycoprotein) coating epithelial cells in the
oral cavity decreases. Since this glycoprotein possesses
receptors for gram-positive species in the oral cavity,
decrease in this population occurs with a corresponding
increase in gram-negative species, especially members of
the family Enterobacteriaceae.
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Family Enterobacteriaceae

DwIGHT C. HIRSH

Members of the family Enterobacteriaceae (“enterics”)
cause disease in both food animals (e.g., neonatal diarrhea
and salmonellosis) and companion animals (e.g., urinary
tract infections, abscesses). Twenty-five genera comprise
the family, but only a few are consistently involved
with disease of the gastrointestinal tract. Table 8.1 lists the
currently recognized genera belonging to this family.

DESCRIPTIVE FEATURES

Morphology and Staining

Members of the family are similar in morphology
and staining characteristics, being pleomorphic, gram-
negative, non-spore-forming rods that measure 2 to 3um
by 0.4 to 0.6pm. It is difficult to tell members of one
genus from those of another by visual observation.

Cellular Anatomy and Composition

The cell wall is typically gram negative and consists of
inner and outer membranes separated by peptidoglycan.
Various proteins are found in each membrane, some tra-
versing both. Capsules, flagella, and various adhesins are
sometimes present.

The capsule (K-antigens) is the outermost structural
component of the bacterial cell. Capsules of enteric
organisms are composed of carbohydrates. The various
types of carbohydrates, together with the types of lin
ages between the sugars, form the antigenic determinants
that define capsular antigens. Encapsulated enteric bac-
teria are relatively hydrophilic, a characteristic imparted
by the capsule.

The somatic antigens (O-antigens) are composed
of antigenic determinants formed by the different
configurations of sugar types, and the linkages between
sugars found in the O-repeat portion of the lipopolysac-
charide (Figs 8.1 and 8.2).

Flagella, which are cellular organelles used for loco-
motion, are composed of protein subunits (flagellin).
Depending upon the type of flagellin, different antigenic
determinants are formed. These antigenic determinants
comprise the H-antigens. In cells of most Salmonella and
some other species, one or the other of two sets (“phases”)
of antigenic determinants are possible. In culture, spon-
taneous phase variation occurs, that is, a shift from phase
1 to 2 or vice versa. The antigens of both phases, if

present, help define serotypes and identify the Salmonella
“species.”

Fimbriae or pili are protein adhesins that are composed
of subunits — pilin — and assembled in various con-
figurations using different pilin molecules, which results
in the generation of different types defined by their
affinity for various carbohydrates. The most commonly
found fimbriae have affinity for mannose-containing
compounds. These fimbriae are called fype 1 or common
fimbriae (also termed F1). Type 1 fimbriae have not been
conclusively shown to be virulence determinants. On
the other hand, a variety of other virulence-associated
fimbriae have been described that agglutinate erythro-
cytes in the presence of mannose. Examples of such
mannose resistant (MR) hemagglutinins are K88 and K99,
two virulence-associated adhesins that are important in
the pathogenesis of enteric disease produced by certain
strains of Escherichia coli.

Most members of the family possess mucopeptide anti-
gens in common, the so-called enterobacterial common
antigen.

Cellular Products of Medical Interest

Cellular products of medical interest common to all or
most of the members of the family are endotoxins and
various siderophores.

Endotoxin is the term given the lipopolysaccharide
(LPS) that is part, and extrudes from, the outer membrane
of the gram-negative cell wall (see Fig 8.2). The lipid
portion of this substance is embedded in the outer mem-
brane and has the toxic properties associated with endo-
toxin. The most important constituent of LPS as far as the
toxic manifestations of the molecule are concerned is the
lipid portion, called lipid A. This lipid is responsible for
the physiologic consequences of endotoxemia.

Siderophores (Greek for “iron bearing”) are iron-
carrying molecules (catechols or hydroxamates) of bacte-
rial origin. They function in the solubilization and trans-
port of ferric ions. There is very little free iron; nearly all
is associated with the iron-binding proteins of the host
(ferritin, transferrin, and lactoferrin). Since iron is an
absolute requirement for almost all bacteria, parasitic
strains, especially invasive ones, must compete for iron.
Most utilize siderophores that remove iron from the iron-
binding proteins of the host.

Some members of the family Enterobacteriaceae
produce protein exotoxins, which will be considered with
the respective species.
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Table 8.1. Genera comprising the family Enterobacteriaceae

FIGURE 8.1. Anatomy of an enterobacterial cell showing
localization of cell surface antigens of Escherichia coli. Only one of
many peritrichous flagella is shown. (Reproduced by permission of
Barnum DA, et al. Colibacillosis. CIBA Veterinary Monograph Series
1967;2:8.)

Growth Characteristics

Members of this group of microorganisms are facultative
anaerobes. They utilize a variety of simple substrates for
growth. Under anaerobic conditions, they are dependent
upon the presence of fermentable carbohydrate. Under
aerobic conditions, the range of suitable substrates
includes organic acids, amino acids, and carbohydrates.

The end products of sugar fermentation are useful in
making a diagnosis. Almost all members of this group
ferment glucose to pyruvic acid via the Embden-
Meyerhof pathway. Some, such as E. coli and Salmonella,
produce succinic acid, acetic acid, formic acid, and
ethanol by way of the mixed acid fermentation pathway.
Others, such as Klebsiella and Enterobacter, produce
butanediol from pyruvic acid, thereby reducing the rela-
tive amounts of acidic by-products.

An important diagnostically useful biochemical char-
acteristic of all the members of the family Enterobacteri-
aceae is the absence of cytochrome ¢, making them
oxidase negative.

FIGURE 8.2. Molecular organization of the outer membrane
of Enterobacteriaceae. The chains of rectangles represent the O-
repeat units determining O-antigen specificity. They are attached

to the polysaccharide core (irregular shapes), which is linked to

lipid A (fringed oblongs). These three components constitute the
lipopolysaccharide (LPS) of the gram-negative cell wall. With the
underlying zone of phospholipid (fringed circles), LPS makes up the
outer membrane, an asymmetric bilayer that also contains proteins:
A — outer membrane protein A; PP — pore protein; BP — nutrient
binding protein. Interior to the outer membrane lies the periplasmic
space (PPS); the peptidoglycan layer (PG); and the cytoplasmic
membrane (CM) with carrier protein (CP). (Reproduced by permission
of Lugentberg B, Van Alphen L. Molecular architecture and function8
ing of the outer membrane of Escherichia coli and other gram-
negative bacteria. Biochim Biophys Acta 1983,;737:94.)

Resistance

Enterobacteriaceae are killed by sunlight, drying, pasteur-
ization, and the common disinfectants. In moist, shaded
environments, such as pastures, manure, litter, and
bedding, they can survive for many months. Though
many are susceptible to broad-spectrum antimicrobial
agents, their susceptibility is not accurately predictable
and can change rapidly through acquisition of R plasmids.

Variability

Variability of one isolate of enteric as compared to
another within the same species or genus depends upon
the genetic basis for the trait under consideration. Dif-
ferences in the capsular, somatic, or flagellar antigens
account for variability among isolates of the same genus
and species. Some variation among members of the same
genus and species in the family, as well as among
members of different genera and species, is accounted for
by the presence of genes residing on plasmids encoding
certain phenotypic traits. Such traits as resistance to
antimicrobial agents, production of toxin, or secretion of



hemolysin may be plasmid encoded and will vary
depending on the presence or absence of a particular
plasmid.

Transition from the smooth to the rough phenotype
occurs with all members of the family. Likewise, change
in the O-antigens has been shown to occur following
lysogeny by certain bacteriophages (lysogenic conver-
sion).

LABORATORY DIAGNOSIS

The family is composed of a large number of related, fac-
ultatively anaerobic, oxidase-negative, nitrate-reducing
gram-negative rods. No clear divisions exist between the
recognized genera. Differentiation within the family is
accomplished by a combination of cultural, biochemical,
and serologic tests. A number of manuals deal exclusively
with this family, and because of the extreme clinical
importance and prevalence of these organisms, an
increasing number of programmed and/or computerized
identification schemes are commercially available.

Morphology and Staining

All are gram-negative rods. All look similar in the gram-
stained smear.

Cultural Characteristics

Methods used to isolate enteric pathogens vary depend-
ing upon whether the source of the sample is intestinal
or extraintestinal. When the source is extraintestinal, iso-
lating any of the family from normally sterile sites is
significant. A culture medium with wide appeal is used.
The medium for this purpose is an agar medium con-
taining red blood cells (usually sheep or cow).

When the source is intestinal, two consistently patho-
genic genera may occur in fecal samples: Salmonella and
Shigella. Though pathogenic strains of E. coli might be
present, there is no easy way to determine a pathogenic
strain from normally occurring, nonpathogenic strains of
E. coli.

All enteric media are devised to favor the identification
of Salmonella, Shigella, or both. The bases of the media are
as follows:

* An inhibitory substance, usually a bile salt or a
dye. These substances inhibit gram-positive
organisms from growing.

* A substrate utilized or not by Salmonella, Shigella,
and by few others.

* A pH indicator to tell if the substrate has been
changed.

The following are useful selective media for isolating
enteric pathogens.

MacConkey Agar

Inhibitor:  Bile salts and crystal violet (inhibit gram-
positive microorganisms).
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Substrate: Lactose — Salmonella, Shigella, and Proteus do
not ferment lactose.

Neutral red: If lactose is fermented (acid), colonies will
be pink; if lactose is not fermented (peptides digested
— basic), colonies will be colorless.

Usefulness: Very permissive medium. Salmonella and
Shigella readily grow on this medium (as do most other
enterics and Pseudomonas).

Xylose Lysine Deoxycholate (XLD) Agar
Inhibitor:  Bile salts.

Substrate: 1) Xylose — not fermented by Shigella (Sal-
monella ferments xylose). 2) Lysine — isolates that
ferment xylose, but not lactose and sucrose, and
are lysine decarboxylase negative (Proteus mirabilis)
produce colonies that will be amber-orange. Salmonella
decarboxylates lysine. The ratio of xylose to lysine is
such that an alkaline pH predominates (more decar-
boxylation). Shigella does not decarboxylate lysine. 3)
Lactose and sucrose — Salmonella and Shigella do not
ferment these sugars rapidly. 4) Ferric salt — colonies
of organisms producing H,S (Salmonella; Proteus) will
have black centers (iron sulfide).

Phenol red: Acid colonies (non-Salmonella or non-
Shigella) will be yellow. Alkaline colonies (possible
Salmonella or Shigella) will be red.

Usefulness: An excellent all-purpose medium for both
Salmonella and Shigella.

Hektoen Enteric (HE) Agar

Inhibitor:  Bile salts.

Substrate: Lactose and salicin — Salmonella, Shigella, and
some species of Proteus and Providencia are lactose
negative and salicin negative.

Ferric salt: Organisms producing H,S will form black-
centered colonies.

Bromthymol blue: Fermentors of salicin and/or lactose
will form yellow to orange colonies; isolates not fer-
menting these sugars will form green or blue-green
colonijes.

Usefulness: Excellent for Salmonella and Shigella.

Brilliant Green Agar

Inhibitor:  Brilliant green dye (suppresses the growth of
most members of the family except Salmonella).

Substrate: Lactose and sucrose — Salmonella (and some
strains of Proteus) does not ferment these sugars.
Neither does Shigella, but Shigella will not grow on this
medium.

Phenol red: If sugars are not fermented (alkaline),
colonijes will be red; if sugars are fermented (acid),
colonies will be yellow-green (due to the color of the
background dye).

Usefulness: Excellent for isolating Salmonella.

At times, the numbers of Salmonella or Shigella in fecal
samples are too low (<10%/gm) to be detected on the so-
called primary plating media discussed above. Therefore,
in addition to being plated directly to a selective medium,
the fecal sample is also placed in an enrichment medium.
To detect Salmonella by utilizing enrichment methods, at
least 100 salmonellae/gm are needed.
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For Salmonella, enrichment may be achieved by incu-
bating feces for 12 to 18 hours in selenite F broth. During
this time, the growth of organisms other than Salmonella
is suppressed, whereas growth of Salmonella is not. After
the 12 to 18 hours have elapsed, an aliquot of the broth
is streaked onto a plate of selective medium (e.g., brilliant
green agar).

Enrichment for Shigella is not easy because it is rather
sensitive to commonly used inhibitory substances found
in selenite F and tetrathionate broths. An enrichment
broth called gram-negative (or GN broth) is used in the
same manner as selenite is used for Salmonella.

Members of the genus Pseudomonas (especially P.
aeruginosa) may be found in feces, but this is probably
an insignificant finding. Pseudomonas has the ability to
grow on enteric media. This microorganism does very

little to the substrates other than the peptides and pep-
tones and thus mimics Salmonella and Shigella on selec-
tive media. Pseudomonas is oxidase positive, a useful
distinction.
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Escherichia

DWIGHT C. HIRSH

The genus Escherichia is composed of several species, but
only E. coli is an important pathogen of animals. This
species, the major facultative gram-negative species com-
prising the normal flora of the gastrointestinal tract, may
be the cause of septicemic disease in foals, calves, piglets,
puppies, and lambs; of enterotoxigenic diarrhea in
newborn farm animals; and of edema disease in pigs. It
may also be opportunistic in almost all animal species
(e.g., in urinary tract disease, abscesses, and pneumonia).

DESCRIPTIVE FEATURES

Cellular Anatomy and Composition

Capsular polysaccharides (K-antigens) are important for
those microorganisms that come in contact with the
products and cells of the host, such as invasive strains of
E. coli. Capsular substances protect the outer membrane
from the membrane attack complex of the complement
cascade and inhibit the microbe from attachment to, and
ingestion by, phagocytic host cells. There are at least 80
distinct K-antigens.

The lipopolysaccharide (LPS) in the outer membrane
is an important virulence determinant. Not only is the
lipid A component toxic (endotoxin), but the length of
the side chain in the O-repeat unit hinders the attach-
ment of the membrane attack complex of the com-
plement system to the outer membrane. There are
approximately 165 serologically distinct O-groups.

Almost all strains of E. coli are motile by means of
peritrichous flagella. There are at least 50 serologically
different flagellar (H) antigens.

The O-, H-, and K-antigens are used in serotyping a
particular isolate. For example, O141:K85:H3 describes
an isolate with antigens of the 141 serogroup, capsular
antigen 85, flagellar antigen 3.

Adhesins mediate adherence to target cells in the gas-
trointestinal tract and to cells comprising the niche for
the strain. Because of their relative hydrophobicity,
adhesins may also promote association with the mem-
brane of phagocytic cells. Adhesins are important viru-
lence factors only when the microbe is on mucosal
surfaces.

Cellular Products of Medical Interest

Pathogenic strains of E. coli excrete at least five medically
important products: enterotoxins, siderophores, shiga-

like toxin (verotoxin), cytotoxic necrotizing factors, and
hemolysin.

Enterotoxins are usually plasmid-encoded proteins
and occur in two forms. One, labile toxin (LT), is a large
heat-labile immunogenic protein of 91,000MW that is
antigenically related to cholera toxin. The other, stable
toxin (ST), is a family of nonimmunogenic proteins, 1500
to 2000MW. These protein exotoxins affect the regula-
tion of cyclic nucleotide activity within the cell. LT affects
the adenylate cyclase system; ST the guanylate cyclase
system. LT is composed of two subunits, A and B. The B
subunit is a multimer that binds to gangliosides on the
surface of the cell, followed by translocation of the A
subunit across the cell membrane. The A subunit, after
activation, cleaves nicotinamide from nicotinamide
adenine dinucleotide (NAD) and then couples the
remaining ribosyl adenine diphosphate onto the G regu-
latory protein of the adenylate cyclase enzyme system.
The result is deregulation of adenylate cyclase, causing
overproduction of cyclic AMP (adenosine 3':5’-cyclic
phosphate). This results in the opening of chloride chan-
nels in crypt cells (so-called cystic fibrosis transmem-
brane conductance regulator chloride channels) and the
blockage of NaCl absorption in apical tip cells. As a con-
sequence, water and electrolytes (chloride, sodium, and
bicarbonate ions) are lost into the intestinal lumen. These
events lead to diarrhea, hypovolemia, metabolic acidosis,
and, if the acidosis is severe, hyperkalemia. There are two
serologically distinct subclasses of LT. LT I is plasmid-
encoded and neutralized by anticholera toxin antibodies;
LT II is neither. LT I has been isolated from E. coli affect-
ing humans (LTh-1) and swine (LTp-1). LT II has been iso-
lated from cattle, water buffalo, humans, and food.

There are two kinds of ST: STa and STb. The genes
encoding STa are located on a transposable element. The
genes for STb are not. STa causes fluid accumulation in
the intestines of suckling mice and piglets; STb causes
fluid accumulation only in piglets and weaned pigs. The
toxins are not related antigenically. STa affects the guany-
late cyclase system by deregulating ¢GMP synthesis,
which results in fluid and electrolyte accumulation in the
bowel lumen subsequent to blockage of sodium and chlo-
ride ion (and thus water) absorption (tip cells) and loss
of chloride ions (crypt cells). The receptor for STa is a
membrane-bound guanylate cyclase. This receptor, when
bound, results in the synthesis of cGMP. Increase in intra-
cellular cGMP leads to the opening of chloride channels
with the resultant flow of chloride and water into the
intestinal lumen. The STa receptor is normally the target
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for guanylin (a 15 amino acid paracrine regulator), which
is produced by goblet cells. Guanylin appears responsible
for hydration of mucus that is also produced by goblet
cells. STa and guanylin have common C-termini. The
method of action of STb is unknown. In wild strains of
enterotoxigenic E. coli, STa is more commonly found.

Siderophores (Greek for “iron bearing”) allow microor-
ganisms to acquire iron from the environment. To mul-
tiply within the host, microorganisms must acquire iron
from the host iron-binding proteins because there is little
free iron within the host. Siderophores that remove iron
from host iron-binding proteins are necessary if a microbe
is to have invasive capabilities.

Shiga-like toxins are protein toxins similar in activity
to shiga toxin produced by Shigella. Both the shiga and
the shiga-like toxins inhibit protein synthesis following
interaction with the 60S ribosomal subunit. There are two
types of shiga-like toxins, SLT-I and SLT-II. SLT-I is neu-
tralized by antibody specific for the shiga toxin produced
by Shigella spp.; SLT-II is not. SLT-I is probably identical
to shiga toxin, whereas SLT-II is a variant. A family of bac-
teriophages has been shown to encode the shiga and
shiga-like toxins. A variant of SLT-II, called SLT-le, is
responsible for the vascular damage characteristic of
edema disease of swine. The genes encoding SLT-Ile do
not appear to be bacteriophage-associated.

E. coli may produce cytotoxic necrotizing factors
(CNF), which are proteins of approximately 110 to 115
kDa in size. They interact with an epithelial cell small
GTP-binding protein Rho, resulting in membrane
“ruffles.” There are two types of CNE CNF1 and CNE2,
which are immunologically related and similar in size.
The gene encoding CNF1 is located on the chromosome
in a so-called pathogenicity island, a locus that also
contains the genes for a number of chromosomally
encoded virulence traits, e.g., hemolysin, serum resis-
tance, and the adherence protein Pap, needed by some
strains of E. coli to adhere to urinary tract epithelium
antecedent to urinary tract disease. The gene encoding
CNF2 is plasmid-based.

E. coli produces at least two hemolysins, termed alpha
and beta, that form clear zones on blood agar. The beta
hemolysin is cell-bound, and little is known about its role
in virulence. The alpha hemolysin is a protein (100kDa)
secreted by many virulent strains of E. coli. Loss or gain
of the gene for a hemolysin synthesis by genetic manip-
ulation produces corresponding changes in virulence of
E. coli strains. The hemolysin damages cell membranes.

RNA polymerase containing RpoS (the sigma factor
associated with stationary phase) preferentially tran-
scribes genes responsible for acid tolerance (survival at
pH < 5), allowing safe transit through the stomach.

EcoLoGY

Reservoir and Transmission

Strains of E. coli capable of producing disease reside in the
lower gastrointestinal tract and are abundant in environ-
ments inhabited by animals. Transmission is through the
fecal-oral route.

Pathogenesis

Enterotoxigenic Diarrhea.  This disease occurs in neonatal pigs,
calves, and lambs and in weanling pigs. It has been
reported in dogs and horses.

Enterotoxigenic diarrhea is caused by strains of E. coli
that produce mannose resistant adhesins (see Chapter 8)
capable of attaching to glycoproteins on the surface of
epithelial cells of the jejunum and ileum. Unless the
ingested strain adheres to these cells, peristalsis will move
it into the large bowel. The cells of the jejunum and the
ileum are susceptible to the action of enterotoxin; the
cells of the large bowel are not.

At least four MR adhesins may be found on enterotox-
igenic E. coli. These proteins are designated K88, K99, 987P
(also designated F4, FS, and F6, respectively), and F41,
based on serologic identification. They possess some host
species specificity: K88 and 987P are almost always associ-
ated with isolates from swine; K99 with isolates from
cattle, sheep, and swine; and F41 with those from cattle.
The epithelial cell receptors for these adhesins regulate the
age incidence of this disease. In calves and lambs, the
receptors appear transiently during the first week or so of
life. Analogous receptors are present in pigs throughout
the first six weeks of life. There are many uncharacterized
adhesins that probably play a role as well.

Aside from the adhesins outlined above, some entero-
toxigenic strains of E. coli express “curli,” an adhesin with
affinity for extracellular matrix proteins. So, in addition
to adherence to glycoproteins on the surface of epithelial
cells, some strains adhere to extracellular matrix proteins.
Expression of curli may explain the increase in the
window of age susceptibility to enterotoxigenic disease in
animals concurrently infected with rotavirus or cryp-
tosporidia, two agents that may cause tissue damage
leading to exposure of extracellular matrix proteins.

In addition to adherence to the target tissues of the
small intestine, enterotoxigenic strains must have the
genetic capability of synthesizing enterotoxin. Strains
producing only ST are the most common, followed by
those secreting both ST and LT, and then by those secret-
ing LT only.

Some of the adhesins and enterotoxins are encoded on
plasmid DNA. As a consequence, it is difficult to predict
which strain of E. coli possesses the genetic information
necessary to produce disease. Some adhesins prefer to be
associated with certain serotypes. In particular, the genes
encoding the protein for the F41 adhesin are almost
always found within strains of E. coli of the O9 and the
0101 serogroups. As might be expected, the genes encod-
ing the proteins for F41 fimbriae are located on chromo-
somal DNA.

Following ingestion by the host, enterotoxigenic
strains of E. coli adhere to target cells, multiply, and
secrete enterotoxin. Fluid and electrolytes accumulate in
the lumen of the intestine, resulting in diarrhea, dehy-
dration, and electrolyte imbalances. In time, the infect-
ing strain is moved distally away from the target cell and
the disease process stops, due probably in part to the ces-
sation of expression of the adhesin along with a decrease
in available substrate following the almost explosive mul-
tiplication of the strain in the small intestine. Unless steps



are taken to correct the fluid and electrolyte imbalances,
the disease has high mortality.

Invasive Disease.  Association of susceptible animals (usually
a neonate that has received inadequate amounts of
colostrum or colostrum of inadequate quality) with inva-
sive strains of E. coli may occur by way of the conjuncti-
vae, inadequately treated umbilicus, or ingestion. If the
invasive strain associates via ingestion, the bacteria adhere
to target cells in the distal small bowel. Adherence is prob-
ably related to expression of any number of adhesins, but
CS31A is one that is commonly associated with invasive
E. coli. Likewise, the fimbrial adhesin F17 originally
described on a plasmid termed Vir (so-called because of its
association with virulent or invasive E. coli) is prevalent on
invasive E. coli. Following adherence, invasive strains
“induce” their own uptake by expression of either CNF1
or CNF2, which results in the formation of “ruffles” that
entrap the adhering bacteria and “pull” them into the cell.
Entry into the lymphatics and subsequently the blood-
stream follows. Extensive multiplication within the
epithelial cell probably does not occur. The mechanism by
which the invasive strain gains access to lymphatics after
uptake by the epithelial cell is unknown. Likewise, the
mechanism of entry into lymphatics after association
with conjunctivae or the umbilicus is unknown.

The infecting strain multiplies in the lymphatics and
bloodstream and endotoxemia develops (Fig 9.1). Death
of the host occurs if the organism is not removed by
antibacterial therapy, the immune system, or both.

Invasive strains have special qualities — e.g., they must
escape phagocytosis, complement-mediated lysis, and
have a mechanism to acquire iron.

Capsule and various outer membrane proteins
confer resistance to antibody-independent, complement-
mediated lysis (serum resistance). How capsules protect
the outer membrane from insertion of the membrane
attack complex is not known. Certain capsules (such as
K1) are chemically similar to the surface of host cells in
that they are composed mainly of sialic acid. Comple-
ment components associating with surfaces composed of
sialic acid are shunted to degradative pathways rather
than amplification and formation of membrane attack
complexes.

Escape from phagocytosis is also related to capsule and
certain outer membrane proteins. The capsule is thought
to endow a degree of hydrophilicity relative to the mem-
brane of phagocytic cells. Most capsules are negatively
charged, as is the membrane of phagocytic cells. How
outer membrane proteins function as antiphagocytic
factors is not known.

The genes encoding the adhesin (e.g., CS31A, F17) and
those responsible for siderophore production reside on
plasmids. As mentioned above, the genes encoding F17
have been associated with the plasmid Vir, as has the gene
encoding CNF2; those responsible for siderophore pro-
duction have been associated with pColV. In the latter
instance, the siderophore genes are linked closely with
the genes for the production of colicine V. The
siderophore, aerobactin, has a high affinity for iron.

Many of the strains with invasive capability, except
those from foals, produce a hemolysin and are hemolytic
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FIGURE 9.1. Cascade of biologically active mediators
following interaction of lipopolysaccharide (LPS) with the body.
When gram-negative microorganisms grow in the body, LPS is
released (not on purpose, but when a cell makes LPS, some of it
escapes). If the LPS is in the bloodstream, then a generalized
cytokine “storm” plus activation of some of the enzyme cascades
(complement is one) results in intravascular clotting, and increased
vascular permeability — decreased organ perfusion, and multiple
organ failure, and very serious pH problems. This “state” is called
“septic shock” resulting from endotoxemia. (*IL-8 attracts PMNs and
MCAF [macrophage chemotactic factor] attracts macrophages.)

on blood agar. This hemolysin belongs to the RTX
(repeats in toxin) family of toxins, so-called because of
repeats of glycine-rich sequences within the protein. It is
thought to damage phagocytic cells.

Nonenterotoxigenic Diartheas. Enteropathogenic strains of E.
coli (EPEC) produce diarrhea in all animal species, includ-
ing human beings. EPEC do not produce ST, LT, or any
other diarrhea associated toxin. They do, however,
produce a characteristic lesion in the intestinal tract that
is described as attaching and effacing lesion. The charac-
teristic lesion occurs because of the “collapse” of the
microvilli of the affected cell giving the histopathologic
appearance of “effacement.” The location in the tract
depends upon the species of animal affected.

EPEC have a number of attributes that are involved
in pathogenesis. The first is an adhesion encoded by the
plasmid-based gene bfd (for bundle forming pilus, due to
its propensity to tangle together and form “bundles”).
These pili appear responsible for “targeting” the particu-
lar intestinal epithelial cell that will become involved in
the process. After association with an intestinal epithelial
cell, a more intimate attachment occurs (the “attaching”
phase) by way of the protein intimin encoded by the
chromosomally located gene, eaeA (E. coli attaching effac-
ing). This gene is located in a “pathogenicity island” (see
above) called LEE (locus effacing E. coli). The receptor on
the host cell to which intimin attaches is a protein pro-
duced by the attached EPEC strain. This protein, termed
Tir (for franslocated intimin receptor), inserts into the
membrane of the host cell and, following modification



72 PART II Bacteria and Fungi

by the host cell, serves as receptor for intimin. Following
intimate attachment, a gene product (encoded by espA
and espB, for EPEC signaling protein, also located in the
“pathogenicity island”) activates a tyrosine phosphoki-
nase in the affected cell resulting in cytoskeletal
rearrangements leading to “collapse” of the microvilli
(the “effacing” phase). Diarrhea occurs secondary to
increases in intracellular calcium ions and activation of
protein kinase C. Protein kinase C is responsible for phos-
phorylation of proteins composing the chloride channels
resulting in loss of chloride and water into the intestinal
lumen, as well as the phosphorylation of the membrane
associated ion transport proteins resulting in blockage of
absorption of NaCl.

Some attaching and effacing strains of E. coli are lysog-
enized with the bacteriophage(s) that encode the shiga-
like toxins SLT-I and/or SLT-II. These strains are termed
enterohemorrhagic E. coli (EHEC) because, in addition to
producing attaching and effacing lesions, they also
produce hemorrhagic diarrhea (shiga toxin is discussed in
Chapter 11). The prototype EHEC is a strain of E. coli of
the serotype O157:H7 that produces disease in human
beings and calves given the strain experimentally. Follow-
ing attachment (where depends upon the animal species
involved [humans — large intestine]) SLT is produced. The
SLTs affect endothelial cells, leading to their injury and
loss of integrity. The effects of SLTs are local, i.e., the
endothelial cell under the cell to which EHEC is attached,
and systemic, i.e., the endothelial cells elsewhere in the
body but mainly in the kidney and brain. The systemic
effects of EHEC-associated disease, at least in humans,
result in a syndrome called the hemolytic uremic syndrome
(HUS), characterized by microangiopathic hemolytic
anemia, glomerulonephritis, and thrombocytopenia.
How SLT is absorbed locally or systemically is not under-
stood. HUS does not appear to be a significant sequela of
EHEC-based disease in nonhuman animals. Approxi-
mately 5% to 10% of human patients affected with EHEC
(almost all are O157:H7) will develop HUS.

All affected animals acquire EPEC/EHEC by way of the
oral route. It is not clear whether EPEC have zoonotic
potential, but animals (including humans) probably
acquire the infecting strain by the fecal-oral route. Strain
O1S57:H7 is a part of the normal flora of nonhuman
animals, especially bovines. Human beings become
infected by ingesting contaminated food, mainly beef. At
slaughter, the surface of the carcass becomes contami-
nated. The surfaces of cuts of meat derived from an
infected carcass are readily sterilized by cooking. When
the meat is ground, the microorganisms on the surface
become mixed throughout. Though improper cooking
will readily kill surface microorganisms, including
0157:H7, those inside may not be Kkilled.

EdemaDisease. Edema disease is an acute, often fatal entero-
toxemia of weaned pigs. The disease is characterized by
subcutaneous and subserosal edema, caused by absorp-
tion of SLT-Ile produced by certain serotypes of E. coli
(e.g., O141:K85, O138:K81, and 0139:K82). The toxin
attaches to and affects endothelial cells throughout the
pig, resulting in extensive edema. The toxigenic strains

inhabit the large bowel of normal pigs, and these strains
are thought to increase in numbers during nutritional,
social, or physical stress.

Colibacillosis of Fowl. ~ Colibacillosis of fowl is an economically
important disease caused by invasive strains of E. coli. The
disease takes many forms in fowl, depending upon the
age of the host and mode of infection.

The egg surface can be contaminated with potentially
pathogenic strains at the time of laying. The bacteria pen-
etrate the shell and infect the yolk sac. If the bacteria
grow, the embryo dies, usually late in incubation.
Embryos that survive may die shortly after, with losses
occurring as late as 3 weeks after hatching.

Fowl may also be infected by the respiratory tract and
develop respiratory or septicemic disease. The course may
be rapidly fatal or chronic, manifested by debilitation,
diarrhea, and respiratory distress.

Other clinical syndromes seemingly caused by E. coli
include cellulitis, synovitis, pericarditis, salpingitis, and
panophthalmitis.

The E. coli responsible for this disease have been shown
to possess some of the same virulence determinants as
those isolated from mammals, most notably adhesins and
production of aerobactin and associated iron-regulated
outer membrane proteins.

IMMUNOLOGIC ASPECTS

Immunologic defense against disease produced by path-
ogenic E. coli occurs at two levels: at the site of attach-
ment to the target cell and through destruction of the
bacteria or neutralization of its products.

The neonate acquires immunity from the dam and,
depending upon the isotype of the immunoglobulin —
IgA, 1gG, or IgM — the type of protection differs. For the
first 36 hours or so of life, ingested IgG and IgM attach to
receptors on the surface of epithelial cells of the small
intestine. Transfer across the cell into the systemic circu-
lation follows attachment. If the antibodies are specific for
a virulence determinant, then disease may not result if the
neonate encounters a pathogenic strain expressing that
virulence determinant. For example, anticapsular anti-
bodies acquired from the dam will protect the newborn
from fatal invasive disease by strains of E. coli possessing
that particular capsule. Certain isotypes prevent the
attachment of a disease-producing strain to the target cell.
These antibodies, sIgA and sIgM, which are found in
colostrum and milk, if specific for antigenic determinants
on the surface of the adhesin, will prevent the attachment
of the adhesin-expressing pathogen to the target cell. Such
antibodies have also been shown to promote, by an
unknown mechanism, the loss of the plasmid encoding
the production of the adhesin K88. Antibody to SLT-Ile
will protect pigs from developing edema disease.

It is imperative therefore that the dam be exposed
either naturally or artificially to the microorganism and
its virulence determinants before parturition. Such expo-
sure allows for antibodies to be made for secretion into
colostrum and milk.



LABORATORY DIAGNOSIS

Demonstration of ETEC

Enterotoxigenic strains multiply to numbers approaching
108 to 10°/ml of luminal contents. If the animal survives
the fluid and electrolyte imbalances, large numbers are
shed into the environment. Diagnosis is based on the sus-
picion that the disease is due to enterotoxigenic E. coli.
The least troublesome and least invasive procedure (and
also the least reliable) for verification of this suspicion is
to demonstrate large numbers of fimbriae-expressing E.
coli in the feces. Demonstration entails plating a portion
of a fecal sample onto a selective medium (MacConkey
agar, for example). As fimbriae are expressed poorly on
selective media, a number of colonies are subcultured
onto media that will promote the expression of the
various fimbriae: for K88, E medium; for K99 and 987P,
Minca medium; and for F41, E or Minca medium. Slide
agglutination tests are run on each colony using anti-
serum specific for the various fimbriae. An enzyme-linked
immunosorbent assay has been developed to measure
directly the presence of K88 and K99 fimbriae-expressing
bacteria in feces. Such a method eliminates many of the
problems inherent in the analysis of feces for fimbriated
bacteria.

A more reliable method to verify the clinical diagno-
sis of enterotoxigenic E. coli-induced diarrhea is to quan-
titate the number of E. coli in the small intestine.
Normally, there should be very few E. coli in such sites,
especially in the jejunum, and the presence of large
numbers of bacteria in these locations is highly sugges-
tive of enterotoxigenic E. coli disease. Samples are plated
onto different media chosen to promote the expression
of the various fimbriae, and colonies are picked and tested
with the monospecific anti-fimbriae sera. Examination of
stained smears of the contents of the small intestine is
another method based upon the increased numbers
of enterotoxigenic E. coli in this location; finding >100
per oil immersion field implies >10%ml of contents.
Although this method lacks specificity, it strengthens the
diagnosis.

Fluorescent-labeled antibody techniques provide the
easiest method used and are probably the most reliable
except for demonstration of the toxin. Smears of scrap-
ings taken from the small intestine are flooded with anti-
sera that are specific for the various fimbriae. After
treatment with fluorescent-labeled secondary antiserum,
preparations are examined for labeled bacteria adhering
to the epithelial cells.

Enterotoxin production by isolated strains of E. coli is
best detected by utilizing an ELISA test specific for ST and
LT. This test is reputed to detect 140 pg/ml of ST (>100
times more sensitive than the suckling mouse assay) and
290pg/ml of LT.

E. coli containing the genes encoding enterotoxin (LT,
ST) can be detected by using DNA probes or polymerase
chain reaction (PCR) primers specific for the correspond-
ing base sequences encoding a specific trait (e.g., an
adhesin or an enterotoxin). Such probes or primers have

Chapter 9 Escherichia 73

been used to detect the genes (in bacteria) in feces as well
as in culture.

Demonstration of Attaching and Effacing Strains

The presence of genes encoding shiga-like toxins can be
determined by specific DNA probes or by PCR. More cum-
bersome is the demonstration of cytotoxin activity for
tissue culture cells (vero cells).

The demonstration of attaching and effacing strains
as the cause of disease in the live animal is more diffi-
cult. Aside from biopsy of intestinal mucosa and the
finding of attaching and effacing lesions, detection of
genes associated with EPEC/EHEC, eaeA, bfp, or slt encod-
ing intimin, bundle-forming pilus, or shiga-like toxin
have been used (specific DNA probes or PCR with
sequence specific primers), or function assays testing for
SLT activity for tissue culture cells. Fecal isolates obtained
from a selective medium (e.g., MacConkey agar) can be
tested for the genes or production of shiga-like toxin in
culture supernatants that are tested for cytotoxicity for
tissue culture cells. Most of these isolates have been
shown to produce urease, an uncommon trait for E. coli.
E. coli 0O157:H7 does not ferment sorbitol. MacConkey
agar containing this sugar instead of lactose is used to
examine feces for the presence of sorbitol negative iso-
lates, which are then tested for antiserum specific for
0157 and/or H7.

Demonstration of Strains Producing Invasive Disease

The microbiological diagnosis of invasive disease is based
upon the demonstration of E. coli in normally sterile sites
or locations — joint, bone marrow, spleen, or blood. In
fowl, the same sites are cultured, plus those grossly
affected (lung, air sac). Dead in-shell embryos are cul-
tured. Culture of the liver is to be avoided even though
the Kupffer cells remove bacteria from the blood, because
retrograde movement of enteric bacteria during the
agonal stages of the disease complicates the microbiologic
findings.

Demonstration of Strains Producing Edema Disease

The microbiological diagnosis of edema disease depends
upon the isolation and demonstration of certain
serotypes that have been shown to play a role in this
disease. The characteristic gross and microscopic tissue
changes make this disease relatively easier to diagnose
pathologically than microbiologically.

TREATMENT, CONTROL, AND PREVENTION

Treatment of an animal that has diarrhea due to an infec-
tious cause centers on correcting fluid and electrolyte
imbalances. If the animal is in shock due to cardiovascu-
lar collapse, then the fluid and electrolytes (sodium bicar-
bonate, KCl) are given IV; if not, oral electrolyte solutions
are given. Since the animals are acidotic, sodium bicar-
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bonate is included. Adding glucose to oral electrolytes
will enhance the absorption of the sodium ions being
excreted. The use of antimicrobials is controversial.
Because the concentration of antimicrobic achievable
(and available) in the lumen of the bowel is not known,
the results of in vitro susceptibility tests to guide therapy
are of doubtful reliability. Administration of non-
absorbable antimicrobics (such as neomycin) will
sufficiently reduce the numbers of E. coli in the upper
small bowel to allow correction of fluid and electrolyte
imbalances. Such reduction occurs even though in vitro
tests show that strains of E. coli commonly test “resistant”
to neomycin. The fact that in vitro tests measure suscep-
tibility to microgram amounts whereas milligram
amounts may be available locally accounts for the
discrepancy.

Antimicrobial agents, fluid, and electrolyte augmenta-
tion are necessary to successfully treat septicemic disease
produced by invasive strains of E. coli. Invasive disease
results in an endotoxemia progressing to a lactic acidosis
because of decreased organ perfusion secondary to
hypotension and disseminated intravascular coagulation.
This should be taken into account when the electrolyte
replacement is chosen. Antimicrobial agents should be
chosen according to susceptibility trends in the practice
area. Usually E. coli isolated from farm animals are sus-
ceptible to gentamicin or amikacin, trimethoprim-
sulfonamides, and ceftiofur. They are usually resistant to
tetracyclines, streptomycin, sulfonamides, ampicillin,
and kanamycin. The severity of the signs of endotoxemia
has been reduced experimentally by administering anti-
bodies to the lipid A portion of the LPS.

Prevention and control of the enteric diseases pro-
duced by pathogenic strains of E. coli are one and the
same. The key is sound husbandry practices. It is impor-
tant that the dam be exposed to the antigenic determi-
nants of the various virulence factors expressed on or by
the infecting strains. Exposure can be provided naturally
by placing the dam into the environment in which par-
turition will take place or artificially by vaccinating the
dam with preparations containing the antigenic determi-
nants perceived to be a threat to the newborn. Commer-
cially produced preparations containing monoclonal
antibodies to the adhesins (for ETEC) can be given orally
to the neonatal animal. Although this practice will not
significantly reduce the incidence of diarrhea, it will
reduce the severity and mortality.
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Salmonella

DwiIGHT C. HIRSH

Genetically the genus Salmonella constitutes a single
species. In recognition of its epidemiologic and patho-
genic diversity, each of the more than 2000 serologic vari-
ants (serotypes, serovars) is treated and has been named
like a species. Each is capable of producing disease of the
gastrointestinal tract as well as septicemia.

DESCRIPTIVE FEATURES

Cellular Anatomy and Composition

There is one capsular type, Vi (for virulence), though
most do not produce a capsule. The antigenic composi-
tion of the polysaccharide portion of the lipopolysaccha-
ride (LPS) in part determines the species. The kind and
number of sugars together with the linkage between them
determine the antigenic determinants comprising the
O-antigens of the particular isolate. The O-antigens,
together with the antigenic determinants on the surface
of the flagella (H-antigens) that are possessed by most sal-
monellae, help serologically to define an isolate as to
species (Table 10.1). This classification scheme is called
the Kauffman-White schema.

Cellular Products of Medical Interest

RNA polymerase containing RpoS preferentially tran-
scribes genes responsible for acid tolerance (survival at
pH < 5) and regulates genes found on Spv plasmids.

There are at least three different adhesins implicated
in the interaction between salmonellae and the target cell
(M cell, intestinal epithelial cell). These adhesins are the
type 1 (so-called common fimbria encoded by the fim
gene), the “plasmid encoded fimbria” (encoded by the
pef gene), and the “long polar fimbriae” (encoded by the
Ipf gene). All three have been shown to be responsible for
adhesion to various mammalian cell lines, with adhesin
encoded by Ipf having affinity for M cells.

“Invasin” genes encode proteins that are involved with
uptake of salmonellae by the target cell(s). The gene
product induces membrane “ruffles” that follow the re-
arrangement of the actin cytoskeleton following activation
of the small GTP-binding protein, CDC42. Salmonellae
become trapped in these ruffles and become interiorized.
The “invasin” genes (sip, for Salmonella invasion proteins;
sop, for Salmonella outer proteins) are located in a “patho-
genicity island” on the Salmonella chromosome.

Members of the genus Salmonella secrete exotoxins.
Three such toxins have been described, each affecting the
target cell (usually an epithelial cell of the intestine). One
deregulates cyclic nucleotide synthesis by ribosylation (an
LT-like toxin), another interrupts protein synthesis, and a
third has phospholipase A (PLA) activity. The enterotoxin,
Stn (Salmonella enterotoxin), differs from cholera toxin
and LT by being a biologically active peptide rather than
being composed of subunits, even though antibodies to
cholera toxin are neutralizing. Stn, however, produces
increased levels of cAMP with resultant ion and fluid flow
into the lumen of the bowel, resulting in diarrhea. The
cytotoxin results in death of the cell target subsequent to
cessation of protein synthesis. Death of the target could
result in absorption and secretion abnormalities that
would be manifest by diarrhea. And finally, the protein
with PLA activity would result in fluid flow by virtue of its
activity on the arachidonic acid pathway. The role of any
of these toxins in the production of diarrhea is unclear.

Salmonellae produce siderophores when growing in
iron-limiting conditions.

Plasmids of various sizes have been associated with vir-
ulence in salmonellae. The most notable is a family of
large (approximately 50 to 100 kilobases [kb]) plasmids,
termed Salmonella virulence plasmids (Spv plasmids), that
are found within those species of salmonellae with poten-
tial to produce disseminated disease. Some of the genes
(Spv genes) carried by these plasmids are necessary for
intracellular growth and are regulated in part by RNA
polymerase containing the stationary phase sigma factor,
RpoS. Other genes on these plasmids are responsible for
serum resistance and may be involved with adherence
and invasion of the cellular target.

The transcriptional regulator, SIyA (for salmolysin),
is responsible for survival of salmonellae within
macrophages, perhaps affording protection from the
toxic products generated by oxygen-dependent pathways.

The products of the phoP/phoQ operon appear respon-
sible for resistance of salmonellae to defensins found in
the lysosomal granules of phagocytic cells.

EcoLoGY

Reservoir

The reservoir for members of the genus Salmonella is
the gastrointestinal tract of warm- and cold-blooded
animals. Sources of infection include contaminated soil,
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Table 10.1.
Salmonellae

Representative Antigenic Formulas for

vegetation, water, and components of animal feeds (such
as bone meal, meat meal, and fish meal), particularly
those containing milk-, meat-, or egg-derived con-
stituents, and the feces of infected animals. Lizards and
snakes (usually asymptomatic) are commonly infected,
sometimes with several serotypes.

Transmission

Infection occurs following the ingestion of viable salmo-
nellae. Disease may follow infection immediately; in an
animal already infected, disease may follow a change in
the intestinal environment. The outcome of the interac-
tion between host and Salmonella depends upon the state
of the colonization resistance of the host, the infectious
dose, and the particular species of Salmonella.

Pathogenesis

Stationary phase salmonellae appear best suited to initi-
ate disease, because under these conditions, RNA poly-
merase containing the alternative sigma factor, RpoS,
initiates transcription of genes responsible for acid toler-
ance and subsequent survival through the stomach. Also,
RNA polymerase containing RpoS is a positive regulator
for the genes found on the Spv plasmids.

The target cells are primarily the M cells atop the lym-
phoid nodules and the epithelial cells of the distal small
intestine and the upper large bowel. If the target cell is
“vacant” relative to the numbers of salmonellae, disease
may result. Vacancy of the target cell depends upon the
status of the normal flora. If the flora is disrupted (stress,
antibiotics), then the infectious dose does not have to be
as high for salmonellae to gain access to the target cell.
It appears that the M cell is the preferred target, and it is
this cell that is affected first. Adhesion is the first step
in the disease process, mediated by adhesins encoded by
one or more of the described adhesins fim, pef, Ipf or by
others yet to be determined. Following adhesion, salmo-
nellae are interiorized by the induction of membrane
ruffles in the target cells that are triggered by the sip and
sop gene products. Ruffle formation also results in the
activation of phospholipase C, subsequent increases in
intracellular calcium, activation of protein kinase C, and
phosphorylation of the proteins of the chloride ion chan-
nels and membrane associated ion transport proteins
involved in NaCl absorption. These events lead to diar-

rhea. The target cell is irreversibly damaged by this inter-
action, undergoing apoptosis. Salmonellae are now found
in the lymph nodule and submucosal tissue. At either
location, an inflammatory response is initiated with
influx of polymorphonuclear neutrophil leukocytes
(PMNs) and macrophages being evident. The influx may
be reflected in a transient peripheral neutropenia.
Macrophages within the nodule are also involved. The
PMN is highly efficient in phagocytosing and destroying
salmonellae, the macrophage less so. If the immune
status of the host and the characteristics of the salmo-
nellae are such, the infectious process is arrested at this
stage. Diarrhea secondary to the inflammatory response,
activation of protein kinase C, or as a consequence of a
protein with enterotoxic-like affect (Stn, the cytotoxin, or
protein with PLA activity) results. The signs are abdomi-
nal discomfort and diarrhea with evidence of cellular
death (blood, cellular debris, and inflammatory cells).

If the infecting strain of Salmonella has properties that
allow dissemination (Spv plasmid encoding ability to
grow intracellularly and serum resistance; PhoQ/PhoP
system allowing resistance to defensins; SlyA allowing
resistance to oxygen-dependent by-products), septicemia
may result. The likelihood of this occurring is increased
if immune status of the host is diminished. Salmonella
disseminate and multiply within phagocytic cells
(macrophages mainly) within phagosomes. Not only are
the invasive strains better able to withstand the lysoso-
mal contents, some “sort” to phagosomes that do not fuse
with lysosomes. The presenting signs are usually, but not
always, septicemia and shock. Strains producing this form
of disease escape destruction by the host and multiply
within macrophages of the liver and spleen, as well as
intravascularly. During the dissemination process, salmo-
nellae are occasionally outside of the intracellular envi-
ronment and therefore at risk from the formation of
membrane attack complexes on their surfaces. This occur-
rence is discouraged by at least two mechanisms: a
product of the Spv plasmid and the length of the O-repeat
unit of the LPS (there is a direct correlation between
O-repeat length and virulence).

Invasive salmonellae are capable of secreting a
siderophore, enterobactin, that removes iron from the
iron-binding proteins of the host, although it is doubtful
whether this is needed within the cells of the host.

Multiplication of the organism results in endotoxemia
(see Chapter 9), which accounts for most signs and the
course of illness.

Salmonellosis is a significant disease of ruminants,
mainly cattle. The disease affects young (usually 4 to 6
weeks of age) as well as adult animals. Animals in feed-
lots are commonly affected. The disease may be a sep-
ticemia or be limited to the enteric tract. Pneumonia,
hematogenously acquired, is a common presenting sign
in calves with septicemia due to S. dublin. Abortion may
follow septicemia. S. typhimurium, S. dublin, and S. newport
are the serotypes commonly isolated from cattle, S.
typhimurium the serotype from sheep.

Salmonellosis in swine can present as an acute, fulmi-
nating septicemia or as a chronic debilitating intestinal
disease. The form depends upon the strain of Salmonella,
the dose, and the colonization resistance of the infected



animal. The disease is seen most often in pigs that have
been stressed. Such conditions occur often in feeder pigs,
an age group in which salmonellosis commonly occurs.
S. typhimurium and S. cholerae-suis are the predominant
serotypes.

Adult horses are most commonly affected with Salmo-
nella. The pattern is diarrhea, though septicemia is seen
occasionally. Colic, gastrointestinal surgery, and antimi-
crobial agents predispose the horse to the development of
clinical signs. The agent is either carried normally (as in
approximately 3% of clinically normal horses) or acquired
from other sources (e.g., a veterinary hospital). S.
typhimurium and S. anatum are most commonly isolated.

Salmonellosis is uncommon in dogs and cats, although
carriage is reportedly high in clinically normal pound
dogs (upwards of 35%). When outbreaks occur they are
usually associated with a common source, such as con-
taminated dog food. Salmonella should be high on the
microbiological differential list for cats with signs of
septicemia.

Epidemiology

Salmonella spp. are ubiquitous geographically and zoo-
logically. Some serotypes are relatively host-specific (S.
dublin — cattle; S. typhisuis — swine; S. pullorum — fowl)
while others, notably S. typhimurium, S. anatum, and S.
newport, affect a wide host range among which feral birds
and rodents play important roles in interspecific dissem-
ination of infection. Long periods of asymptomatic and
convalescent shedding ensure widespread, unchecked
distribution of the organisms.

Clinical outbreaks are correlated with depressed
immune states, as in newborn animals (calves, foals) and
stressed adults — for example, parturient cows, equine
surgical patients, and swine with systemic viral diseases.
All animals are at increased risk of developing disease if
their normal flora is disrupted (stress, antibiotics). These
circumstances render animals susceptible to exogenous
exposure or activation of silent infections.

Humans appear to be susceptible to all Salmonella
serotypes, the most important source for which are
animals and their by-products. Poultry and poultry prod-
ucts (eggs) are a major source of Salmonella in humans. Sal-
monella enteriditis (e.g., phage type 4) is especially adapted
for egg transmission. Whether a person develops disease
following ingestion of salmonellae from the environment
depends upon the dose of organisms, the serotype of Sal-
monella, and the colonization resistance of the infected
individual. Salmonella typhimurium is most common,
usually producing gastroenteritis. Some serotypes have
greater invasion potential — for example, S. cholerae-suis
(from swine), S. typhimurium DT104 (from cattle) and
S. dublin (infected milk). Asymptomatic reptiles have
become an important source of Salmonella in humans.

IMMUNOLOGIC ASPECTS

Protection depends upon specific and nonspecific
immunological factors and microbiological defense
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mechanisms. At the level of the target cell, disease is pre-
vented by an intact colonization resistance (see Chapter
2). Whether infection can be prevented is not known.

Adherence to the target cell is prevented by antibod-
ies specific for surface structures of Salmonella, possibly
fimbriae. The newborn is protected passively by ingesting
specific sIgA or IgG; (bovine). The immunologically
mature animal is protected by exudation of specific
immunoglobulins (IgM and 1gG) at the site of invasion
or by the production of secretory immunoglobulins.

Another, more novel approach has been to feed
animals microorganisms that out-compete salmonellae
for niches along the gastrointestinal tract. Competitive
exclusion, as this phenomenon is called, may be quite
useful because, theoretically, salmonellae of any serotype
would be excluded as long as they shared the same niche
as the competing strain.

Antibodies in the circulation act as opsonins and
promote the phagocytosis of the organism. Destruction
of the salmonellae that have been phagocytosed follows
the immunological activation of the macrophages by
specifically stimulated lymphocytes (T cells). NK cells will
lyse Salmonella-infected cells.

Acquired immunity revolves around activation of
macrophages, which takes place as follows. After initial
interaction between salmonella and macrophage, IL-12 is
released by the affected macrophage. IL-12 activates the
Tu: subset of T helper cells (see Chapter 2). This subset
secretes, among other cytokines, interferon gamma,
which activates macrophages. Activated macrophages are
efficient killers of intracellular salmonellae.

Artificial immunization against salmonellae is diffi-
cult. Bacterins have had limited success. Apparently,
they do not stimulate strong cellular immunity, even
though abundant antibody is produced. Antibodies that
are produced locally or passed in colostrum or milk
interfere with adsorption to the target cell and protect
against disease. Macrophages can be activated and anti-
body production stimulated in response to modified
live vaccines. If given orally, these vaccines stimulate
local secretory immunity and cell-mediated activation
of phagocytic cells. Aromatic-dependent mutants of
Salmonella show promise as effective modified live vac-
cines, especially for calves. aroA mutants of Salmonella
cannot multiply within the host since vertebrate tissue
does not contain the needed precursors for aromatic acid
synthesis.

LABORATORY DIAGNOSIS

In cases of intestinal infection, fecal samples are collected;
in systemic disease, a blood sample is collected for stan-
dard blood culture. Spleen and bone marrow are cultured
for the salmonellae responsible for postmortem diagno-
sis of systemic salmonellosis.

Fresh samples are placed onto one or more selective
media, including MacConkey agar, XLD agar, Hektoen
enteric medium, and brilliant green agar. For enrichment,
Selenite F, tetrathionate, or gram-negative broth (GN) is
recommended.
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Salmonellae appear as lactose-nonfermenting colonies
on lactose-containing media (lactose-fermenting strains
of Salmonella have been reported, but these are rarely
encountered). Since most serotypes of salmonellae
produce H,S, colonies on iron-containing media (e.g.,
XLD agar) will have a black center. Suspicious colonies
can be tested directly with polyvalent anti-Salmonella
antiserum or inoculated into differential media and then
tested with antisera.

To cultivate salmonellae from tissue, blood agar can be
used.

Definitive identification involves determination of
somatic and flagellar antigens and possibly bacteriophage
type.

Various Salmonella-specific DNA probes and primers
for PCR have been developed for detection in samples
(food, feces, water) containing other microorganisms.

TREATMENT, CONTROL, AND PREVENTION

Nursing care is the principal treatment for the enteric
form of salmonellosis. The use of antimicrobial agents is
controversial. Some studies show that antibiotics do not
alter the course of the disease. In addition, there is evi-
dence that antibiotics promote the carrier state and select
for resistant strains. Proponents of antibiotic usage rec-
ommend a member of the fluoroquinolone class of drug
(e.g., enrofloxacin or ciprofloxacin) in nonfood animal
species and human patients.

Treatment of the systemic form of salmonellosis
includes nursing care and appropriate antimicrobial
therapy as determined by retrospectively acquired
susceptibility data. Since salmonellae survive in the
phagocytic cell, the antimicrobial drug should be one
that penetrates the cell. Examples of those that dis-
tribute in this manner include ampicillin, enrofloxacin,
trimethoprim-sulfonamides, and chloramphenicol. Treat-
ment options may be compromised due to acquisition of
R plasmids encoding resistance to multiple antibiotics.

The disease is controlled through strict attention to
protocols designed to curtail the spread to susceptible
animals of any contagious agent found in feces. Artificial
immunization with modified live products has shown
promise (e.g., aroA mutants, see above). Attempts have
been made to treat and prevent the endotoxemia pro-
duced by the systemic form of the disease by administer-
ing serum containing antibodies to the core LPS.
Likewise, the administration of J5, a rough variant of E.
coli, has been shown to stimulate the production of anti-
body to the core LPS. Both methods appear to prevent
and control the signs of disease produced by systemic
salmonellosis.

SALMONELLOSIS OF POULTRY

“Paratyphoid” is salmonellosis produced by any of
the motile strains of Salmonella (all but S. pullorum and

S. gallinarum are motile). The disease produces its highest
losses in the first 2 weeks of life as a septicemic disease.
Survivors become asymptomatic excretors.

Infection is through ingestion. The source is usually
feces or fecally contaminated materials (litter, fluff,
water).

Diagnosis is made by culturing the organism from
affected tissue (spleen, joints) from birds that had been
showing clinical signs of disease. It is more difficult to
detect an asymptomatic carrier because such carriers only
periodically shed the organism in the feces. Some have
suggested that culture of fluff and litter could be used to
detect carrier flocks.

Treatment does not eliminate carriers, although it
might control mortality. Treatment regimens have
included araparcin, lincomycin, furazolidone, strepto-
mycin, and gentamicin. Exclusion of salmonellae by
feeding “cocktails” of normal flora has been used with
some success to reduce the number of salmonellae shed
by carrier birds.

Pullorum Disease

Pullorum disease, caused by S. pullorum, is rare in the
United States but not in the rest of the world. The disease
has almost been eliminated in the United States due to a
breeding flock testing program.

Salmonella pullorum infects the ova of turkeys and
chickens. Thus, the embryo is already infected when the
egg is hatched. The hatchery environment is contami-
nated following hatching of an infected egg, leading to
infection of other chicks and poults. Mortality is due to
septicemia and is greatest in the second to third week of
life. Surviving birds carry the bacterium and may pass it
to their offspring. It is difficult to detect infected breed-
ing hens by bacteriologic means. Agglutination titers,
produced 3 to 10 days after infection, are used to detect
carrier birds.

This disease is controlled by eliminating infected
breeding birds detected serologically. Treatment with
antimicrobial agents (mainly sulfonamides) reduces mor-
tality in infected flocks.

Fowl Typhoid

Fowl typhoid, caused by S. gallinarum, is an acute sep-
ticemic or chronic disease of domesticated adult birds,
mainly chickens. Fowl typhoid is rare now in the United
States due to control programs.

The disease is diagnosed by culturing the organism
from liver or spleen. It is treated with antimicrobial
agents, mainly sulfonamides (sulfaquinoxaline) and
nitrofurans. It is controlled by management and elimi-
nating infected birds. A bacterin made from a rough
variant of S. gallinarum, 9R, has been shown to decrease
mortality.

Avian Arizonosis

Salmonella arizonae (“paracolon,” Arizona hinshawii) is
most often isolated from reptiles and fowl, although this



species can be isolated from any animal. Turkeys are
most commonly affected. There are 55 serologic types of
S. arizonae affecting fowl, with type 7:1,7,8 most com-
monly isolated in the United States.

Salmonella arizonae is maintained in turkey flocks via
hatching eggs, which become infected following inges-
tion of S. arizonae by the hen. It is also spread by feces.

Diagnosis is made by culturing S. arizonae from the
liver, spleen, blood, lungs, or kidneys of affected birds, or
from dead poults and hatch debris.

Most serotypes of S. arizonae possess R plasmids, which
sometimes makes it difficult to prevent and treat this
disease. Various antimicrobial agents such as furazolidone
and sulfamerazine added to feed have shown some
success in lowering mortality. Injection of day-old poults
with gentamicin or spectinomycin decreases mortality,
but survivors still harbor (and shed) the organism.

Control measures should be aimed at prevention
rather than treatment. Because of the multiplicity of
serotypes, no effective vaccine is available.
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Shigella

DWIGHT C. HIRSH

Members of the genus Shigella cause bacillary dysentery
in primates. The discussion that follows is limited to the
disease in nonhuman primates. The disease occurs almost
exclusively in captive primates and appears to be related
to stressful situations (e.g., transportation, crowding)
or immunological dysfunctions (e.g., simian acquired
immunodeficiency syndrome). Humans may be affected
by all four species of shigellae, whereas nonhuman pri-
mates are affected by S. flexneri, S. boydii, and §. sonnei.

DESCRIPTIVE FEATURES

Ceflular Anatomy and Composition

Members of the genus Shigella do not produce a capsule
nor flagella. There are four serotypes, identification of
which is dependent upon the composition of the O-
repeat units of the lipopolysaccharide (LPS). Each of the
four serotypes has been given species designation. Within
each species there are a number of serotypes (Table 11.1).
“Mannose-resistant” adhesins are produced.

Cellular Products of Medical Interest

Virulence factors produced by members of the genus
Shigella are mainly encoded on large plasmids (termed
invasion plasmids). These genes, for the most part, are reg-
ulated by at least six chromosomal genes. The plasmid
gene products encode proteins (Mxi and Spa proteins)
that are responsible for excretion of proteins (Ipa for inva-
sion plasmid antigen; Ics for intercellular spread) that
initiate Shigella-host cell interaction (IpaD), Shigella-
induced uptake by the cell (IpaB, C), escape from the
phagosome of affected cell (IpaB), focus of actin accu-
mulation for intracellular spread (IcsA), and intercellular
spread (IcsB).

Regulatory genes that “sense” environmental cues
include fur (ferric utilization response-iron levels), tem-
perature (virR, which is regulated by a “cold-shock
protein,” CspA), and osmotic pressure (ompR/envZ).

Two enterotoxins have been described, ShET1 (Shigella
enterotoxin, chromosome) and a 63kDa product of the
sen gene (Shigella enterotoxin, invasion plasmid). How
these proteins elicit fluid secretion is not known.

Shigella dysenteriae is the only member of the group
that has the genes necessary for production of shiga
toxin. Shiga toxin is chromosomally encoded. The toxin

80

is a protein of 70,000MW composed of an A subunit
(32,000MW) and five identical B subunits (each about
7700 MW). The target cells for the toxin are the endothe-
lial cells that line blood vessels. Receptors on these
cells are recognized by the B subunit. The toxin, by way
of the A subunit, inhibits peptide chain elongation at the
level of the ribosome by affecting elongation factor 1-
dependent processes. This action results in the death of
the cell. The production of toxin is iron-regulated (by
way of fur), more being produced in conditions of low
iron concentration. The virulence of a particular strain
or isolate is directly related to the amount of toxin
produced.

RNA polymerase containing RpoS preferentially tran-
scribes genes responsible for acid tolerance (survival at
pH < 5), allowing safe transit through the stomach.

EcoLoGy

Reservoir

The reservoir for Shigella is the large bowel of clinically
ill, recovered, or asymptomatic animals.

Transmission

The disease is transmitted by the fecal-oral route, but
the infective dose is so small that fomites may play a
role. Members of the genus Shigella are greatly influenced
by the colonization resistance of the large bowel. Antimi-
crobial drugs, stress, or dietary changes will promote
risk, either by promoting disease in the asymptomatic
carrier animals or by lowering the oral dose needed for
infection.

The mode of transmission of S. flexneri 4 associated
with periodontal disease of nonhuman primates is
unknown, but it is assumed to be feces.

Pathogenesis

Environmental cues trigger the expression and excretion
of virulence proteins. The target cell appears to be the
apical surface of M cells of the large intestine to which
shigellae attach by way of IpaD. Cell-associated bacteria
trigger uptake by initiating cytoskeletal changes by way
of activation of small GTP-binding proteins of the Rho



Table 11.1. Species of Shigella

family that result in “ruffles” that entrap shigellae. Some
of the shigellae within the vacuole are transported into
the nodule, where the uptake is again triggered, but by
macrophages within the nodule. Ingested shigellae may
initiate apoptosis of the macrophage and/or other abnor-
malities reflected in a drop in concentration of intracel-
lular adenosine triphosphate (ATP). Either effect results in
the death of the macrophage. The liberated shigellae
adhere to beta-integrins on the baso-lateral surface (the
plasmid encoded adhesin, IpaD, associates with beta-
integrins that are present on the baso-lateral surfaces of
large intestinal epithelial cells) of the colonic epithelial
cell and induce their own uptake as before. Shigellae
escape the vacuole by secretion of a “hemolysin” (IpaB)
that results in the deposition of the microorganism into
the cytoplasm of the epithelial cell. Expression of IcsA
and formation of actin at one pole of the bacterium
results in intracellular movement. Movement appears to
be more concentrated along actin “stress fibers” and
shigellae with their actin “tails” move toward cadherin
proteins marking intercellular bridges. Thus, shigellae
move laterally. The double membrane resulting from
movement between cells is lysed by IcsB. Cell death, by
apoptosis and/or energy derangements results in
inflammation. Likewise, extracellular shigellae also initi-
ate inflammation (by virtue of their LPS). Transepithelial
migration of polymorphonuclear neutrophil leukocytes
(PMNs) is stimulated by LPS. NK cells have been impli-
cated in lysis of infected epithelial cells, another
inflammation-inducing process. Tissue destruction with
numerous PMNs are the hallmarks of dysentery caused by
shigellae. The origin of hemorrhage produced by non-
shiga toxin-producing shigellae is not known.

Diarrhea is probably brought about by the activation
of phospholipase C (perhaps due to “ruffle” formation)
leading to increases in intracellular calcium ions, activa-
tion of protein kinase C and subsequent phosphorylation
of proteins of the chloride ion channels and those of the
membrane associated ion transport proteins involved in
NaCl absorption.

The role of enterotoxin in this disease is unclear. The
diarrhea, sometimes watery, may be caused by interac-
tions of enterotoxin with small intestinal epithelial cells
and in part be due to changes in the colonic epithelium
brought about by the invasion/inflammatory process.

Shigella dysenteriae produces shiga toxin. This toxin
damages submucosal endothelial cells (hemorrhage) and
may cause the development of hemolytic uremic syn-
drome (HUS) (see Chapter 9).
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Shigella flexneri 4 has been encountered in periodontal
disease of monkeys. A causal role is suspected but
undefined.

Epidemiology

The disease is seen almost exclusively in captive primates.
Although human caretakers are susceptible to the species
most often associated with nonhuman primates, there is
little evidence that they become clinically ill or even
infected. The reason for this apparent absence of trans-
mission is not known.

IMMUNOLOGIC ASPECTS

Protection from bacillary dysentery is by specific secre-
tory immunoglobulin found on the luminal side of the
intestinal canal. These antibodies prevent adherence and
subsequent uptake. Shigellae are serum-sensitive, and
PMNs deal with them effectively. As a result, extracellu-
lar shigellae (outside of the M cell, macrophage, colonic
epithelial cell) are dealt with by complement proteins in
tissue fluids, and the inflammatory exudate containing
complement proteins and PMNs.

Whether a nonhuman primate after infection and
disease is resistant to reinfection (exacerbation) is not
known. Reinfection or exacerbation occurs in human
beings in stressful situations such as in prisoner-of-war
camps. Bacterins given orally or parenterally have been
ineffective. Some protection has been demonstrated fol-
lowing vaccination with avirulent, live oral vaccines.
These are not universally available.

LABORATORY DIAGNOSIS

Rectal swabs or samples of feces obtained from the rectum
are collected for laboratory diagnosis. Direct examination
of stained smears of fecal material will reveal the presence
of inflammatory cells, cellular debris, and red blood cells
(RBCs). Such a finding is not diagnostic, however, since
enteritis produced by Campylobacter results in the same
signs. The presence of curved rods in the direct smear sug-
gests that Campylobacter is the cause of the disease.

The sample is plated onto a selective medium that is
less inhibitory than media for isolation of salmonellae.
Suitable media include MacConkey agar, XLD agar, and
Hektoen Enteric medium. SS agar is often too inhibitory
for some strains of shigellae, and brilliant green does not
work at all. For enrichment, GN broth is preferred. Selen-
ite or tetrathionate broths do not enrich for shigellae.

Shigellae appear as lactose-nonfermenting colonies on
lactose-containing media. Although some species (S.
sonnei and S. boydii 9) ferment this sugar, not enough is
fermented within the 24- to 48-hour incubation period
to affect the selection of appropriate colonies for further
testing. Suspicious colonies are tested directly with shigel-
lae-specific antisera or inoculated into differential media
and then tested with antisera.
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TREATMENT, CONTROL, AND PREVENTION

Treatment of shigellosis involves nursing and supporting
care. Antimicrobics are indicated in serious cases but not
routinely since their use in an animal facility selects for
resistant strains. Trimethoprim-sulfonamide, or a fluoro-
quinolone, is effective against most strains and these
drugs do not disrupt the flora as much as others.
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Non-Spore-Forming Obligate
Anaerobes of the
Alimentary Tract

DWIGHT C. HIRSH

Non-spore-forming obligate anaerobes are a compo-
nent of approximately 33% of bacteriologically positive
samples of pyonecrotic material obtained from normally
sterile sites of animals. On average, there will be two
species of obligate anaerobes admixed with facultative
species in samples of such material.

DESCRIPTIVE FEATURES

Morphology and Staining

The non-spore-forming obligate anaerobes comprise a
wide variety of gram-positive and gram-negative bacteria
and include rods, cocci, filaments, and spiral organisms.

Cellular Anatomy and Composition

Carbohydrate-containing capsules, flagella, and fimbriae
are expressed by some. The cell wall composition is the
same as that of their facultative and aerobic counterparts.

Cellular Products of Medical Interest

Toxins and metabolic by-products with toxic activity
have been demonstrated. These include a cytotoxin
produced by Fusobacterium necrophorum, an enterotoxin-
like entity secreted by Bacteroides fragilis, and succinic
acid found to be inhibitory to polymorphonuclear neu-
trophil leukocytes (PMNs). Many produce proteolytic and
other enzymes that may play a role in their pathogenic
activities.

Growth Characteristics

Obligate anaerobes do not use oxygen as a final electron
acceptor; in fact, molecular oxygen is toxic to this group
of microbes. When exposed to molecular oxygen, ob-
ligate anaerobes form hydrogen peroxide and superoxide
anions. These toxic molecules are formed from the inter-
action of oxygen with various flavoproteins within the
bacterial cell. Unlike aerotolerant bacteria, obligate an-
aerobes do not produce superoxide dismutase, nor do

they usually produce catalase enzymes that break down
superoxide to oxygen and hydrogen peroxide, or break
down hydrogen peroxide to oxygen and water.

EcoLoGy

Reservoir and Transmission

The non-spore-forming obligate anaerobes implicated in
pyonecrotic processes are usually part of the normal flora,
but they are sometimes transmitted by bites or other
trauma involving contaminated fomites.

Pathogenesis

Disease results from the extension of the normal flora
(both obligate and facultative anaerobic microorganisms)
into a compromised site, either by contamination of a
wound with nearby normal flora or from inoculation into
tissue with contaminated instruments or teeth. The kind
of microbes found in samples of such material reflect the
site of injury or the microbial population of the inocu-
lating agency. Proliferation of anaerobes depends on the
establishment of anaerobic conditions by trauma, vascu-
lar breakdown, or concurrent infection with (facultative)
aerobes.

Anaerobic bacteria cannot live in healthy tissue
because they cannot survive in the presence of oxygen.
In compromised tissue, inflammatory cells and co-
inoculated facultative microorganisms lower the Eh (a
measure of oxygen concentration) sufficiently for anaer-
obes to grow.

Anaerobes elicit inflammatory responses due to
components of their cell wall (lipopolysaccharide, gram-
negative species; peptidoglycan, gram-positive and gram-
negative species). Some anaerobes produce capsules that,
due to their chemistry, are potent inducers of abscess
formation. There is some evidence that co-inoculated
facultative microorganisms induce capsule production
by anaerobes.

Synergy occurs between facultative aerobic and an-
aerobic microorganisms. Aside from triggering capsule
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Table 12.1. Most Commonly Isolated Obligate Anaerobes

Table 12.2. Relative Frequency of Obligate Anaerobic
Bacteria with Respect to Disease Processes

formation, facultative species scavenge oxygen, curtail
phagocytosis of the anaerobic component, and may
produce enzymes (beta-lactamase, for example) that
might protect a penicillin-susceptible facultative or ob-
ligate anaerobic partner (and vice versa).

The most commonly isolated species of obligate an-
aerobes are shown in Table 12.1. The most common sites
or processes that contain obligate anaerobes are shown
in Table 12.2.

Association of enterotoxin-secreting strains of Bac-
teroides fragilis with diarrhea in calves, lambs, piglets, and
infant rabbits has been described.

IMMUNOLOGIC ASPECTS

Immune responses play a minor part in resolving the
pyonecrotic processes involving obligate anaerobes.

LABORATORY DIAGNOSIS

Sample Collection

Anaerobic culture is time-consuming and expensive and
should be used only when it holds a reasonable promise
of supplying useful information. Material obtained from
sites that possess a normal anaerobic flora (feces, oral
cavity, vagina) is not usually cultured anaerobically.
Routine anaerobic culture of urine specimens or ear, con-
junctival, or nasal swabs is very rarely justified. Suppura-
tive and necrotic processes are the most promising
sources of clinically significant anaerobic bacteria.
Samples of fluids for anaerobic culture are collected in
vessels containing little if any molecular oxygen. The
easiest way is to collect the sample directly into a syringe
and expel all the air. Materials collected onto swabs or

bronchial brushes must be placed in culture immediately
or into an anaerobic environment (transport medium).
Refrigeration is detrimental to recovery of anaerobic
bacteria; thus, samples should not be placed at tem-
peratures less than 4°C. However, most samples that
contain obligate anaerobes contain facultative species as
well. Facultative microorganisms grow in samples held at
25°C but not at 15°C (a temperature harmless to obligate
anaerobes).

Direct Examination

Examination of stained smears prepared directly from the
collected material may give valuable clues regarding the
presence of anaerobic bacteria. Many obligate anaerobes
have typical, unique morphologies: rods are usually
narrow and thread-like in appearance, some having
pointed ends or bulges. Most of the gram-negative species
stain poorly with the saffranine used in the gram stain
(thus will be pale staining in gram-stained smears). The
material may have a very repugnant odor if anaerobes are
present, whereas material without obligate anaerobes is
usually not especially malodorous.

Isolation

Successful isolation depends on the care taken by the lab-
oratory in shielding the bacteria from oxygen. If the
sample is not processed immediately after collection, it
must be held in a container free from oxygen, usually a
container into which oxygen-free gas (e.g., O,-free carbon
dioxide) is flowing. The sample is plated onto a blood-
containing medium (usually one with a brucella agar
base) that has been freshly made and stored in an an-
aerobic environment. A special selective medium for
isolating B. fragilis from feces contains polymyxin B,
trichlosan, novobiocin, and nalidixic acid. After the plate
has been inoculated, it is placed into an anaerobic envi-
ronment and incubated at 37°C. The anaerobic environ-
ment is conveniently established by the interaction of a
hydrogen-containing gas with the oxygen in the presence
of a palladium catalyst in a closed container, such as in
an anaerobic jar or in a glove box. A major advantage of
an anaerobic glove box with a built-in incubator is that
inoculated plates can be examined at any time without
being exposed to oxygen.

Most obligate anaerobes grow slowly, especially during
the early stages, and plates are not examined for the first
48 hours unless they can be examined in an O,-free envi-
ronment. Since facultative species will grow anaerobi-
cally, colonies growing in an anaerobic environment
must be tested for aerotolerance.

Identification

After an isolate has been shown to be an obligate an-
aerobe, the genus to which it belongs is determined by
shape, gram-staining characteristics, growth in the pres-
ence of various antibiotics, and metabolic by-products
formed from various substrates, as determined by liquid-
gas chromatography. Reactions in prereduced anaerobi-
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cally sterilized media containing various substrates help
determine the species. Miniaturized, prepared identifica-
tion systems are commercially available. Gas chromato-
graphic analysis of cell fatty acids is sometimes used to
identify an isolate.

TREATMENT, CONTROL, AND PREVENTION

Treatment of infectious processes that contain an anaer-
obic component most importantly involve drainage and
the use of antimicrobial agents.

Susceptibility data are usually not available for at least
48 to 72 hours after the sample is collected. Prior to this
time, if the presence of obligate anaerobes is suggested
by the clinical presentation, direct smear, and other
circumstances (odor), one of the following can be used:
penicillin (ampicillin, amoxicillin), chloramphenicol,
tetracycline, metronidazole, and clindamycin. Though
most anaerobes will test “susceptible” to trimethoprim-

sulfonamides in vitro, this combination has unpre- .

dictable activity in vivo due to the presence of thymidine
in necrotic material. The obligate anaerobes are resistant
to all of the aminoglycoside antimicrobial agents as well
as to the fluoroquinolones. Approximately 10% to 20%
of the isolates, usually members of the B. fragilis group,
will be resistant to the penicillins (penicillin G, ampi-
cillin, amoxicillin) and first- and second-generation
cephalosporins due to cephalosporinase, and often to
tetracycline as well. Resistant isolates are susceptible to
clavulanic acid-amoxicillin, clindamycin, metronidazole,
and chloramphenicol. Antimicrobial therapy should be
aimed at both the facultative and the obligate anaerobic
microorganisms. Between 70% and 80% of pyonecrotic
processes containing an obligate anaerobe will contain a
facultative one as well. The most common are shown in
Table 12.3.

Table 12.3. Facultative Microorganisms Found in Infectious
Processes Containing Obligate Anaerobes
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Serpulina

DWIGHT C. HIRSH

Members of the genus Serpulina belong to the family
Spirochaetaceae. Serpulina hyodysenteriae, is the causative
agent of swine dysentery, a disease of actively growing
pigs. Serpulina pilosicoli (Anguillina coli) is associated with
intestinal spirochetosis of pigs in the post-weaning
period, dogs, birds, and humans (usually those that are
immunocompromised). Other serpulinas with uncertain
pathogenic potential include S. intermedius and S. mur-
dochii. Serpulina innocens, found in feces of symptomatic
as well as asymptomatic pigs, has little if any pathogenic
potential.

DESCRIPTIVE FEATURES

Morphology and Staining

Serpulina hyodysenteriae and S. pilosicoli are loosely coiled
spirochetes, 6 to 11 pm long by 0.25 to 0.35pm in width.
Another very similar serpulina, S. innocens (the so-called
small spirochete), is often found in the feces of pigs with
signs of dysentery as well as in normal feces. S. innocens
measures 5 to 7um by 0.2pum, tightly coiled.

The serpulinas are gram negative, but this characteris-
tic is not used to identify or detect them. Romanovsky-
type stains are the most useful in demonstrating these
organisms in smears.

Cellular Anatomy and Composition

Cells are typical of spirochetes. The axial filament of S.
hyodysenteriae is made up of 8 to 12 flagella inserted at
either end, S. innocens has 10 to 13 flagella, and S. pilosi-
coli 4 to 6.

Cellular Products of Medical Interest

The degree of hemolysis in vitro is often used to dif-
ferentiate S. hyodysenteriae, which is strongly beta-
hemolytic, from S. innocens (nonpathogenic) and
S. pilosicoli. The 26.9kDa protein responsible for the
strong beta-hemolysis displayed by S. hyodysenteriae in
vitro is a virulence determinant in vivo. Mutants that are
unable to produce the cytoxin hemolysin subsequent
to the “knock out” of the encoding gene, tiyA (for
cytoxin/hemolysin), are less virulent.

Flagella, though present on virulent as well as aviru-
lent serpulinas, appear necessary for virulence. This trait
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is thought to be related to movement through the intesti-
nal mucus to gain access to target cells in the large intes-
tine. It has also been shown that virulent strains have an
affinity for intestinal mucus.

All of the serpulinas have cell wall lipopolysaccharide,
a substance capable of eliciting an inflammatory
response.

Growth Characteristics

All members of the genus Serpulina are obligate anaerobes.

Serpulina hyodysenteriae is strongly beta-hemolytic, a
trait that has been used by some to differentiate it from
S. innocens and S. pilosicoli, which are weakly beta-
hemolytic.

Serpulina hyodysenteriae and S. pilosicoli are resistant to
high concentrations of spectinomycin, a characteristic
useful in isolating these organisms from feces. S. hyo-
dysenteriae and presumably S. pilosicoli temain infective
for long periods if enclosed within organic material in
temperatures of 5°C to 25°C. They do not withstand
drying or direct sunlight.

Variability

There are at least nine serotypes of S. hyodysenteriae. Fin-
gerprinting isolates by means of restriction-length poly-
morphisms of whole-cell DNA, DNA encoding ribosomal
RNA and DNA encoding specific genes (e.g., flagellin),
and multilocus enzyme electrophoresis has demonstrated
the heterogeneity of members of this species as well as
the others (S. innocens and S. pilosicoli).

EcoLoGy

Reservoir and Transmission

The reservoir for S. hyodysenteriae is the gastrointestinal
tract of pigs, especially asymptomatic carriers of the
organism (animals recovered from the disease). The agent
has been isolated from the feces of dogs, rats, and mice
living on farms where the disease exists. Transmission is
through the fecal-oral route.

Serpulina pilosicoli has been isolated from dogs, birds,
and humans. There is evidence that humans may acquire
S. pilosicoli from affected dogs.



Pathogenesis

Serpulina hyodysenteriae multiplies and produces disease in
the colon (swine dysentery). It appears that S. hyodysen-
teriae alone will not produce disease. Other species of bac-
teria normally found in the colon of pigs, Bacteroides
vulgatus, B. fragilis, Fusobacterium necrophorum, Campy-
lobacter coli, a Clostridium sp., and Listeria denitrificans,
have been shown to be involved in this supporting role.
Superficial coagulation necrosis with epithelial cell
erosion is observed. Edema, hyperemia, hemorrhage, and
influx of polymorphonuclear neutrophil leukocytes
(PMNs) into the mucosa and submucosa are seen. There
is failure of colonic absorption, but without evidence of
an active or passive secretory process. Inflammation,
brought about by cytotoxin-mediated destruction of
colonic target cells (goblet cells initially, then entero-
cytes), may induce a secretory diarrhea. DNA sequences
encoding known enterotoxins have not been found in .
hyodysenteriae.

The signs of disease are rather typical. Affected
pigs will void gray to strawberry-colored feces, become
dehydrated, and, in the extreme, be acidotic and hyper-
kalemic. Temperature generally remains normal. Morbid-
ity rates in susceptible pigs will be close to 90%, with
mortality in untreated herds of approximately 20% to
40%. Duration of illness ranges from few days to several
weeks. Survivors may be permanently stunted and remain
asymptomatic shedders. There is no easy way to detect
such animals.

Intestinal spirochetosis of pigs (post-weaning period),
dogs, birds, and humans is associated with S. pilosicoli.
This disease is characterized by a mild, persistent diarrhea
and low mortality. Biopsies of affected colon show large
clumps of spirochetes adhering “end on” to the intesti-
nal epithelium. It is difficult to reproduce this disease by
feeding pigs this microorganism. Diet and the status of
the normal flora have been suggested as reasons for this
difficulty.

IMMUNOLOGIC ASPECTS

Little is known about the immunologic factors of these
diseases. Pigs recovered from swine dysentery are resistant
to reinfection. No immunizing products are available.

LABORATORY DIAGNOSIS

Sample Collection

Fecal samples from affected animals showing signs of the
disease are used to detect S. hyodysenteriae and S. pilosicoli.

Direct Examination

Smears of fecal material are stained with a Romanovsky-
type stain or carbol fuchsin. Observation of large, loosely
coiled spirochetes in diarrheal feces is presumptive evi-
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dence of infection with S. hyodysenteriae (swine dysentery)
or S. pilosicoli (intestinal spirochetosis). Serpulina innocens
may be present in samples from pigs with swine dysen-
tery, but these will be smaller and have tighter coils, a dis-
tinction that is sometimes difficult to make.

Isolation/Detection

Isolation of S. hyodysenteriae and S. pilosicoli from fecal
samples is accomplished by inoculation onto blood
agar plates containing spectinomycin (400pg/ml). The
plates are incubated 24 to 48 hours in an anaerobic envi-
ronment containing 10% carbon dioxide. Colonies of
S. hyodysenteriae will be small and strongly beta-
hemolytic; those of S. pilosicoli will not be as strongly
hemolytic.

A multiplex polymerase chain reaction (PCR) assay
using primers designed to detect the common diarrhea-
associated microorganisms (S. hyodysenteriae, Lawsonia
intracellularis, and Salmonella) has been described.

ldentification

Serpulina hyodysenteriae must be differentiated from
S. innocens. This is best done by gas chromatographic
analysis of volatile fatty acids or by DNA probing/analy-
sis. Unfortunately these techniques do not lend them-
selves to performance in a busy diagnostic laboratory.
Therefore, observing the strength of the beta-hemolysis,
fructose fermentation (S. innocens will be positive), and
indole production (S. hyodysenteriae will be positive) are
traits used to make the distinction. Though the hemolysis
trait seems to be relatively stable, the other tests are some-
what variable and misidentifications are possible. Ser-
pulina pilosicoli hydrolyzes hippurate; S. innocens does not.

TREATMENT, CONTROL, AND PREVENTION

Drugs shown to be effective in treating swine dysentery
and intestinal spirochetosis in swine include organic
arsenicals, tylosin, gentamicin, nitrofurazone, virgini-
amycin, and lincomycin. These have been used at low
prophylactic levels, but it should be kept in mind that
drugs used routinely to prevent the disease will ultimately
lose their effectiveness. Metronidazole is the recom-
mended treatment for dogs with intestinal spirochetosis.
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Spiral Organisms I:
Campylobacter —
Arcobacter — Lawsonia
(Digestive Tract)

DwIGHT C. HIRSH

Members of the genera Campylobacter, Arcobacter, and
Lawsonia are gram-negative, curved rods.

The family Campylobacteriaceae contains the genera
Campylobacter and Arcobacter (previously within the
genus Campylobacter). Campylobacters implicated in
enteric disease of animals and humans include C. jejuni,
C. coli, C. concisus, C. helveticus, C. hyointestinalis, C.
mucosalis, C. lari, and C. upsaliensis. Arcobacters implicated
in enteric disease of animals and humans include A. but-
zleri, A. cryaerophilus, and A. skirrowii.

Lawsonia intracellularis, previously known as ileal
symbiont intracellularis, differs in many respects from
members of the family Campylobacteriaceae, primarily in
DNA relatedness (it is most similar to Desulfovibrio), and
appears to be an obligately intracellular microorganism.

Arcobacters and campylobacters that cause genital dis-
eases of large animals are discussed in Chapter 36.

Campylobacter jejuni and C. coli are major causes of gas-
troenteritis in people and nonhuman primates, and have
been found in fecal samples from dogs and cats with diar-
rhea. Campylobacter jejuni is the more common of the
two. Though C. coli occurs in high numbers in swine
dysentery and was once thought to be the causative
agent, the disease is caused by Serpulina hyodysenteriae.
Both C. coli and C. jejuni may occur in feces of normal
animals.

Campylobacter concisus has been associated with gas-
trointestinal disease of humans.

Campylobacter helveticus has been recovered from the
feces of dogs and cats with diarrhea.

Campylobacter hyointestinalis and C. mucosalis were
once implicated as contributors to the swine proliferative
enteritis complex. This disease is now thought to be
caused by Lawsonia intracellularis, a microorganism that
produces this disease in conventional pigs in pure culture,
something neither C. hyointestinalis nor C. mucosalis
will do.

Campylobacter lari, isolated from the feces of asympto-
matic gulls (from which it gets its name), has also been
isolated from the feces of various hosts, including dogs,
birds, and horses. Its role in disease is uncertain.

Campylobacter upsaliensis has been isolated from feces
of dogs and cats with diarrhea. Enteric disease and abor-
tion have been associated with this microorganism in
humans.

Arcobacter butzleri, A. cryaerophilus, and A. skirrowii
have been associated with gastrointestinal disease in
domestic animals (enteritis in neonatal pigs) and
humans. More serious associations have been made with
respect to reproductive disease in swine and bovine
species.

DESCRIPTIVE FEATURES

Morphology and Staining

Campylobacter — Arcobacter — Lawsonia are gram-
negative, slender, curved rods that measure 0.2 to
0.5um by 0.5 to S5pum. When two or more bacterial cells
are placed togethet, they form S or gullwinged shapes (see
Fig 36.1).

Cellular Anatomy and Composition

Campylobacter — Arcobacter — Lawsonia have a typical
gram-negative cell wall, capsule, and flagella.

Cellular Products of Medical Interest

Campylobacter jejuni secretes a toxin similar in activity to
cholera toxin and the heat-labile toxin (LT) of Escherichia
coli by increasing intracellular levels of cAMP and
cytoskeletal rearrangements. Both toxins are immuno-
logically related and bind to the same ganglioside (GM;)
on the surface of the target cell. Campylobacter coli and C.
lari produce uncharacterized substances with cytotonic
and cytotoxic activity.

Campylobacter jejuni produces a number of proteins
with cytotoxic activity. These cytotoxins include a heat
and trypsin labile protein of 70kDa in size which is neu-
tralized by antibody to shiga-like toxin (see Chapter 11);
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a protein active on Vero cells; a protein that increases
intracellular cAMP followed by cell death (cytolethal dis-
tending toxin); a protein that has hemolytic activity
(hemolysin); and a protein that was shown to induce
hepatitis in mice (hepatotoxin). All of these toxic com-
pounds have a tenuous association with the disease
process in humans and other animals.

Campylobacter jejuni produces a mannose-resistant
adhesin that binds to a fucose-containing receptor on the
target cell. It also survives inside mononuclear phago-
cytes, implying the existence of other important, as yet
unidentified surface structures.

Commonly used serological methods for typing C.
jejuni are based upon heat-stable (presumably lipopoly-
saccharide) or heat-labile antigens. Both systems have
described numerous serotypes and are used to determine
the sources of food-borne outbreaks.

Virtually nothing is known about the cellular products
of Acrobacter or Lawsonia.

Growth Characteristics

Campylobacter spp. are microaerophilic, requiring an
atmosphere containing 3% to 15% oxygen and 3% to 5%
carbon dioxide concentrations for growth. Some, such as
C. jejuni, will grow at 42°C, a characteristic that is useful
for its selectivity in isolation from intestinal sources.
Unlike members of the family Enterobacteriaceae, they are
oxidase positive. They do not ferment or oxidize carbo-
hydrates, generating energy from oxidation of amino
acids or tricarboxylic acid intermediates through the res-
piratory pathway. Though they possess catalase and
superoxide dismutase, these enzymes are overwhelmed
by the excess of hydrogen peroxide and superoxide
anions formed when they are grown in the presence of
atmospheric concentrations of oxygen.

Members of the genus Arcobacter are aerotolerant,
a trait that separates them from Campylobacter. They
grow over a wide temperature range, and some strains of
A. butzleri grow at 42°C.

They are susceptible to drying, direct sunlight, and to
most disinfectants. They possess R plasmids, which most
commonly mediate resistance to tetracyclines.

Lawsonia intracellularis has not been grown in lifeless
media.

EcoLoGy

Reservoir

Animals and animal by-products are the sources for
human beings and susceptible animal species. Campy-
lobacter jejuni has been found in milk, on poultry car-
casses, and in feces of asymptomatic dogs and cats, as well
as those with diarrhea.

Swine probably acquire L. intracellularis from the feces
of infected pigs. Likewise, members of the genus Arcobac-
ter are acquired from similarly affected animals.

The sources of C. lari, C. helveticus, and C. upsaliensis

are not known but are presumed to be the intestinal tract
of infected individuals. Feces from healthy puppies and
kittens have been shown to contain C. upsaliensis.

Transmission

The fecal-oral route, direct or indirect, is probably the
main mode of spread. Infection occurs following the
ingestion of an animal product originally contaminated
with infected feces.

Pathogenesis

Campylobacter jejuni adheres to cells of the small intestine,
especially the distal segments. The organism multiplies
and invades the target epithelial cell. It is uncertain
whether the toxins elaborated by C. jejuni are responsible
for the disease. However, the LT-like toxin is thought to
deregulate the adenyl cyclase system as described for
enterotoxigenic E. coli (see Chapter 9). At the same time,
the cytotoxin destroys the mucosal epithelium. The
inflammatory response elicited by Campylobacter interac-
tion with the target epithelial cells probably has a lot to
do with stimulating events leading to diarrhea (i.e., acti-
vation of the arachidonic acid pathway leading to pro-
duction of prostaglandins and leukotrienes, and elevation
of cAMP). Campylobacter jejuni that escape into the lym-
phatics and into the systemic circulation are destroyed by
the bactericidal effects of serum. Diarrheal feces contain-
ing cell debris and mucus are produced, and products of
the inflammatory response are seen in direct smears.
Mucus and blood are sometimes seen grossly.

Swine proliferative enteritis is a disease complex
involving a number of intestinal abnormalities: intestinal
adenomatosis, necrotic enteritis, regional ileitis, and pro-
liferative hemorrhagic enteropathy. The disease is char-
acterized by a thickening of the ileal wall, but including,
on occasion, segments on either side. Lawsonia intracellu-
laris together with members of the normal flora is
thought to be responsible for this disease complex.

Little is known regarding the interactions of other
members of the genus Campylobacter and Arcobacter with
the intestinal tract of the host.

Epidemiology

Human beings in developed societies acquire C. jejuni
from symptomatic or asymptomatic companion animals
(dogs and cats) and from food such as raw milk, water,
and poultry products. Most sporadic cases probably arise
from consumption of improperly handled poultry or
contact with infected pets, whereas large outbreaks most
often occur from contact with raw milk or contaminated
water.

The feces of approximately 10% of asymptomatic dogs
and approximately 5% of asymptomatic cats are found to
contain C. jejuni. This percentage may be higher in
animals acquired from pounds.

The ceca of approximately 50% of chickens sampled
contain C. jejuni. At slaughter, these organisms con-
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taminate the environment and, as a consequence,
almost as many chicken carcasses found in stores will be
contaminated.

From 2% to 100% of cattle may be healthy shedders
of C. jejuni, a circumstance that may explain outbreaks of
campylobacter-induced diarrheal disease following inges-
tion of unpasteurized milk.

IMMUNOLOGIC ASPECTS

Circulating antibody develops as a result of infection.
There are no immunizing preparations available to
prevent gastroenteritis.

LABORATORY DIAGNOSIS

Sample Collection

Fecal samples are taken for the diagnosis of C. jejuni infec-
tions. Scrapings of affected intestine are used to diagnose
proliferative enteritis.

Direct Examination

Stained (gram stain with carbol fuchsin as counterstain;
Romanovsky-type stain) smears of fecal material will
reveal numerous slender, curved rods in most cases of
diarrhea produced by C. jejuni. Impression smears of the
intestine of swine with proliferative enteritis contain
similar rods within the cells lining the area. The silver
stains, such as Warthin-Starry, or a modified acid-fast
stain (use 0.5% acetic acid for 30 seconds for decoloriza-
tion) best demonstrate organisms in this site.

Isolation

Campylobacter jejuni and C. coli are best isolated from
affected intestinal samples on selective media containing
antimicrobial agents (e.g., Campy-CVA containing cefop-
erazone, vancomycin, and amphotericin B). Incubation is
under increased CO,, reduced O,, and the plates are incu-
bated at 37°C, or at 42°C when isolation of C. jejuni or C.
coli from feces is attempted. Because the genus Arcobacter
is aerotolerant, it does not require reduced oxygen. Its
members will grow on selective media (e.g., Campy-CVA),
and some will grow at increased temperature.

Immunodiagnosis

Immunodiagnosis is not used for intestinal disease pro-
duced by campylobacters. Antibody responses, measured
by enzyme-linked immunosorbent assays, have been
studied for epidemiologic purposes.

Molecular Diagnosis

Assays using polymerase chain reaction (PCR) have been
developed to amplify DNA from feces.

TREATMENT

The enteritis produced by C. jejuni is most often self-
limiting. Macrolide antibiotics (erythromycin, tylosin)
remain the drugs of choice for treatment of C. jejuni diar-
rhea. Tetracyclines are effective when macrolides cannot
be used, although tetracycline-resistant strains exist (R
plasmid based). Most campylobacters from animals are
susceptible to quinolone antibiotics. However, due to the
high rate of mutational resistance campylobacters have
to this group of antibiotics, a resistance that sometimes
occurs while animals are being treated, quinolones are
not the drug of choice. In addition, diarrhea due to C.
jejuni most often occurs in younger animals, most too
young to be safely treated with quinolones.

The arcobacters, A. butzleri and A. cryaerophila, are
resistant to the macrolide antibiotics but susceptible to
the tetracyclines and quinolones. Whether these microor-
ganisms would have the same resistance problems as the
campylobacters is unknown.

Control in the veterinary hospital and kennel requires
meticulous adherence to hygienic measures such as hand-
washing, cleaning, and disinfection protocols.
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Spiral Organisms II:
Helicobacter

JAMES G. FOX

Gastric spiral-shaped microorganisms have been noted in
animals and humans for more than a century. The first
observations of gastric spiral-shaped bacteria were noted
in animals. Since the discovery of Helicobacter pylori in
diseased gastric tissue of humans in 1982, Helicobacter
species have been cultured from the stomachs of ferrets,
nonhuman primates, dogs, cats, and cheetahs. These bac-
teria are gram negative, microaerophilic, and curved to
spiral-shaped; their isolation from gastric mucosa of
humans and animals during the last 15 years has created
a great deal of interest because of their causal role in
gastric disease. The type species H. pylori colonizes the
stomach of 20% to 95% of adult populations worldwide.
It causes persistent, active, chronic gastritis and peptic
ulcer disease in humans and also has been recently linked
to the development of gastric adenocarcinoma and gastric
mucosal-associated lymphoma.

In addition to the discovery of gastric helicobacters, an
increasing number of Helicobacter spp. have been isolated
from the lower gastrointestinal tract of mammals and
birds. At least 17 additional Helicobacter spp. have now
been identified and named (Table 15.1). These genera of
bacteria are taxonomically distinct from Campylobacter
spp. that also have spiral morphology, grow under
microaerobic conditions, and reside in the gastrointesti-
nal tract.

DESCRIPTIVE FEATURES

Morphology and Staining

Because many of the helicobacters observed in the stom-
achs of animals have been isolated only recently, many
earlier studies describing these bacteria were based on
morphological criteria. Three morphologically distinct
organisms described in dogs are now known to be heli-
cobacters by 16S rRNA analysis, and these early descrip-
tions have been useful for identifying and studying
similar gastric bacteria in a variety of animal species.
Flexispira rappini, now known as a Helicobacter sp., is a
bacterium entwined with periplasmic fibers that appear
to cover the entire surface of the organism. Helicobacter
felis also has periplasmic fibers but they are sparsely dis-
tributed on the organism and can appear singly or in

groups of two, three, or four. Helicobacter heilmannii, also
known as Helicobacter bizzozeronii, is very tightly spiraled
and does not have periplasmic fibers.

Bacteria with morphological characteristics similar
to that of H. pylori identified in humans have been iso-
lated from several species of nonhuman primates. More
recently, H. pylori has been identified and subsequently
cultured from commercially available cats. H. pylori
observed in cats and primates are 0.5 to 1.0um by 2.5 to
5.0pm.

A morphologically distinct bacterium has been iso-
lated and characterized in the ferret. Helicobacter mustelae
is rod-shaped or slightly curved and measures 0.5 by 2.0
um; it has sheathed flagella located at both poles as well
as laterally. Other gastric and intestinal helicobacters
have spiral to fusiform morphologies and all except
Helicobacter pullorum and Helicobacter rodentium have
sheathed flagella (Table 15.2).

Cellular Products of Medical Interest

Gastric helicobacters colonize the mucosa and induce an
inflammatory response. Levels of reactive oxygen species
are thereby increased. The type strain, H. pylori, has
evolved adaptive mechanisms to minimize oxidative
damage by utilizing its enzymes, superoxide dismutase
and catalase, and by the presence of recA gene products
that play a role in repair of damaged DNA.

Growth Characteristics

Because Helicobacter spp. are fastidious, selective media
are available commercially and consist of brucella
agar with 10% horse blood as well as vancomycin
(10mg/l), polymyxin B (2500U/l), and trimethoprim
(5mg/l). Fresh media are recommended for optimal
growth. Specific Helicobacter spp. also may have different
antibiotic sensitivities; therefore, selection of antibiotics
in culture media may determine the success of isolation.
The organisms do not grow under aerobic or anaerobic
conditions and achieve optimum growth in a high
humidity with microaerophilic conditions (5% CO,, 90%
N,, 5% H,). A flow chart outlining diagnostic schema to
isolate and identify gastric helicobacters is presented in
Figure 15.1.
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Table 15.1, Helicobacter Species and Their Hosts (as of 1997)

Table 15.2. Characteristics That Differentiate Helicobacter Species*
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FIGURE 15.1. Diagnostic flow chart for gastric helicobacters.
Isolation of Helicobacter sp. from Gastric Biopsies
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Variability

Helicobacter pylori strains exhibit a high degree of genomic
heterogenicity, due in part to nucleotide substitutions
among strains. However, H. pylori lacks an SOS muta-
genesis pathway, and the large number of nucleotide
substitutions are probably due to mechanisms such
as replication fidelity deficiencies or mismatch repair
defects.

Isolation and ldentification

Helicobacters can now be isolated routinely from the
gastric tissue of infected humans, ferrets, and nonhuman
primates. It is more difficult to isolate H. felis from dogs
and cats and until very recently H. bizzozeronii (H. heil-
mannii), the large gastric spiral, was uncultivable. This
organism, however, has now been isolated from both
dogs and humans. When attempting to grow H. felis and
H. bizzozeronii, it is very important to use moist plates that
are incubated lid uppermost. They do not form distinct
colonies, but rather bacterial growth consists of a very
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fine spreading film that could easily be dismissed as water
stains. Another limiting factor in isolation of gastric Heli-
cobacter spp. from animals and humans is the necessity
of obtaining gastric biopsies. The organisms are not rou-
tinely cultured from gastric juice or feces.

Intestinal helicobacters can be isolated on the same
selective antibiotic media used to isolate gastric heli-
cobacters. Also, the use of 0.45-u or 0.65-u filters to selec-
tively filter feces helps minimize contamination from
other enteric organisms during primary culture on selec-
tive agar.

EcoLoGy

Reservoir

Gastric helicobacters reside in the gastric mucus layer of
a variety of mammals. The ecological niche of intestinal
helicobacters is the crypts of the colon and cecum;
in some cases, the organism also colonizes the bile
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canaliculi of the liver. Animals maintained in closed
colonies, reared in pounds or kennels, for example, often
have prevalence rates of gastric helicobacters approach-
ing 100%. Some Helicobacter spp. colonize specific hosts
whereas others are capable of infecting a number of dif-
ferent animal species. Animals and birds, in some cases,
may be reservoirs for zoonotic transmission to humans
(see below).

Since the original observation of helicobacters in mice
in the 1990s, it is now known that Helicobacter spp. are
prevalent in many rodent colonies, both commercial and
academic, throughout the world. Though the epizootiol-
ogy of the disease is unknown, the bacteria apparently
persist in the intestine for the life of the animal.

Transmission

Both oral-oral and fecal-oral routes are probably opera-
ble in transmission of gastric helicobacters. Transmission
of intestinal helicobacters is via the fecal-oral route.
There is continued controversy whether viable, but non-
culturable, coccoid forms of helicobacter exist in the envi-
ronment, and if present, whether they are important in
transmission to susceptible hosts.

Pathogenesis

Although it is now known that both urease and flagella
are necessary to sustain colonization of Helicobacter spp.
in the gastric mucus, mechanisms are being actively
explored to explain the chronic inflammation induced
by some Helicobacter spp. These include several putative
bacterial virulence factors (e.g., cytotoxins and urease,
and certain proteins expressed by genes located on
pathogenicity islands), which in the persistently in-
fected host probably initiate sustained production of a
series of inflammatory cytokines. Urease, which produces
ammonia (a tissue irritant) as a by-product of urea metab-
olism, is an enzyme present in high levels in gastric
helicobacters as well as in several species of intestinal
helicobacters. The presence of these urease-producing
bacteria in stomachs and liver may damage cells adjacent
to the colonizing bacteria. A vacuolating cytotoxin has
been suggested, based on epidemiological studies, as a
potential virulence factor in H. pylori-induced peptic
ulcer, as well as H. pylori-associated chronic atrophic gas-
tritis, a precancerous gastric lesion. The purified H. pylori
exotoxin, when inoculated directly into mouse stomachs,
induced acute gastric erosions. A soluble cytotoxin exists
in H. hepaticus that produces significant in vitro cyto-
pathic effects in a murine hepatic cell line.

Pathology

Helicobacter felis and H. heilmannii (H. bizzozeronii) have
been associated with gastric histopathology in laboratory-
reared beagle dogs. When these bacteria were observed in
low numbers, for example, in the fundus, the organism
was considered innocuous; in large numbers, however, as
seen in the cardia and fundic pyloric junction, the organ-
ism may induce lymphoreticular hyperplasia and may

cause premature senescence of parietal cells. In pet dogs
and cats, the gastric Helicobacter-like organisms’ (GHLOs")
presence was often accompanied by reduction in mucus
content of surface epithelia, occasional intraepithelial
leukocytes, and some degenerating glands. Of the
glandular epithelial cells, only the parietal cells were
markedly altered. Abnormal findings included vacuola-
tion, enlarged size, and nuclear degeneration consisting
of both karyolysis and karyorrhexis. The presence of large
numbers of H. pylori in the gastric mucosa of commer-
cially reared cats was associated with a lymphofollicular
gastritis, characterized by lymphoid aggregates and
diffuse inflammation in the deep mucosa and lamina
propria.

Helicobacter pylori colonized the gastrointestinal tract
of gnotobiotic dogs orally challenged with H. pylori. The
dogs were colonized with H. pylori in all parts of the
stomach examined: cardia, fundus, antrum, and pyloric
antrum; the fundus was the most heavily colonized. Focal
to diffuse lymphoplasmacytic infiltrates with follicle
formation and focal infiltration of neutrophils and
eosinophils in the gastric lamina propria were observed.
Also, gnotobiotic dogs orally inoculated with H. felis have
the organism recovered from all areas of the stomach,
with colonization being heaviest in the body and antrum.
Occasionally, H. felis was observed within the canaliculi
of gastric parietal cells.

The histopathologic changes occurring in the stomach
closely coincided in topography with the presence of H.
mustelae. A superficial gastritis present in the body of the
stomach showed that H. mustelae was located on the
surface of the mucosa but not in the crypts. In the distal
antrum, inflammation occupied the full thickness of the
mucosa, the so-called diffuse antral gastritis described in
humans. In this location, H. mustelae was seen at the
surface, in the pits, and on the superficial portion of the
glands. In the proximal antrum and the transitional
mucosa, a precancerous lesion, focal glandular atrophy,
and regeneration were present, in addition to those
lesions seen in the distal antrum.

The liver lesion present in naturally H. hepaticus-
infected mice progressively increases in severity. It is an
inflammatory and necrotizing lesion that involves the
hepatic parenchyma, the portal triads, and importantly,
the small intralobular hepatic venules. The widespread,
multifocal hepatitis and single cell to coalescing hepato-
cellular necrosis appears to be random in distribution.
Within both the parenchymal perivascular lesion and
the affected portal triads, variable degrees of oval, Ito, and
Kupffer cell hyperplasia are present. There is an age-
associated increase in cell proliferation in infected
animals that was not seen in uninfected control mice.
Liver cell proliferation was more pronounced in male
mice than in age-matched female mice. The increased
levels of hepatocyte proliferation indices in H. hepaticus-
infected male mice are consistent with the observation of
increased hepatomas and hepatocellular carcinomas
observed in H. hepaticus-infected aged A/JCr male mice.
Helicobacter canis has also been observed in a dog liver
with multifocal hepatitis. Helicobacter hepaticus and H.
bilis infection are associated with inflammatory bowel



disease in immunodeficient mice and only infrequently
in H. hepaticus-infected immunocompetent mice.

Disease Features

Ferrets. In 1985, a gastric organism was isolated from a
duodenal ulcer of a ferret (Mustela putorius furo) and
named Helicobacter mustelae. Gastritis and peptic ulcers
are known to be routinely present in ferrets, colonized
with H. mustelae. Ferrets infected with H. mustelae, with
gastric or duodenal ulcers, can be observed on endoscopy
and are recognized clinically by vomiting, melena,
chronic weight loss, and lowered hematocrit. Acute
episodes of gastric bleeding can also be noted on occa-
sion. Helicobacter mustelae has also been depicted within
the pyloric mucosa of ferrets with pyloric adenocarci-
noma and mucosa associated lymphoma of the stomach.

Swine. Using 16S rRNA sequencing, Helicobacter suis,
closely related to H. heilmannii type 1, has been identified.
Authors studying gastric disease in swine have noted a
higher incidence of H. suis in swine with gastric ulcers
located in the parsoesophagea. When these data are com-
pared to pigs without H. suis, however, the data are
difficult to assess because H. suis primarily colonizes the
mucus layers and gastric pits of the antral and body
mucosa.

Nonhuman Primates. ~ Several papers have published isolation
of H. pylori from nonhuman primates, particularly
macaques. The presence of H. pylori in gastric mucosa of
infected monkeys is often accompanied by a lymphocytic
plasmacytic gastritis that apparently persists. Clinical
signs have not been described.

Dogs and Cats. Clinical signs in pet animals, attributable
to Helicobacter-associated gastritis may or may not be
present. Helicobacter pylori was recently identified in 100%
of the stomachs examined from a group of specific
pathogen-free cats obtained from a commercial vendor.
Clinical signs were not recognized.

Helicobacter cinaedi and H. fennelliae have been linked
to proctitis and colitis in immunocompromised humans.
Of interest is the recent isolation, based on cellular fatty
acid analysis, of H. cinaedi from the feces of dogs and a
cat. Helicobacter fennelliae has also been identified in the
feces of a dog and macaques. Helicobacter cinaedi has been
recovered from blood of neonates with septicemia and
meningitis, and is associated with arthritis in humans.

Helicobacter canis also has been isolated from feces of
normal and diarrheic dogs. It has also been isolated from
the liver of a puppy diagnosed as having an active, mul-
tifocal hepatitis. Helicobacter canis has also been cultured
from the feces of children and adult humans suffering
from gastroenteritis.

Sheep. Flexispira rappini was first isolated in humans from
a diarrheic patient; in the household, the same bacterium
was isolated from the feces of a young asymptomatic dog.
A similar bacterium has been cultured from aborted ovine
fetuses and was given the provisional name Flexispira
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rappini. Apparently F. rappini can cross the placenta in
pregnant sheep, cause acute hepatic necrosis in sheep
fetuses, and induce abortions. By 16S rRNA analysis, this
organism also belongs in the genus Helicobacter. Experi-
mentally, F. rappini causes similar necrotic hepatitis and
abortions in guinea pigs.

Rodents. To date, eight Helicobacter spp. have been iso-
lated from the intestinal tract and/or livers of rodents;
two of these, H. hepaticus and H. bilis, have been isolated
from the ceca and colons of mice and have also been iso-
lated from diseased livers of infected mice. Helicobacter
muridarum colonizes the lower intestinal tract of rats and
mice, and under certain circumstances can colonize the
gastric tissue of mice and induce a gastritis. Flexispira
rappini colonizes the colons and ceca of mice; H. cinaedi
colonizes the intestinal tract of asymptomatic hamsters.
Recently, H. trogontum has been isolated from the colons
of rats, H. rodentium from the colons and ceca of mice,
and H. cholecystus has been cultured from diseased livers
of hamsters. Clinical signs in infected rodents have
not been noted, except in immunocompromised mice
infected with H. hepaticus or H. bilis, where diarrhea
and/or rectal prolapse may be present.

Birds. Helicobacter pametensis is a urease-negative enteric
helicobacter isolated from wild bird and porcine feces.
Helicobacter pullorum has been isolated from ceca of
asymptomatic chickens, the livers and intestinal contents
of chickens with hepatitis, and feces of humans with gas-
troenteritis. There is speculation that H. pullorum may be
the microbial agent responsible for the syndrome termed
avian vibrionic hepatitis described in both chickens and
turkeys. Although Campylobacter jejuni has been raised
as a possible etiological agent in this disease, studies
conducted to ascertain whether C. jejuni (derived from
humans or chickens) experimentally produces hepatopa-
thy have failed.

Zoonotic Potential

Helicobacter pylori-infected cats have been screened by
culture and polymerase chain reaction (PCR) for the pres-
ence of H. pylori in salivary secretions, gastric juice, gastric
tissue, and feces. It was cultured from salivary secretions
in 6 of 12 (50%) cats and from gastric fluid samples in 11
of 12 (91%) cats. A 298 base pair PCR product specific for
an H. pylori 26kDa surface protein was amplified from
dental plaque samples from 5 of 12 (42%) cats and from
the feces of 4 of 5 (80%) cats studied. Isolation of H. pylori
from feline mucosal secretions suggests a zoonotic risk
from exposure to personnel handling H. pylori-infected
cats in vivaria. To date, however, there is no indication
based on several epidemiological studies that pets pose
increased risk of H. pylori transmission to humans.
Because H. heilmannii (H. bizzozeronii) and to a lesser
extent H. felis colonize a small percentage of humans with
gastritis, and no environmental source for these bacteria
has been recognized, pets have been implicated in
zoonotic transmission of the organisms. In Germany, a
recent survey of 125 individuals infected with GHLOs
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provided information in a questionnaire regarding
animal contact. Of these patients, 70.3% had contact
with one or more animals (as compared with 37% in
the “normal” population). More than a threefold pre-
ponderance of males over female patients with GHLOs
was recorded.

Since H. cinaedi has been isolated from humans and
the normal intestine flora of hamsters, it has been sug-
gested that pet hamsters serve as a reservoir for trans-
mission to humans. Also given that H. canis, F. rappini,
and H. pullorum have been isolated from animals and
diarrheic humans, the probability that these helicobac-
ters are also zoonotic agents exists.

IMMUNOLOGIC ASPECTS

A variety of serologic tests have been used to measure the
increased anti-H. pylori-specific IgG and IgA antibody
found in humans with different types of gastritis and duo-
denal or gastric ulcers. The most popular tests have been
an ELISA using glycine-extracted antigen or whole-cell
sonicates of the bacteria. The severity of gastritis in terms
of inflammatory response does not correlate with levels
of antibody. Specific serum IgG antibodies to gastric Heli-
cobacter spp. in animals have also been used to diagnose
in animals both naturally and experimentally infected
with Helicobacter spp. Analyses of serum and mucosal
secretions by ELISA in cats naturally infected with H.
pylori revealed an H. pylori-specific IgG response and ele-
vated IgA anti-H. pylori antibody levels in salivary and
local gastric secretions. As in humans, though helpful in
diagnosis, neither secretory nor serum antibody responses
are protective.

Helicobacter hepaticus has apparently developed strate-
gies to evade host immune responses similar to those of
gastric helicobacters. For example, H. hepaticus infected
A/JCr mice with hepatitis have a persistent IgG antibody
response to H. hepaticus that do not confer protection.
Younger mice colonized with H. hepaticus in their intesti-
nal crypts, but without appreciable hepatitis, did not
have elevated 1gG H. hepaticus antibody.

LABORATORY DIAGNOSIS

Direct Examination

In addition to using a gram stain on homogenized gastric
tissue for a rapid, presumptive diagnosis, urease activity
of these gastric bacteria can be utilized. A diagnostic test
for urease is commercially available that detects urease
activity in gastric tissue in 15 minutes to 3 hours. A gastric
biopsy can be minced and placed directly into urea broth
and a positive reaction obtained in 1 hour.

Gastric brushing cytology can be performed during
routine endoscopy: before obtaining gastric biopsies, cells
and mucus that adhere to the brush are applied to a
glass slide, air dried, and stained with Giemsa stain. For

identification of gastric Helicobacter spp., oil immersion
magnification (100X) is used.

TREATMENT AND CONTROL

Various clinical trials using different antimicrobial treat-
ments have been conducted to assess their ability to
eradicate H. pylori in humans. A triple-therapy regimen
consisting of amoxicillin and metronidazole, or tetracy-
cline and metronidazole, in combination with bismuth
subsalicylate given for 2 to 3 weeks has proven to be the
most efficient in eradication of H. pylori in humans.
Indeed, this antimicrobial regimen, plus ranitidine, has
proven successful in treating patients with ulcer disease.
In studies comparing this treatment to those patients
receiving ranitidine alone, ulcers not only healed faster,
but the recurrence of ulcers was significantly less than the
antibiotic-treated group where H. pylori has been eradi-
cated. Recently, therapy regimens using proton pump
inhibitors (e.g., omeprazole) in combination with other
antibiotics also have shown considerable efficacy in erad-
icating H. pylori. Whether antimicrobial therapy should
be instituted in domestic dogs and cats with gastritis or
ulcer disease is at present unknown.

Studies in ferrets indicate that the triple therapy
consisting of amoxicillin (30mg/kg), metronidazole
(20mg/kg), and bismuth subsalicylate (17.5mg/kg)
(Pepto-Bismol original formula, Proctor & Gamble) three
times a day for 3 to 4 weeks has successfully eradicated
H. mustelae from ferrets.

Mice naturally infected with H. hepaticus that received
triple therapy consisting of amoxicillin, metronidazole,
and bismuth three times daily for 2 weeks by gastric
intubation had the organism successfully eradicated, as
judged by the failure to isolate H. hepaticus from livers,
ceca, or colon of these mice euthanatized four weeks after
completion of antibiotic therapy. Oral gavage and dietary
administration of amoxicillin triple therapy were effec-
tive in eradicating H. hepaticus in A/] and DBA/2 mice
6 to 10 months of age, indicating triple therapy is also
effective in different strains of older mice with well-
established infections.
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Pseudomonas

DWIGHT C. HIRSH

Of the many recognized species of Pseudomonas, only P.
aeruginosa is of veterinary importance. Previously named
pseudomonads of veterinary importance, P. mallei and P.
pseudomallei, have been moved to the genus Burkholderia
(see Chapter 29).

Pseudomonas aeruginosa is very rarely involved with
primary disease, although it is extremely important in
clinical medicine. Most strains are resistant to the com-
monly used antimicrobial agents and are therefore
difficult to eliminate when they contaminate a compro-
mised site. It is commonly found in canine otitis externa
and cystitis, the uteri of mares (especially those treated
with antimicrobial drugs), and the eyes of horses treated
with topical steroid and antibiotic mixtures for corneal
ulcers. It is an uncommon cause of bovine mastitis and
septicemia in immunocompromised animals.

DESCRIPTIVE FEATURES

Morphology and Staining

The ofganisms are gram-negative rods, 0.5 to 1.0um by
1.5 to 5.0pm. Capsules may be produced. All members
are motile by means of polar flagellae. Pili are present.

Cellular Products of Medical Interest

Pseudomonas aeruginosa produces a number of protein
exotoxins: exotoxin A, exotoxin S, elastase, and a number
of other proteins with biological activity. Exotoxin A
and exotoxin S inhibit protein synthesis by ribosylation
of host cell G proteins or EF-2, respectively. Exotoxin A
acts identically to diphtheria toxin. The toxins are not
identical.

Pseudomonas aeruginosa produces bacteriocins (pyo-
cins) and pigments (pyocyanins). Pyocins are useful epi-
demiologically for tracing epidemics within the hospital
environment. Pyocyanin has toxic activity and is used as
an aid in the laboratory identification of P. aeruginosa.
Pyocyanin reacts with oxygen to form reactive oxygen
radicals that are toxic to eukaryotic and prokaryotic
organisms. Pseudomonas aeruginosa protects itself from
the toxic effects of pyocyanin by increasing synthesis of
catalase and superoxide dismutase.

Pseudomonas aeruginosa produces the iron-acquiring
siderophores pyochelin and pyoverdin, as well as uses the
siderophores produced by other bacteria living in its envi-
ronment (e.g., enterobactin and aerobactin).
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Growth Characteristics

Members of the genus Pseudomonas are obligate aerobes,
deriving their energy from the oxidation of organic mate-
rials and using oxygen as a terminal electron acceptor.
They grow on all common media over a wide range of
temperatures: 4°C to 41°C.

EcoLoGY

Reservoir

Most members of the genus Pseudomonas live in soil and
water. Pseudomonas aeruginosa may also occut in the feces
of normal animals.

Transmission

Environmental or endogenous exposure is constant, and
most infections are secondary to compromised host
defenses.

Pathogenesis

Pseudomonas aeruginosa contaminates areas of the body
that possess reduced numbers of normal flora. Disruption
of the normal flora is almost always due to antimicrobial
agents. Since P. aeruginosa is resistant to most commonly
used antimicrobial agents, it will replace the normal flora.
If the site colonized is compromised or contiguous to a
compromised site, there is risk of infection of the site.
Tissue destruction follows liberation of exotoxin(s) and
pyocyanin.

Pseudomonas aeruginosa is also isolated from certain
sites of animals that have no history of antimicrobial
therapy.

Epidemiology

The organism is ubiquitous in the environment. Disease
determinants therefore lie largely with the hosts and their
immediate environment. In a veterinary hospital,
however, a number of situations favor selection of this
organism. Pseudomonas aeruginosa thrives in wet, poorly
aerated environments within the hospital, especially in
surgery areas within support bags that have not been
properly dried, in hoses on anesthetic machines that have
not been cleaned and dried properly, or in disinfectant



solutions that have not been changed frequently. These
situations result in an increase in the number of
pseudomonads in the environment of the compromised
animal (site), thereby increasing the risk of infection
(contamination). Pseudomonas aeruginosa is a frequent
cause of bacteremia in human beings with burns,
leukemia, or cystic fibrosis.

IMMUNOLOGIC ASPECTS

Specific immune responses do not seem to play much of
a role in pathogenesis or resistance, though artificial pro-
tection has been shown to occur in animals vaccinated
with extracts of the organism or exotoxin A. The most
important consideration is to decrease the risk of infec-
tion by reducing the concentration of the organism in the
environment of the patient, in addition to reducing the
extent of compromise, for example, by cleaning and
drying an infected ear.

LABORATORY DIAGNOSIS

Pseudomonas aeruginosa grows well on blood agar
medium. The colonies are somewhat large, >1mm in
diameter, gray (gunmetal), rough, usually with a zone of
hemolysis. A plate containing P. aeruginosa has a charac-
teristic odor, reminiscent of corn tortillas. Besides being
oxidase-positive, a trait that sets it apart from members
of the family Enterobacteriaceae, it turns triple sugar iron
agar slightly alkaline (without gas), utilizes glucose
oxidatively, grows at 42°C, and forms a blue-green,
chloroform-soluble pigment, pyocyanin. Resistance to
some antimicrobials is due to permeability barrier of the
Pseudomonas cell wall, and to others because of inactiva-
tion due to products encoded by plasmid-based genes
(R plasmids).
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TREATMENT AND CONTROL

Treatment involves correction of compromise and, if nec-
essary, the use of an antimicrobial agent. Pseudomonas
aeruginosa is usually susceptible to gentamicin, tobra-
mycin, amikacin, carbenicillin, ciprofloxacin, and ticar-
cillin clavulanic acid, and these agents are used for the
treatment of soft tissue infections. In the canine urinary
tract, tetracycline achieves concentrations sufficient to
kill most isolates. Most pseudomonads are susceptible to
levels achieved by antimicrobial agents in otic prepara-
tions: enrofloxacin, neomycin, polymyxin, chloram-
phenicol, and géntamicin. It should be noted that there
are no in vitro tests that predict susceptibility/resistance
of isolate from infectious processes that will be treated
topically (e.g., the ear).
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Yersinia enterocolitica is associated with mesenteric lym-
phadenitis, terminal ileitis, acute gastroenteritis, and rare
septicemia in primates and occasionally in other species.
Mesenteric lymphadenitis and septicemia with involve-
ment of liver and spleen are seen in other animal species.
It is a pathogen of humans, and animal products (e.g.,
milk, pork) are among the sources of human infection.

DESCRIPTIVE FEATURES

Cellular Anatomy

Yersinia enterocolitica is a typical member of the family
Enterobacteriaceae. It is not encapsulated and possesses a
number of temperature-regulated traits. Products formed
at 22°C to 25°C (but poorly at 37°C) include flagella,
O-antigens, bacteriophage receptors, and a mannose-
resistant hemagglutinin. Surface fibrils are formed at 37°C
but not at 22°C. These fibrils are thought to be responsi-
ble for the autoagglutination observed with virulent
strains.

Cellular Products of Medical Interest

Yersinia enterocolitica produces a chromosomally encoded
enterotoxin (Yst), with activity similar to the ST toxin
secreted by Escherichia coli (see Chapter 9). The role of
the enterotoxin is unclear; though it is made at 37°C,
enterotoxin-negative strains produce diarrhea. Patho-
genic yersiniae contain a plasmid called pYV (plasmid for
yersinial virulence) of approximately 70kb in size. Loss of
the plasmid results in the loss of virulence, the autoag-
glutination trait, calcium-dependent growth at 37°C but
not at 25°C, ability to survive within mononuclear
phagocytes, and ability to produce keratoconjunctivitis in
the guinea pig (Sereney test). The products encoded on
pYV include a protein needed for adherence and uptake
by target cells (YadA, Yersinia adherence; Ail, attachment
invasion locus); antiphagocytic proteins (Yops, Yersinia
outer membrane proteins — excreted proteins that are
really not outer membrane bound); an outer membrane
protein, invasin, that facilitates adhesion and entry into
the target cell; and various regulatory proteins. Survival
within macrophages is associated with the GsrA protein
(global stress requirement) and is induced following
phagocytosis, although YopJ triggers apoptosis in this cell
type.

Virulent yersiniae also make a siderophore and a
hemin-binding protein (HemR) for iron uptake.
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Growth Characteristics

Most of the physiological characteristics of Y. enterocolit-
ica are those of the family Enterobacteriaceae. Some minor
variations include growth at 4°C, expression of certain
traits at 25°C compared to 37°C, and little or no gas pro-
duction in the fermentation of glucose.

Variability

There are 34 O-antigen and 20 H-antigen serogroups.
O groups 3, 5, 27, 8, and 9 are associated with clas-
sical disease of the gastrointestinal tract. There are five
biotypes.

EcoLoGy

Reservoir and Transmission

Watet, food, soil, fruits, vegetables, and asymptomatic
individuals from humans to mollusks have been pro-
posed as reservoirs for Y. enmterocolitica. Expression of
certain virulence determinants at 22°C to 25°C suggests
that mammals acquire Y. enterocolitica from a “cold”
source (water and food, for example) rather than a warm-
blooded animal. Infection follows ingestion of organisms
expressing the adhesin.

Pathogenesis

In the intraintestinal milieu, temperature and perhaps
calcium ion concentration downregulate yersinia growth.
In stationary phase, RpoS (the gene encoding the sta-
tionary phase sigma factor for RNA polymerase) is pro-
duced, which is necessary for optimal expression of Yst
and Yops. Pathogenic yersiniae attach to M cells of lym-
phoid nodules of the distal small intestine following
expression of the cell surface proteins invasin, Ail, and
YadA. Attachment triggers actin cytoskeletal changes
resulting in a “zippering” phenomenon that leads to the
enclosure of the cell membrane around the attached
yersiniae, resulting in their internalization. Internalized
microorganisms pass through to the lymphoid nodule. At
this stage, Yops are produced and secreted. These proteins
interfere with phagocytosis by macrophages residing
within the nodule, and induce their death by apoptosis.
However, yersiniae survive to some degree within
macrophages due to the expression of the GsrA protein.



Invasion of the basolateral surface of ileal epithelial cells
occurs following attachment to the basolateral surface of
the cell (B, integrins, the target for YadA and invasin, are
localized on this aspect of the intestinal epithelium), and
internalization follows. Inflammation induced by extra-
cellular yersiniae, together with interferon secretion by
NK and gamma delta T cell recognition of infected epi-
thelial cells (as well as lipopolysaccharide), results in
an influx of polymorphonuclear neutrophil leukocytes
(PMNs), which are very efficient in killing yersiniae.
Extracellular yersiniae avoid destruction by complement-
mediated mechanisms by expression of Ail and YadA,
both of which impart complement resistance. Yersinia
enterocolitica produces a hemin-binding protein (HemR)
and a siderophore capable of iron acquisition from trans-
ferrin and lactoferrin. Diarrhea results from secretion of
the enterotoxin (Yst) and/or the consequences of an
inflammatory response (activation of the arachidonic
acid pathway resulting in production of prostaglandins
and leukotrienes, and elevation of cAMP).

Clinical infections, which occur in chinchillas, hares,
and monkeys, are enteritides potentially complicated by
hematogenous spread to liver and spleen. Diarrheal
disease has also been seen in pigs, goats, dogs, and cats
— young animals being preferentially affected.

Epidemiology

Certain serotypes are geographically restricted. O:8 is
indigenous to the United States but not the rest of the
world. O: 3 until recently was rarely isolated in the United
States but is common in the rest of the world, and is
becoming more so in the United States. O :9 has not been
reported outside of Europe.

The chief interest in animal yersiniosis derives from its
possible epidemiologic relation to human yersinial infec-
tions. Outbreaks linked to animals and animal products
have been rare. Serotyping and biotyping suggest that
there is little relationship between animal strains and
human disease isolates.

IMMUNOLOGIC ASPECTS

Yersinia enterocolitica is an extracellular microorganism. It
is readily destroyed by phagocytic cells, even though the
microorganism excretes proteins (Yops) that interfere
with this process. Most often, Y. enterocolitica disease is
self-limiting due to the innate immune response: phago-
cytosis, lysis of infected epithelial cells, iron sequestra-
tion, and complement proteins.

A serologic relationship between O:9 serotype,
common in swine, and Brucella spp. has complicated
swine brucellosis eradication programs.
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LABORATORY DIAGNOSIS

Samples of feces, lymph node biopsy, and biopsy from
affected tissues are examined microbiologically. Selective
media containing bile salts are somewhat inhibitory to Y.
enterocolitica, especially at 37°C. MacConkey agar is least
inhibitory. There are special media designed for the iso-
lation of Y. enterocolitica (e.g., CIN medium). Cold enrich-
ment of the sample at 4°C aids in attempts to isolate small
numbers of Y. enterocolitica from a contaminated envi-
ronment. Isolation from tissue necessitates the use of
blood agar plates incubated at 37°C.

TREATMENT

Antimicrobial agents useful for treating disease produced
by Y. enterocolitica are the fluoroquinolones, tetracycline,
trimethoprim-sulfonamides, and chloramphenicol. R
plasmids are common in Y. enterocolitica, and genes
encoding resistance to tetracycline and streptomycin are
most commonly found.

Other yersiniae are considered in Chapter 49.
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Mycobacterium avium ssp. paratuberculosis, hereafter
referred to as Mpycobacterium paratuberculosis, is the
causative agent of a chronic, irreversible wasting disease
of ruminants called Johne’s disease.

DESCRIPTIVE FEATURES

Morphology and Staining

Mycobacterium paratuberculosis is a rod-shaped bacillus, 1
to 2um by 0.5um. It possesses a gram-positive cell wall
but, because of high lipid content, the cells are difficult
to stain by the Gram method. It is acid-fast.

Cellular Anatomy and Composition

The cellular constitution is typical for the genus Mycobac-
terium (see Chapter 30).

Cellular Products of Medical Interest

Extracts of broth cultures of M. paratuberculosis contain
the protein derivative (johnin) responsible for eliciting
the delayed-type sensitivity responses that are manifest
following infection with this organism.

Iron-acquiring substances exochelins and mycobactin
may be responsible for intracellular growth. Exochelins
are proteins that remove ferric iron from ferritin, and
mycobactin is a complex lipid residing in the cell mem-
brane of the microorganism that is responsible for trans-
fer of iron from the exochelin to the bacterium.

Growth Characteristics

Like the rest of the genus Mycobacterium, M. paratubercu-
losis is an obligate aerobe. In the past, the dependency
of M. paratuberculosis for mycobactin has been used to
differentiate it from other mycobacteria. This trait has
been shown to be shared, however, with other strains
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of M. avium. The medium of choice is Herrold’s egg-yolk
medium. Most strains are stimulated by pyruvate.
Growth is slow. Development of visible colonies
requires 8 to 12 weeks of incubation at 37°C.
Mycobacterium paratuberculosis survives many months
in soil or in organic matter when protected from direct
sunlight and drying.

EcoLoGy

Reservoir

Traditionally in vitro growth of most strains requires the
presence of the iron-binding lipid mycobactin. This trait
is also shared by other strains of M. avium.

The reservoir for M. paratuberculosis is the intestinal
tract of infected animals, both the clinically affected and,
more importantly, those infected but asymptomatic. In
an affected herd, infected, asymptomatic fecal shedders
may be 20 times more numerous than those showing
clinical signs. An infected animal may also shed M.
paratuberculosis into colostrum and milk, and may pass
the organism to her fetus in utero. Mycobacterium paratu-
berculosis has been isolated from semen, seminiferous
tubules, and the prostate glands of infected bulls.

Transmission

The infection is usually acquired through the ingestion
of contaminated feces, but in utero infection and inges-
tion of contaminated colostrum or milk are also possible
routes.

Pathogenesis

The pathogenic mechanisms appear to involve cell-
mediated immune phenomena. The granulomatous
lesions associated with clinical disease are related to cell-
mediated hypersensitivity. The organism is found within
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macrophages in the submucosa of the ileocecal area and
the adjacent lymph nodes (ileocecal) following ingestion.
Extraintestinal colonization suggests the existence of a
blood phase, but this probably occurs after establishment
of a primary focus of infection in the intestine. Whether
this occurs soon after infection or later is not known. Ini-
tially the animal shows no signs of disease. The incuba-
tion period before overt clinical disease is 12 months or
longer.

After ingestion, M. paratuberculosis enters by means of
M cells over lymphoid nodules of the ileocecal area.
Shortly thereafter, macrophages within the nodule
become infected, with M. paratuberculosis seen within
phagosomes and phagolysosomes. Ingested microorgan-
isms limit production of superoxides and discourage
fusion of lysosomes with phagosomes. Those within
phagolysosomes are relatively resistant to destruction
(probably related to the chemistry of their cell wall).
Intracellular M. paratuberculosis acquire iron for growth
with the excretion of exochelins, which remove iron from
macrophage ferritin. Iron is transported by way of
exochelin-iron complexes across the mycobacterial cell
wall to the cytoplasmic membrane where mycobactin
transports the iron into the cell. There is evidence that
iron availability dictates the distribution of M. paratuber-
culosis, with most iron available within macrophages of
nodules in the ileocecal area.

Release of IL-12 by affected macrophages initiates the
inflammatory and immune responses. The responses are
initiated by the recruitment of specific CD4+ Ty; cells
and subsequent release of cytokines leading to the attrac-
tion of macrophages to the site of interaction of M.
paratuberculosis and macrophage. Normally, gamma inter-
feron (one of the released cytokines) would activate
macrophages to deal effectively with ingested mycobac-
teria. Activation is compromised, however, by gamma
delta T lymphocytes that are cytotoxic for the specific
CD4+ Ty, lymphocytes. This cytotoxicity is regulated by
CD8+ T lymphocytes. In addition, gamma interferon
released by T lymphocytes is a poor activator of M.
paratuberculosis-infected macrophages. The interaction
between all of these cell types results in the formation of
a slowly progressing granulomatous reaction as evidenced
by the accumulation of macrophages in the submucosal
region. Some macrophages die subsequent to the multi-
plication of mycobacteria within them, resulting in the
release of microorganisms and phagocytosis by other
macrophages. The granulomatous response and cellular
infiltrate lead ultimately to sloughing of the mucosal
epithelium and release of infected macrophages and
mycobacteria into the lumen.

The disease in some affected animals progresses to mal-
absorption, protein-losing enteropathy, and overt clinical
disease. However, only 3% to 5% percent of the animals
in an infected herd progtess to clinical disease. Other eco-
nomic losses are traced to breeding problems (e.g., longer
calving intervals), to reduced milk production due to an
increased incidence of mastitis (not caused by M. paratu-
berculosis), and to general ill thrift.

Extraintestinal localization (e.g.,, mammary gland,
fetus, sex organs of male) suggests a blood phase. There

is a direct correlation between the degree of dissemina-
tion and the numbers of M. paratuberculosis in feces.
Infected blood monocytes have been demonstrated and
may be the manner in which sites outside of the intesti-
nal tract become infected.

Gattle. Animals showing clinical signs present with
chronic weight loss, diarrhea, but normal appetite and
temperature. At this stage of the disease, the submucosa
of the intestinal tract, extending both cranially as well as
caudally from the ileocecal area, is infiltrated with
macrophages, epithelioid cells, and some giant cells that
contain large numbers of M. paratuberculosis. The drain-
ing lymph nodes are almost always enlarged and packed
with macrophages containing mycobacteria. The classical
gross lesion in cattle is a permanent transverse corruga-
tion of the intestinal mucosa caused by granulomatous
inflammation within the lamina propria and submucosa
(Fig 18.1). The extent of the infiltration is not always
related to the severity of the clinical disease. The symp-
tomatic disease usually progresses to a fatal outcome.

Sheep and Goats. Diarrhea is not a common clinical sign of
the disease in these species. Herd unthriftiness, however,
should prompt examination for M. paratuberculosis.
Intestinal lesions in sheep and goats are less obvious than
in cattle. Weight loss has been a consistent finding with
affected goats.

Epidemiology

The young animal is the most susceptible to infection.
Older animals can be infected only with very large
inocula.

FIGURE 18.1. Bovine intestine affected by Johne’s disease
showing permanent corrugations. (Photograph courtesy of Dr.
Murray Fowler.)
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Many ruminant species are subject to infection. Clin-
ical disease occurs mostly under conditions of domesti-
cation or captivity, especially in association with stress
factors such as parturition, crowding, shipment, or faulty
dietary regimes.

Genetics may play a part, as certain cattle breeds
(Guernsey, Jersey, Shorthorn) seem to be preferentially
affected. ,

High prevalence of inapparent shedders, chronicity of
infection, and persistence in the environment favor dis-
semination of the agent. The overall prevalence in U.S.
bovines is approximately 1% to 3%. The importance of
transmission through milk and placenta is uncertain.

Bacteria resembling M. paratuberculosis have been iso-
lated from humans with Crohn's disease (regional ileitis),
a disease remarkably similar to Johne'’s disease.

IMMUNOLOGIC ASPECTS

The lesions and host responses are manifestations of cel-
lular immunity. The cell-mediated immune response
probably accounts for the low percentage of animals that
progress to overt disease. Other problems, such as
decreased milk production and increased calving inter-
vals, may be indirectly due to the generalized immuno-
suppression observed in infected animals.

Artificial immunization is practiced in some areas of
the world, and this practice seems to reduce the losses
that occur due to this disease, but it does not eliminate
the problem. In the United States, vaccination is not prac-

FIGURE 18.2.

ticed because of its real or perceived interference with
diagnostic tests (see below), since vaccinated animals will
test positive for this disease and occasionally for tuber-
culosis as well.

LABORATORY DIAGNOSIS

Sample Collection

From cattle, samples from the ileocecal area (intestine
or lymph nodes) are best, but mucosal scrapings from
the rectum in the live animals are easier to obtain.
Biopsies of ileocecal lymph nodes are performed on valu-
able cattle. In sheep and goats, examination of the ileo-
cecal lymph nodes is the most rewarding. Samples of
intestinal content or scrapings are least useful in these
species.

Direct Examination

Impression smears of lymph nodes, or smears of rectal or
intestinal scrapings, are stained by the Ziehl-Neelsen pro-
cedure. Mycobacterium paratuberculosis will stain acid-fast.
They are short, slender rods, occurring in bunches
(Fig 18.2). Other acid-fast staining structures in samples
(saprophytic mycobacteria or bacterial endospores) will
be solitary and quite large. Sections stained with
hematoxylin-eosin reveal the typical granulomatous
lesions. If stained by acid-fast procedure, masses of intra-
and extracellular organisms can be demonstrated.

Impression of mesenteric lymph node from a goat with Johne’s disease,

showing masses of minute intra- and extracellular acid-fast bacteria. Ziehl-Neelsen stain, about

2000X.
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Isolation

Growth of the organism in vitro is the surest way to make
the diagnosis. Fecal samples or lymph node biopsies are
first decontaminated with hexadecylpyridinium chloride.
The decontaminated sample is placed in egg-yolk
medium containing mycobactin (mycobactin J produced
by M. paratuberculosis is preferred). Because some strains
are inhibited by sodium pyruvate, egg-yolk medium with
and without this substance should be inoculated, as
should the same medium with and without mycobactin.
The time required to develop visible colonies is about
8 weeks. Current techniques allow for the detection of
one organism per gram of material.

A radiometric procedure (BACTEC-RCM) utilizing *C-
palmitic acid followed by polymerase chain reaction
(PCR) amplification of the insertion sequence 1S900, a
M. paratuberculosis-specific sequence of DNA, has been
described and allows detection in feces in 2 to 4 weeks.

IMMUNODIAGNOSIS

Immunodiagnostic procedures are run in parallel with
cultures of the organism and examination of direct
smears. Available tests rely either on the presence of anti-
body or on delayed-type hypersensitivity to extracts of
the organism.

Delayed-Type Hypersensitivity Tests

There are three general types: an intradermal test, an IV
johnin test, and a lymphocyte proliferation assay. The
intradermal test requires the intradermal injection of
johnin, followed by examination of the injection site for
swelling 48 to 72 hours later. This test may result in as
high as 75% false-positive reactors.

The 1V johnin test is more specific. Reacting animals
develop a fever of 1.5°F or higher following IV injection
of johnin. This test detects about 80% of the cases
showing clinical signs, but not asymptomatic shedders.

The third test measures the cell-mediated immune
status of the animal to M. paratuberculosis in an in vitro
lymphocyte-stimulation test. Peripheral blood lympho-
cytes are collected and exposed to johnin (or to its
purified protein derivative). If the animal has developed
cell-mediated immunity to the antigens of M. paratuber-
culosis, these lymphocytes will respond by proliferating,
which is measured by the addition of a radio-labeled
nucleic acid precursor. This test increases the specificity
of the detection, but animals test positive at a stage when
clinical signs are evident.

Serologic Tests

The complement fixation test will result in about 75%
false-positive reactors. The other serological tests, the agar
gel immunodiffusion (AGID) test and the enzyme-linked
immunoadsorbant assay (ELISA), are more specific. ELISA
detects shedders before the AGID test, which becomes

positive only after large numbers of M. paratuberculosis are
in the feces. ELISA will detect an infected animal before
there are sufficient organisms in the feces for positive
culture.

The usefulness of the ELISA and AGID tests for diag-
nosis of this disease in sheep and goats is unknown. Tests
utilizing cell-mediated immune response in these species
have not been useful.

Molecular Techniques

A number of DNA tests have been developed for the
demonstration of the presence of M. paratuberculosis. All
utilize a specific sequence for the development of probes
or for the design of primers needed to amplify DNA by
using PCR. Specific sequences that have been exploited
are those found in the 16S rDNA and the insertion
sequence IS900. Tests have been designed to determine
the presence of M. paratuberculosis DNA in feces, tissue,
and in blood monocytes. Methods using feces or tissue
suffer from a lack of sensitivity, especially for feces, which
is probably due to inhibitors found in this substance. For
example, fecal analysis using probes specific for the IS900
sequence, or PCR amplification of specific sequences,
results in a threshold of 10* to 10° microorganisms/gm
(culture of feces can detect about 10/gm) before detec-
tion. On the other hand, PCR analysis of peripheral
monocytes results in a detection level of about 1/ml to
10/ml of blood. Though molecular methods may lack
some sensitivity, they are very specific.

TREATMENT, CONTROL, AND PREVENTION

At present there are no economically useful antimicrobial
agents that are effective against M. paratuberculosis in
vivo. The newer macrolides, such as clarithromycin, are
effective in vitro, but are too expensive to use clinically.

The disease is best attacked by eliminating infected
animals and preventing possible spread within the herd.
Husbandry procedures that must be implemented include
segregating the neonate from the dam and other adult
animals, ensuring that parturition takes place in non-
contaminated areas, and taking precautions against
feeding neonates potentially infectious, unpasteurized
colostrum or milk. Immunologic and cultural tests are
applied to promptly identify those animals that are
infected and shedding. The AGID assay detects animals
shedding the organism. The ELISA detects those that are
shedding numbers too low to be detected by culture.
Culture is used to confirm the results of the serological
assays; it is also used in vaccinated herds where serologi-
cal tests are not reliable. Molecular techniques that utilize
nonfecal samples (such as peripheral blood) show great
promise in speeding up the process of identifying affected
animals.

Prevention of the disease is difficult. Since there
are few regulations governing the sale and shipment of
possibly infected livestock, a producer has no way of
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ascertaining whether a purchased animal is uninfected
except by testing. Until uniform tests and reporting pro-
cedures are established, the assurance that an animal is
free of M. tuberculosis is not possible.

Parenteral vaccines, live and killed, are used in some
countries but are not universally available.
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Candida

ERNST L. BIBERSTEIN

Candidiasis is usually due to the parasitic yeast Candida
albicans, which inhabits mucous membranes of most
mammals and birds. Of the more than 150 other species
of Candida that are associated with many diverse habitats,
few cause animal disease. Disease produced by members
of the genus Candida usually occurs in an immunocom-
promised host.

The subsequent discussion deals with C. albicans
unless otherwise indicated.

DESCRIPTIVE FEATURES

Cell Morphology, Anatomy, and Composition

On routine laboratory media and mucous membranes, C.
albicans typically grows as oval budding yeast cells (blas-
toconidia), 3.5um to 6um X 6 um to 10pum in size. Under
certain conditions of temperature, pH, nutrition, and
atmosphere, yeast cells sprout germ tubes (Fig 19.1) that
develop into septate-branching mycelium. “Pseudo-
mycelium” is produced by elongation of the blastoconi-
dia and their failure to separate. In vivo, myecelial or
pseudomycelial growth is associated with active prolifer-
ation and invasiveness.

The so-called chlamydospore (chlamydoconidium) is a
thick-walled sphere of unknown function, attached by a
suspensor cell to (pseudo)mycelium and essentially
confined to in vitro growth (Fig 19.2) of C. albicans (rarely
other Candida spp.).

Candida cells are eukaryotes. The cell wall contains gly-
coproteins; the polysaccharide portions are glucans and
especially mannans. Lipids and chitin are also present.
Mannoproteins are found on the cell surface. Cellular
products include peptidolytic enzymes, which may be vir-
ulence factors. Two major cross-reacting serogroups are
recognized. These are termed A and B, and are identifiable
with absorbed sera.

Candida can be stained with periodic acid Schift (PAS),
Gomori methenamine silver (GMS), and other fungal
stains, but is usually studied in culture unstained. Poly-
chrome stains (Wright’s, Giemsa) are suitable for demon-
strating it in tissue or exudate. With Gram stain, Candida
cells often appear gram positive.

Growth Characteristics

Candida albicans, an obligate aerobe, grows on ordinary
media over a wide range of pH and temperature. At 25°C,

creamy to pasty white colonies consisting predominantly
of blastoconidia appear in 24 to 48 hours. Production of
(pseudo)mycelium is environmentally influenced, but the
controlling factors are disputed. Incubation tempera-
tures above 35°C, a slightly alkaline pH, and a rich,
cartbohydrate-free fluid medium are often recommended.

Differential ability to ferment or assimilate carbohy-
drates is the basis of species identification.

Candida species are killed by heat above 50°C, ultravio-
let light, chlorine, and quaternary ammonium-type dis-
infectants. They withstand freezing and survive well in
the inanimate environment. They are susceptible to
polyene antimycotics, and usually to flucytosine and the
azoles.

Reservoir

Candida albicans is associated with mucocutaneous areas,
particularly of the alimentary and lower genital tract, of
mammals and birds. Environmental sources are impor-
tant especially for other Candida spp.

Transmission

Most Candida diseases arise from an endogenous source,
that is, they are caused by a commensal strain. The
bovine udder becomes infected via the teat canal by way
of administered medication, during milking, by cow-to-
cow spread, or from the environment.

Pathogenesis

Mechanisms.  Chitin, mannoprotein, and lipids are possible
adhesins in human candidiasis; several extracellular
matrix proteins have been shown to be the receptor.
Germ tube formation is correlated with experimental
pathogenicity, but the role of mycelium formation in vir-
ulence is under dispute. Proteases and neuraminidase
may be virulence factors. Cell wall glycoproteins have
endotoxin-like activity.

Pathology. Candidiasis most frequently affects the mucous
surfaces on which the agent is normally found, possibly
the anterior digestive tract from mouth to stomach; it
typically remains confined to areas of squamous epithe-
lium. The genital tract, skin, and claws can be involved
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FIGURE 19.1. Germ tube production (arrows) by Candida albicans in serum.
Unstained wet mount, 300X. —

FIGURE 19.2. Candida albicans culture on chlamydospore agar with trypan blue,
showing pseudomycelium, blastoconidia (right), and chlamydoconidia (left); 1200X.

as well. Occasional respiratory, intestinal, and septicemic
infections occur.

On epithelial surfaces, candidiasis forms whitish to
yellow or gray plaques, marking areas of ulceration with
varying degree of inflammation. Diphtheritic membranes
may form in the gut or respiratory tract, and abscesses
may form in the viscera. Granulomatous lesions are rare.
Inflammatory responses are predominantly neutrophilic.

Disease Patterns.  Avian candidiasis affects chickens, turkeys,
pigeons, and other birds. It resembles thrush of humans
involving the anterior digestive tract. In the young, it can
be a stunting disease and cause considerable mortality.

In the alimentary tract of foals and pigs, candidi-
asis causes ulcerative lesions that may lead to rupture.
Equine genital infections cause infertility, metritis, and
abortions.

Pneumonic, enteric, and generalized candidiasis af-
fects calves on intensive antibiotic regimens. Candida
mastitis in dairy cows is typically mild and self-limiting,
ending in spontaneous recovery within about a week.
Bovine abortions have been reported.

In the small carnivores, candidiasis produces ulcerative
lesions in the digestive and genital tract. Rarely,
dogs develop septicemia with lesions in muscle, bones,
skin, and lower wurinary tract (especially those with
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FIGURE 19.3. Candida albicans in nasal exudate from a dog. Note blastoconidia
and pseudohypha. Gram stain, 1000X.

diabetes); feline pyothorax may rarely be due to C.
albicans.

Lower primates and marine mammals may acquire
mucocutaneous candidiasis.

Epidemiology

The common agents of candidiasis are commensal with
most warm-blooded species. Disease is linked to immune
and hormonal inadequacies, reduced colonization re-
sistance, or intensive exposure of weakened hosts or
vulnerable tissues. These conditions account for suscep-
tibility of infants, diabetics, subjects on antibiotic and
steroid regimes, patients with indwelling catheters, and
mammary glands of lactating cows.

IMMUNOLOGIC ASPECTS

Immunoincompetent individuals are preferred targets for
infection.

Polymorphonuclear neutrophil leukocytes (PMNs) and
activated macrophages form the chief defense against
candidiases. The role played by opsonins (antibody; com-
plement) is to facilitate phagocytosis. Macrophages are
activated by gamma interferon secreted by Ty; cells stim-
ulated by IL-12 from phagocytizing macrophages.

There is no artificial immunization.

LABORATORY DIAGNOSIS

In exudate, Candida appears as blastoconidia or
(pseudo)hyphae. All forms are demonstrable in unstained
wet mounts and fixed smears stained with Gram, fungal,
or polychrome stains (Fig 19.3).

Candida albicans grows well on blood or Sabouraud’s
agar, with or without inhibitors. Other Candida spp. may
be inhibited by cycloheximide. Yeast isolates producing
(pseudo)mycelium can be considered Candida spp. Isola-
tion of Candida spp. from mucous membranes even
in large numbers suggests a diagnosis of candidiasis only
in the presence of compatible lesions and abundant
(pseudo)hyphal forms in direct smears.

Incubation at 37°C for =2 hours of a lightly inoculated
tube of serum will produce germ tubes if the isolate is
C. albicans (see Fig 19.1), which also produced chlamy-
dospores on cornmeal-tween 80 agar (see Fig 19.2). Yeast
identification kits are commercially available.

DNA probes and tests for circulating antibody, antigen,
and metabolites have had no adequate trial in veterinary
medicine.

TREATMENT, CONTROL, AND PREVENTION

Correcting conditions underlying clinical candidiasis
may in itself lead to recovery.

In poultry, copper sulfate in drinking water is a tradi-
tional treatment. Nystatin can be given in feed or water.
It is also used topically in mucosal and cutaneous forms
of candidiasis of mammals, as are amphotericin B and
miconazole. Fluconazole (preferred) or flucytosine is
useful for treating dogs or cats with lower urinary tract
candidiasis.

In disseminated forms, oral fluconazole or flucytosine
are drugs of choice. Susceptibility testing is advisable.
Combined flucytosine-amphotericin B is sometimes used
in humans and occasionally in animals.
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The Respiratory Tract
as a Microbial Habitat

ERNST L. BIBERSTEIN

Breathing involves exposure of the respiratory tract to air-
borne agents, including microorganisms. Consequently,
microorganisms ate found in certain parts of the tract,
while various mechanisms operate to exclude or elimi-
nate them from other portions.

MicroBIAL FLORA OF
THE RESPIRATORY TRACT

The resident flora are limited to the nose and pharynx
and include consistently viridans streptococci and
coagulase-negative staphylococci (see Chapters 21 and
22) along with potential pathogens that vary with the
host species. As in the intestinal tract, the resident flora
confers colonization resistance, which may be reduced by
antibiotic treatment and other environmental changes
that alter the composition of the resident flora.

Nonresident organisms may include pathogens and
harmless transients. The significance of their presence in
the nasopharynx is often difficult to interpret without
clinical and pathologic information. The larynx, trachea,
bronchi, and lungs lack a resident flora. Fluid from the
distal tract may contain up to 10° bacteria/ml in normal
animals (cats).

DEFENSES OF THE RESPIRATORY TRACT

Different protective mechanisms operate in the nasopha-
ryngeal, tracheobronchial, and pulmonary portions of
the tract, and aerodynamic filtration operates through
different forces at these several levels in depositing vari-
ously sized airborne particles. Inertial forces deposit larger
particles (=5 um in diameter) in the nasopharyngeal and
upper tracheobronchial section through impaction. In
small bronchi and beyond, where air velocity is reduced,
gravity acts to sediment particles 0.5 to 5.0pm in size. In
the smallest bronchioles and alveoli, particles measuring
less than 0.5um gain contact with membranes through
Brownian movement.

Nasopharyngeal Compartment

Vibrissae (guard hairs) around the nostrils may arrest the
largest inhaled particles (=15pum in diameter). Smaller

ones may impinge on the nasal turbinates or the
nasopharyngeal wall, where they encounter mucociliary
action (see below) and are transported to the caudal
pharynx to be swallowed and eliminated via the intesti-
nal tract.

In the humid, warm nasal passages, particles swell
through hydration, becoming more likely to impinge
on a mucous membrane. Warming of air benefits cold-
sensitive clearance mechanisms in the lower tract.

Pharyngeal lymphoid tissue acts in filtration of micro-
organisms and initiates immune responses as a con-
stituent of the mucosa-associated lymphoid tissue (MALT,
see Chapter 2).

The resident flora provides colonization resistance,
while the sneeze reflex aids in clearing infectious particles.

Tracheobronchial Compartment

This compartment includes the larynx, trachea, bronchi,
and bronchioles. Glottal closure during swallowing pro-
tects it from contamination, and coughing removes gross
accumulations of fluids.

Particle deposition on airway membranes is favored by
bronchial branching. From the caudal larynx, the tra-
cheobronchial system is lined by mucociliary epithelium,
which traps particles and transports them to the pharynx
(see below). MALT is distributed along the airways and
concentrated at bronchial bifurcations.

Tracheobronchial secretions contain lysozyme, which
is selectively bactericidal; alpha-1 antitrypsin, an enzyme
inhibitor reducing the destructive effect of inflammatory
reactions; immunoglobulins; interferons; and lactoferrin,
which, by binding iron, makes it unavailable to most
bacteria.

Pulmonary Compartment

Clearance mechanisms at the alveolar levels of the lung
consist of pulmonary alveolar macrophages (PAM) and
of neutrophils and monocytes recruited from the blood.
Particles are disposed of by phagocytosis. Susceptible
microorganisms are killed and digested. Other particles
are removed by phagocytes via mucociliary transport
or lymphatics. The same protective substances as in tra-
cheobronchial secretions operate at the pulmonary
level, supplemented by those derived from alveolar
macrophages.
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The mucociliary apparatus and PAM constitute the
main clearance mechanisms of the respiratory tract.

Mucociliary Apparatus

Ciliated and secretory cells make up the mucociliary
“escalator.” Ciliated cells are pseudostratified in the nasal
and cranial tracheobronchial portions of the tract: simple
columnar in the smaller bronchi and simple cuboidal in
the smallest bronchioles. The cilia, some 200 per cell,
measuring 5.0 X 0.3 um, resemble eukaryotic flagella and
beat up to 1000 times a minute.

The secretory components are goblet cells, interspersed
with ciliated cells, and, in the nose, trachea, and larger
bronchi, submucosal serous and mucous glands. Serous
fluid bathes the cilia, while mucus engages their tips and
is propelled, along with particles trapped in it, toward the
pharynx by their beat. The particle clearance rate is fastest
in the trachea and slowest in the smallest airways, where
goblet cells are absent, mucus is sparse, and cilia beat
more slowly, an arrangement that prevents logjams in the
large airways. The trachea (cat) can be cleared within an
hour, and all airways within a day.

Mucociliary clearance is inhibited by tempera-
ture extremes, respiratory viral and some bacterial infec-
tions (e.g., Bordetella), dryness, general anesthetics, dust,
noxious gases (sulfur dioxide, carbon dioxide, ammonia,
tobacco smoke), and hypoxia.

Pulmonary Alveolar Macrophage

The PAM is a monocyte adapted to the lung environment
and located in the alveolar space. It is a pleomorphic cell,
20 to 40pm in diameter, with many lysosomal granules
containing scores of bioactive substances, including
mediator substances like complement components, inter-
leukin 1, and tumor necrosis factor that enable it to mobi-
lize additional cellular and humoral defenses. It is motile
and phagocytic and can survive for weeks to months. Its
energy is obtained mainly by oxidative phosphorylation.

Particles ingested by PAMs — other than susceptible
bacteria killed upon ingestion — are removed via the
mucociliary escalator or via interstitial “centripetal” or
“centrifugal” lymphatics. The centripetal route leads
directly to the hilar lymph nodes and may require two
weeks. The centrifugal route goes via the pleura and

may take months. Agents that cannot be removed
are sequestered by inflammatory processes (abscesses,
granulomas).

PAM activities are inhibited by sulfur dioxide, ozone,
nitrogen oxide, and respiratory virus infections. Leuko-
toxins of Pasteurella haemolytica and Actinobacillus pleu-
ropneumoniae destroy ruminant and porcine PAMs,
respectively.
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Staphylococci

ERNST L. BIBERSTEIN

Staphylococci are spherical gram-positive bacteria that
divide in several planes to form irregular clusters. They
are probably present in the upper respiratory tract and on
other epithelial surfaces of all warm-blooded animals.
Five of some 20 species are of veterinary importance:
S. aureus, S. intermedius, S. epidermidis, S. hyicus, and S.
schleiferi ssp. coagulans. Staphylococcus aureus is a common
pyogenic agent in humans and several animal species.
Staphylococcus intermedius is the leading pus-forming bac-
terium in dogs. Staphylococcus epidermidis is universally
present on skin and some mucous membranes, but it is
rarely pathogenic. Staphylococcus hyicus, which is found
in several species, causes exudative epidermidis of swine
and sometimes bovine mastitis. Staphylococcus schleiferi
ssp. coagulans is associated with otitis externa of dogs.

DESCRIPTIVE FEATURES

Morphology and Staining

Staphylococci are 0.5 to 1.5pum in diameter and are gen-
erally strongly gram positive. In exudates they form clus-
ters, pairs, or short chains (Fig 21.1). Spores and flagella
are absent. Encapsulation is variable.

Structure and Composition

The cell wall consists of proteins and polysaccharide.
One protein (“clumping factor,” “bound coagulase”) is
usually present in S. aureus and S. intermedius. Clumping
factor interacts in vitro with fibrinogen to produce an
agglutination-like reaction. Another, Protein A, produces
aggregation by combining with the Fc fragment of
immunoglobulins. The predominant polysaccharide is
teichoic acid linked to peptidoglycan. Its alcohol moiety
is ribitol in S. aureus, and glycerol in S. epidermidis and S.
intermedius. Carotenoid pigments in the cell membrane
can impart a “golden” (Latin: “aureus”) color to colonies
of S. aureus. A capsule is sometimes produced by S. aureus,
and often times a “pseudocapsule,” a loosely associated
carbohydrate structure shown to be produced by strains
causing bovine mastitis.

Celtular Products of Medical Interest

Staphylococcus aureus, the most intensively studied species
of staphylococcus, excretes many bioactive proteins

DWIGHT C. HIRSH

(toxins) including enzymes, such as lipase, esterase,
deoxyribonuclease, staphylokinase (a plasminogen acti-
vator), hyaluronidase, and phospholipase. Coagulase
causes plasma coagulation in vitro and identifies the
pathogenic species: S. aureus, S. intermedius, S. schleiferi
ssp. coagulans, and some S. hyicus.

Hemolytic toxins occur singly, in combination, or not
at all. They differ antigenically, biochemically, and in
their effect on the erythrocytes of various species. Alpha
tfoxin acts on membrane lipids, is hemolytic in vitro,
is mitogenic, is lethal to rabbits following intravenous
injection, and is necrotizing upon intradermal injection.
Beta toxin, a phospholipase C prevalent in animal strains,
produces broad zones of “hot-cold lysis” on sheep or
cattle blood agar at 37°C, a partial hemolysis that occurs
and goes to completion on further incubation at lower
temperatures (Fig 21.2). Delta toxin lyses cells of various
species by a detergent-like action but is inhibited by
serum. Little is known of gamma toxin, the activity of
which is suppressed in the presence of agar.

A leucocidin kills neutrophils and macrophages of some
species (rabbit, bovine, human) by altering cell mem-
brane permeability, causing degranulation.

Staphylococci with pathogenic potential (coagulase-
positive strains) grow better in iron-restricted conditions,
as compared to those staphylococci with less potential
(coagulase-negative strains). Under iron-limiting condi-
tions, the coagulase-positive strains produce a sidero-
phore, staphylofertin B, which is responsible for iron
acquisition from extracellular sources (e.g., transferrin).

Of mostly human medical interest is enterotoxin, a
cause of food poisoning. It is present in many S. aureus
and S. intermedius strains, is resistant to heat and diges-
tive enzymes, and acts by reflex stimulation of the vom-
iting center. Six immunotypes (A-F) exist. Exfoliatins
produced by some strains of S. aureus (staphylococcal
exfoliative toxin, sET) and S. hyicus (ShET) are responsi-
ble for staphylococcal scalded-skin syndrome (SSSS) in
infants and may be responsible for porcine exudative der-
matitis, respectively; toxic shock syndrome toxin-1 (TSST-1;
enterotoxin F pyrogenic exotoxin C) is implicated in
toxic shock syndrome, which particularly affects men-
struating women using tampons. Some staphylococcal
toxins are phage- or plasmid-encoded. The enterotoxins
and TSST-1 are “superantigens,” and part of the systemic
symptomatology may be related to the cytokine “storm”
that results from the interaction of T-cell receptors,
macrophages, and these toxins.
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FIGURE 21.1. Staphylococcus aureus in urinary sediment from a cat. Gram stain,
1000X.

FIGURE 21.2. Staphylococcus sp. beta toxin activity on
bovine blood agar. For explanation, see text.

Growth Characteristics

Staphylococci gyrow‘ overnight on common laboratory
media, producing on agar smooth opaque colonies over
1mm in diameter.

Biochemical Characterization

Staphylococci are catalase-positive, facultative anaerobes
that attack carbohydrates oxidatively and fermentatively.

Resistance

Staphylococci withstand drying (especially in exudates)
for weeks, heating up to 60°C for 30 minutes, pH fluc-
tuations from 4.0 to 9.5, and salt concentrations of
7.5%, which are used in selective media for isolation of
staphylococci.

Staphylococci are inhibited by bacteriostatic dyes (e.g.,
crystal violet), bile salts, disinfectants like chlorhexidine,
and many antimicrobial drugs.

Variability

Colonies vary from smooth (S) to rough (R). G (“goni-
dial”) and L (wall-less) variants reflect progressive cell wall
loss produced by unfavorable environmental conditions,
such as antibiotic treatment.

Isolates can be “typed” by their susceptibilities to bac-
teriophage lysis. Phage-typing sets have been developed
for human, bovine, and avian S. aureus.

Resistance to beta-lactam antimicrobics is most often
due to plasmid-encoded penicillinase (beta-lactamase).
Tolerance, a rarer form of penicillin resistance, is attrib-
uted to failure of autolytic cell wall enzymes. Intrin-
sic penicillin resistance may be due to changes in
penicillin-binding proteins (enzymes responsible for cell
synthesis).

Resistance to other antimicrobics is common.



EcoLoGy

Reservoir

Coagulase-positive species S. aureus and S. intermedius
inhabit the distal nasal passages, external nares, and skin,
especially near mucocutaneous borders such as the per-
ineum, external genitalia, and bovine udder. They also
occur as transients in the gastrointestinal tract. -

Coagulase-negative staphylococci, especially S. epider-
midis, are predominant among the resident skin flora but
also colonize the upper respiratory tract. In swine, this
generalization apparently also applies to S. hyicus, a
species potentially pathogenic, especially for piglets.

Staphylococci are found worldwide in warm-blooded
animals. Interspecies spread (e.g., humans to cows, dogs
to humans) appears to be limited.

Transmission

Staphylococci spread by direct and indirect contact.
Many animal infections are probably endogenous, that is,
caused by a resident strain.

Pathogenesis

Mechanisms. The predominant pattern of staphylococcal
pathogenesis is suppuration and abscess formation. The
importance of toxins is undefined. Leukocidin may be a
factor in species with susceptible leukocytes, and the cyto-
toxic and lethal actions of alpha toxin have parallels in
some forms of the natural disease. Mutants unable to
produce alpha toxin, beta toxin, or both are of lesser vir-
ulence than parenteral strains producing both toxins.

Several cell envelope constituents — capsule (and
pseudocapsule), proteins, and peptidoglycan — have
antiphagocytic properties. Part of the antiphagocytic
effect of capsule and pseudocapsule is due to their shield-
ing of phagocytic cells from deposited (through the alter-
native pathway) complement components (C3b) that
may have bound to peptidoglycan. Unidentified adhesins
(protein or carbohydrate) attach to host extracellular
matrix proteins, for example, fibronectin.

Peptidoglycan may help trigger inflammatory res-
ponses and immobilize leukocytes at the focus of
infection. '

Urease activity is implicated in urolithiasis of dogs.

Cell-mediated immune phenomena intensify inflam-
matory responses in staphylococcal infections while spa-
tially confining them.

In some forms of canine pyoderma (juvenile pyo-
derma, folliculitis), cell- and antibody-mediated hyper-
sensitivity is thought to be induced. The toxin-caused
human diseases — food poisoning and toxic shock syn-
drome — are not prominent in animals. The exfoliative
toxins may play a role in an exudative dermatitis of pigs.
A condition resembling staphylococcal scalded-skin syn-
drome has been described in dogs.

Pathology. The typical lesion is the abscess, an inflamma-
tory focus in which participating cells have been
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destroyed by the combined effects of bacterial and
inflammatory cell activity. This confrontation between
leukocytes and microorganisms produces pus, a mixture
of host cell debris and bacteria, living and dead. In an
abscess, pus is surrounded by intact leukocytes and fibrin
strands. Unless the pus is drained, a fibrous capsule will
gradually be formed. In chronic, ulcerative staphylococ-
cal wound infections (“botryomycosis”), fibrous elements
predominate, interspersed with pockets of suppuration.

Disease Patterns. ~ Although all warm-blooded animals can be
clinically affected by coagulase-positive staphylococci,
the prevalence and form of such interactions vary among
host species. ‘ '

1. The term canine pyoderma covers many clinical
pictures, all of which include some degree of
pyogenic skin inflammation associated with
bacterial infection. Staphylococcus intermedius is
the chief bacterium implicated. Its contribution
and the degree of suppuration are variable. In
chronic and recurrent forms, cell-mediated
hypersensitivity and immune complexes are
thought to be involved. Host aspects, including
genetic, endocrine, and immunological factors,
may play an important patt. ‘

2. As a leading cause of bovine mastitis, S. aureus
rivals Streptococcus agalactiae (see Chapter 22).
Infection occurs via the teat canal, and the
course of the infection varies from subclinical
to acute suppurative, gangrenous, or chronic,
depending on the infecting strain, infecting dose,
and host resistance. Bovine mastitis is sometimes
caused by coagulase-negative staphylococci, ‘
notably S. epidermidis, S. hyicus, S. xylosus, and
S. sciuri. :

3. Phosphate (struvite, apatite) urolithiasis of dogs
and mink is commonly associated with S.
intermedius infections.

4. Miscellaneous pyogenic infections: coagulase-
positive staphylococci affect all warm-blooded
species and all organ systems. Staphylococcus
intermedius, the chief pyogenic agent of dogs,
also occurs in respiratory, genital, hemolym-
phatic, bone, and joint infections; wounds;
and infections of eyelids and conjunctiva.
Staphylococcus intermedius along with S.
schleiferi ssp. coagulans occurs in canine
otitis externa.

5. Other entities worthy of note:

a. “Bumblefoot” of gallinaceous birds is a chronic
pyogranulomatous process in the subcutaneous
tissues of the foot resulting in thick-walled
swellings on one or more joints.

b. Staphylococcosis in turkeys is a bacteremia
localizing in joints and tendon sheaths.

c. Tick pyemia of lambs, resulting from inocula-
tion of indigenous skin S. aureus by tick
bites, may be acute with toxemic death, or
chronic with disseminated abscess formation. It
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FIGURE 21.3.

Porcine exudative epidermitis (greasy pig disease). The skin is covered and

the bristles are matted by abundant brownish exudate (arrow) made up of epidermal debris and
inflammatory components. (Photograph courtesy of Dr. Harvey Olander.)

is often linked with tick-borne fever (caused by
the rickettsial agent Ehrlichia phagocytophila).

d. Botryomycosis occurs especially in the udder of
sows, mares, and cows, and in the equine
spermatic cord after castration.

e. Abscess disease of sheep, resembling caseous
lymphadenitis (see Chapter 23) is caused by an
anaerobic subspecies of S. aureus.

f. Cutaneous and pyemic staphylococcoses are
problems in wild and domestic rabbits.

g. Exudative epidermitis (greasy pig disease) due
to S. hyicus affects young pigs (<7 weeks). It is
often systemic and rapidly fatal, affecting the
lungs, lymph nodes, kidneys, and brain. Skin
lesions are characterized by a thick, grayish-
brown exudate (Fig 21.3), especially around the
face and ears.

Epidemiology

Staphylococcal diseases (e.g., pyoderma, otitis externa,
urinary tract and wound infections) often arise endoge-
nously. Studies on humans suggest widespread staphylo-
coccal colonization within hours of birth. Clinical
infections appear to be decisively determined by host
factors.

In bovine mastitis, staphylococci may enter the gland
during milking. Management practices and milking
hygiene influence prevalence significantly.

Transmission of S. aureus between animals and
humans occurs infrequently.

Prolonged environmental survival of staphylococci
permits their indirect transmission.

IMMUNOLOGIC ASPECTS

Possible immune mechanisms in pathogenesis have
already been cited.

Recovery and Resistance

Clearance of staphylococci depends chiefly on phagocy-
tosis. Humoral factors are apparently important because
agammaglobulinemic individuals suffer frequent infec-
tions. Cell-mediated factors contribute to localization and
resolution of lesions.

Recovery from staphylococcal infection confers no
lasting resistance.

Artificial Immunization

The benefits of vaccination are doubtful. Commercial or
autogenous whole-culture preparations, toxoids plus bac-
terins, are used prophylactically on dairy cattle and some-
times in small animal dermatology to treat persistent
infections. Although successes have been reported, con-
trolled evaluations are lacking.

Use of staphylococcal phage lysates and nonspecific
stimulants of cell-mediated immunity in cases of non-
responsive pyoderma awaits support by adequate clinical
or experimental evidence.



LABORATORY DIAGNOSIS

Sample Collection

Aspirates from unopened lesions, in sterile syringes or
sterile containers, are prefetred. Swabs in transport media
are acceptable. Milk is collected into containers under
sterile precautions. Blood and urine culture routines are
appropriate for staphylococcal isolation.

Direct Examination

On gram-stained films, staphylococci appear as gram-
positive cocci in pairs, clusters, or short chains (see Fig
21.1). In specimens from skin pustules, they may be
sparse.

Isolation and Identification

Bovine blood is best for the detection of beta toxin, which
is diagnostic for coagulase-positive staphylococci (S.
aureus, S. intermedius, and S. schleiferi ssp. coagulans; see
Fig 21.2). Colonial appearance is as described.

TREATMENT AND CONTROL

Abscesses and empyemas are drained of pus. For the most
superficial forms of pyoderma, topical application of mild
antiseptics (3% hexachlorophene) may be adequate.

Extensive, inaccessible, and disseminated processes
require systemic treatment. Staphylococci are commonly
resistant to penicillin, streptomycin, and tetracycline.
Usually effective antimicrobics include penicillinase-
resistant penicillins, fluoroquinolones, chloramphenicol,
erythromycin, cephalosporins (first generation), van-
comycin, lincomycin, and trimethoprim-sulfas. Clavu-
lanic acid inactivates the beta-lactamase produced by S.
aureus and S. intermedius, therefore cell wall antibiotics
containing this substance are protected (e.g., clavulanic
acid/amoxicillin). Cloxacillin is effective in treating
staphylococcal mastitis, especially in dry cows.

For staphylococcal cystitis, penicillins remain effective
because of their high urinary concentrations. Cloxacillin
is used topically and systemically on exudative epidermi-
tis due to S. hyicus.

A controversial approach to prevention of staphylo-
coccal infections in infants utilizes “bacterial inter-
ference”: the implantation of a nonvirulent strain to
preclude colonization by virulent staphylococci. The
method shows promise for control of staphylococcosis in
turkeys.
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Streptococci

ERNST L. BIBERSTEIN

Streptococci are gram-positive cocci occurring in pairs
and chains; they show considerable ecologic, physiologic,
serologic, and genetic diversity. The main groups of strep-
tococcal diseases are the following:

1. Upper respiratory tract infections with lym-
phadenitis (horses, swine, cats, guinea pigs,
humans), particularly in the young.

2. Neonatal respiratory and septicemic infections of
foals, piglets, pups, and infants.

3. Secondary pneumonias and complications (horses,
primates, small carnivores, humans).

4. Pyogenic infections unrelated to the respiratory
tract (genitourinary tract infections, bovine
mastitis).

Warm-blooded animals carry a resident flora of strep-
tococci on the mucous membranes of the upper respira-
tory, lower genital, and most of the alimentary tract
(enterococci).

DESCRIPTIVE FEATURES

Morphology and Staining

Streptococci vary from spherical to short bacillary cells,
about 1 pm in diameter. Division occurs in one plane, pro-
ducing pairs and chains. Chain formation is variable,
though some species (e.g., S. equi) are consistent chain
formers (Figs 22.1, 22.2).

Young cultures are gram positive. In exudates and
older cultures (>18 hours) organisms often stain gram
negative.

Many species, notably S. pneumoniae, are encapsulated
and some have fimbriae.

Structure and Composition

The cell envelope and cell wall resemble those of staphy-
lococci. Capsules, if present, are polysaccharide and
antiphagocytic. Those of S. pyogenes and S. equi consist of
nonantigenic hyaluronic acid. Streptococcus pneumoniae
and S. agalactiae have antigenically diverse capsules,
which provide a basis for serotyping.

Various surface proteins (e.g., surface protein F) are
responsible for adhesin of several streptococcal species to
extracellular matrix proteins.
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Of several cell wall proteins, M protein is antiphago-
cytic by interfering with effective deposition of comple-
ment components necessary for opsonization (S. pyogenes,
Group E streptococci), and also may function as adhesin
(S. equi). It is antigenically variable, forming the basis for
typing in S. pyogenes.

“Lancefield” serologic grouping, a step in streptococ-
cal identification, is determined by cell wall polysaccha-
rides (C-substance, group antigen). Groups are designated
by capital letters (A to V; Table 22.1).

Peptidoglycan can trigger inflammation, fever, and
lymphocyte proliferation. It is dermonecrotic, and cyto-
toxic in vitro.

Cellular Products and Activities of Medical Interest

Exotoxins of S. pyogenes include hemolysins (streptolysins
O and S), hyaluronidase, DNAse, NADase, protease, strep-
tokinase (a fibrinolysin), and a phage-encoded pyrogenic
toxin responsible for the rash of scarlet fever. Their
pathogenic significance is poorly defined. Most evoke
immune responses in the course of infection. Some com-
parable toxins occur in animal streptococci.

Effects on sheep or bovine blood agar are used to
divide streptococci into three types:

1. Alpha-hemolytic streptococci do not destroy
erythrocytes but produce a zone of green
discoloration around colonies. Most commensal
streptococci of animals are alpha hemolytic.

2. Beta-hemolytic streptococci destroy erythrocytes
and produce zones of transparent clarity around
their colonies. Most pathogenic types are beta-
hemolytic. '

3. Gamma streptococci are nonhemolytic. Most are
nonpathogenic.

Although the word viridans means “greening,” the viri-
dans group of streptococci is defined by biochemical reac-
tions and includes gamma and alpha types.

The CAMP pheromenon (named after Christie, Atkins,
and Munch-Petersen) reflects hemolytic synergism be-
tween staphylococcal beta toxin and an S. agalactiae toxin
(CAMP protein, cocytolysin). Their combined action on
sheep or bovine blood agar produces larger and clearer
zones of hemolysis than either agent alone (Fig 22.3).
This reaction has diagnostic value.
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FIGURE 22.1. Streptococcus equi in pus from lymph nodes of a horse. Gram stain,
1000X.

Table 22.1. Streptococci of Veterinary Interest
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FIGURE 22.2.
stain, 1000X.

FIGURE 22.3.

Streptococcus zooepidemicus in cervical exudate from a mare. Gram

CAMP phenomenon on bovine blood agar. The dark line across the

field is growth of Staphylococcus aureus surrounded by a zone of beta-toxin activity.
Growing in lines at right angles to it are, left to right: a viridans streptococcus, Streptococcus
agalactiae, another viridans streptococcus, Streptococcus zooepidemicus, and Strepto-
coccus agalactiae. See text for discussion of CAMP phenomenon. (Photograph courtesy of

Dr. Richard Walker.)

Growth Characteristics

Streptococci have fairly exacting growth needs best
satisfied by media containing blood or serum. Some nutri-
tionally variant streptococci (NVS) require, in addition,
pyridoxal hydrochloride supplementation (0.002%).

After overnight incubation at 37°C, streptococci
produce clear colonies, usually less than 1 mm in diame-
ter. Capsulated forms, such as S. equi, produce larger,
mucoid colonies.

Pathogenic species grow best at 37°C. Enterococci grow
between 10°C and 45°C.

Biochemical Activities

Streptococci are catalase-negative facultative anaerobes,
deriving energy from fermentation.

Resistance

Beta-hemolytic streptococci can survive in dried pus
for weeks. They are killed at 55°C to 60°C in 30 minutes,
and inhibited by 6.5% sodium chloride and 40% bile
(except S. agalactiae), 0.1% methylene blue, and low
(10°C) and high (45°C) temperatures. Enterococci



tolerate these conditions. Viridans streptococci vary with
respect to heat and bile resistance. Only S. pneumoniae is
bile-soluble. Streptococci tolerate 0.02% sodium azide,
which is used in streptococcal isolation media.
Pathogenic streptococci are usually susceptible to peni-
cillins, cephalosporins, erythromycin, chloramphenicol,
and trimethoprim-sulfonamides; they are often resistant
to aminoglycosides, fluoroquinolones, and tetracycline.
Enterococci are more resistant to all of these.

Variability

Serologic subdivisions exist in most streptococcal species
except S. equi (see Table 22.1). Streptococcus pyogenes has
some 70 immunotypes, based on M and other proteins,
while S. pneumoniae has over 80 capsular types. Mucoid S.
equi colonies become smooth as encapsulation is lost. In S.
pyogenes, change from rough (matte) to smooth accompa-
nies loss of M protein and virulence. L forms also occur.

EcoLoGy

Reservoir

Most streptococci of veterinary interest live commensally
in the upper respiratory, alimentary, and lower genital
tract.

Transmission

Streptococci are transmitted by inhalation or ingestion,
sexually, congenitally, or indirectly via hands and
fomites.

Pathogenesis

Mechanisms. The relation of streptococcal products to
pathogenesis is largely speculative, with the following
exceptions. The pneumococcal capsule is a proven
virulence factor. M protein is an important virulence
determinant, and antibody to it is protective. Other
antiphagocytic cell constituents and cytotoxins of strep-
tococci are probable virulence factors.

Surface proteins mediate adhesion of S. pyogenes to
fibronectin on oropharyngeal cells and of Group B strep-
tococci to infant cells. M protein is a probable adhesin of
S. equi, and of Group B streptococci in adult humans.

Streptococci trigger inflammatory processes that may
lead to suppuration and abscess formation.

Pathology. The basic pathologic process resembles that of
staphylococcal infection.

Disease Patterns
1. Upper respiratory tract infections with lym-
phadenitis.

a. Strangles is a contagious equine rhino-
pharyngitis caused by S. equi and marked by a
serous or purulent nasal discharge, diphasic
temperature rise, local pain, cough, and
anorexia. In regional lymph nodes, abscesses
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develop, which typically rupture and drain

within two weeks. Recovery follows. The

overall mortality rate is under 2%. Com-
plications include pyemic dissemination to
meninges, lungs, pericardium, and abdominal
viscera, or extension to the guttural pouches.

Purpura hemorrhagica, a Type 1l hyper-

sensitivity manifested by subcutaneous

swellings, mucosal hemorrhages, and fever,
may follow the acute disease in about three
weeks.

b. Cervical lymphadenitis of swine (jowl abscess),
caused by Group E streptococci, is analogous
to strangles but clinically less dramatic and
frequently not diagnosed until slaughter. Its
most damaging aspect is carcass condemnation.

¢. Laboratory colonies of cats and guinea pigs
occasionally experience cervical lymphadenitis
caused by S. canis and S. zooepidemicus, respec-
tively. (Note that S. canis and S. zooepidemicus
are two of several streptococcal designations
that have no official standing in bacterial

taxonomy. See Table 22.1.)

Neonatal septicemias and respiratory tract

infections are often traceable to an infected

maternal genital tract.

Streptococcus zooepidemicus is a frequent cause
of equine cervicitis and metritis and of infections
in newborn foals. These are often umbilical
infections (navel ill, pyosepticemia, joint ill,
polyarthritis) disseminated via the bloodstream
and localizing in joints and renal cortex. In swine,
S. suis, S. equisimilis (see Table 22.1) and Groups L
and U streptococci cause neonatal septicemia,
pneumonia, arthritis, and meningitis. Streptococcus
canis is associated with septicemia in newborn
puppies.

Secondary respiratory tract infections and sequelae

include pneumonias, arthritides, and abscesses

in various locations. In horses, S. zooepidemicus

is regularly implicated in pneumonias and

nonspecific pyogenic processes. In swine, S.

equisimilis, and in dogs and cats, S. canis, can

cause similar conditions. A pneumonia-serositis

of young Peruvian alpacas is attributed to S.

zooepidemicus.

Streptococcus pneumoniae is a leading cause of
pneumonia, septicemia, and meningitis in
primates. Pneumococcal pneumonia in monkeys
runs a very acute course with high mortality
rates. The lesions are those of a fibrinous
pleuropneumonia. Recent shipment and viral
infection are common antecedents. Pneumococcal
pneumonia, septicemia, and meningitis in calves
have been described in Europe.

Miscellaneous pyogenic infections not related to

the respiratory tract.

a. Bovine mastitis. The leading agent of
streptococcal mastitis is S. agalactiae. Less
frequent causes are S. dysgalactiae and S. uberis,
and rarely, enterococci, S. pyogenes, S. zooepi-
demicus, S. pneumoniae, and S. bovis.



124 PART II Bacteria and Fungi

Bovine S. agalactiae is specifically associated
with the mammary gland. Infection is through
the teat canal. Bacterial proliferation in lacti-
ferous ducts and alveoli results in an acute
inflammation followed by some fibrosis.
Successive flare-ups cause replacement of
secretory tissue by fibrous connective tissue.
Eventually, entire glands may be lost.

During active phases of the chronic infec-
tion, milk yield is reduced. Milk may be
abnormal and contain clots. In acute mastitis,
the gland will be swollen and hot, and there
may be fever and anorexia.

Mastitis due to S. dysgalactiae is sometimes
acute and severe, while that caused by S. uberis
is generally mild. Infections due to S. zooepi-
demicus, S. pyogenes, and S. pneumoniae can be
severe and vary in acuteness.

b. Streptococci — usually enterococci — account
for about 10% of canine urinary tract
infections.

¢. Beta-hemolytic streptococci (Groups G and C)
and other streptococci may be implicated in
endocarditis of dogs.

d. Streptococcus zooepidemicus and Enterococcus
faecalis can cause septicemia in chickens.
Enterococcus faecalis is often linked with
endocarditis.

e. A beta-hemolytic streptococcus is responsible
for a form of septicemia in freshwater aqua-
rium fish.

f. A Group G streptococcus, S. canis, has been
associated with a toxic shock-like syndrome
and necrotizing fasciitis in dogs. No virulence-
associated traits have been defined as they have
for similar conditions seen in humans affected
with S. pyogenes.

Epidemiology

All the streptococci discussed, except for S. equi, can be
carried by healthy individuals, and many infections are
probably endogenous and stress-related. Neonatal infec-
tions are commonly maternal in origin.

Strangles and porcine lymphadenitis are contagious
diseases preferably affecting young animals (past in-
fancy). Streptococcus equi is spread by contaminated food,
drinking water, or utensils and by recovered animals,
which may remain shedders for months. Streptococcus
agalactiae among dairy cows is often spread by milking
equipment, unskilled attempts at intramammary med-
ication, and unsanitary milking practices.

Animal streptococci have limited public health
significance. The Group B streptococci that cause disease
in human infants are apparently distinct from bovine
strains, but infections with S. zooepidemicus have been
traced to infected milk, and S. suis (Group R) has caused
serious infections in swine handlers. The Group G
streptococci affecting dogs (S. canis) are apparently dif-
ferent from the Group G streptococci affecting human
patients.

IMMUNOLOGIC ASPECTS

Immune Mechanisms of Disease

Human poststreptococcal diseases (rheumatic fever, acute
glomerulonephritis) are attributed to immunopathogenic
mechanisms. Similarly, equine purpura hemorrhagica fol-
lowing strangles is probably immune complex-mediated.

Recovery and Resistance

The main defenses against streptococcal infections are
phagocytic, and antiphagocytic M protein elicits protec-
tive antibodies. Animals recovered from strangles and cer-
vical lymphadenitis are at least temporarily immune to
reinfection.

Polysaccharide capsules of S. agalactiae and S. pneumo-
niae evoke the formation of opsonizing antibody. In
streptococcal pneumonia, their appearance determines
recovery from infection. In bovine mastitis, no useful
immunity develops: Cows, unless treated, remain in-
fected. Experimental evidence suggests that anticapsular
1gG,-type antibody is protective.

All immunity is serotype-specific.

Artificial Inmunization

A whole-cell bacterin and an M protein vaccine are avail-
able for vaccination against strangles. Neither is uni-
formly effective. An intranasal avirulent live vaccine that
stimulates essential local antibody responses appears
promising. Immunity to porcine jowl abscesses has been
produced by feeding live avirulent cultures.

LABORATORY DIAGNOSIS

Sample Collection

The same kinds of samples and collection procedures
described for staphylococci (see Chapter 21) are appro-
priate for streptococci.

Direct Examination

Smears of exudates or sedimerits of suspect fluids are fixed
and gram stained. Streptococci appear as gram positive
cocci in pairs, short chains, and in some instances very
long chains (typically seen in pus aspirated from cervical
lymph nodes of horses infected with S. equi — see Fig
22.1). Streptococci have a tendency to lose their gram-
positivity and sometimes stain weakly gram positive or
gram negative.

Culture

Exudates, milk, tissue, urine, transtracheal aspirates, and
cerebrospinal fluid are cultured directly on cow or sheep
blood agat. Incubation at 37°C in 3% to 5% CO, is prefer-



able. Streptococcal colonies, smooth or mucoid, will
appear in 18 to 48 hours. It is sometimes difficult to dis-
tinguish alpha from beta hemolysis. Intact erythrocytes
remain adjacent to alpha- but not to beta-hemolytic
colonies. Beta-hemolytic strains consistently lyse red cells
in blood broth; alpha-hemolytic strains of animal origin
generally do not.

Identification requires Lancefield grouping and bio-
chemical tests. Commercial kits are available for both pur-
poses. Other useful diagnostic tests include the following:

1. The CAMP phenomenon. Inoculate a beta toxin-
producing staphylococcus across the equator of a
sheep or bovine blood agar plate. At right angles
to this line, and 0.5cm from it, inoculate suspect
S. agalactiae. After incubation, hemolysis by
CAMP-positive bacteria will be enhanced in the
beta-toxin zone (see Fig 22.3).

2. Bacitracin sensitivity. Bacitracin disks (0.04 units)
inhibit growth of S. pyogenes on blood agar. This
reaction is not entirely consistent or specific.

3. Bile esculin agar tests the ability of 40% bile-
salt-tolerant bacteria to hydrolyze esculin, a
characteristic of those belonging to Lancefield
Group D.

4. Optochin sensitivity. Growth of S. pneumoniae,
but not other alpha-hemolytic streptococci, is
inhibited around disks impregnated with optochin
(ethyl hydrocuprein hydrochloride).

TREATMENT AND CONTROL

Localized suppurative conditions are handled like those
caused by staphylococci.

A preventive regime for cervical lymphadenitis of
swine consists of tetracycline administered in feed
(220 mg/kg feed).

For systemic treatment, penicillin G and ampicillin are
effective on most beta-hemolytic and viridans strepto-
cocci. Cephalosporins, chloramphenicol, and trimetho-
prim-sulfas are alternatives. Enterococci are susceptible to
trimethoprim-sulfas, although some strains are effec-
tive scavengers of thymidine found in exudates. Strepto-
coccal endocarditis is treated with combined penicillin
and gentamicin. Susceptibility to fluoroquinolones is
unpredictable.

Penicillin (intramammary) is effective for treating mas-
titis due to S. agalactiae and most other streptococci. For
the many available alternatives, a specialty text should be
consulted. Important aspects of mastitis control lie in the
area of sanitation and herd management.

For strangles, it is most beneficial to treat exposed and
affected animals prior to abscess formation and to con-
tinue treatment past the febrile stage. Inappropriate or
inadequate therapy of strangles is blamed for prolonging
the illness and causing “bastard strangles” (widespread
abscess formation with systemic manifestations). Popula-
tions at risk may be vaccinated. Affected or suspected
horses should be rigorously isolated.
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Corynebacteria;
Arcanobacterium
(Actinomyces) pyogenes;
Rhodococcus equi

ERNST L. BIBERSTEIN

Corynebacteria are pleomorphic, non-spore-forming,
nonmotile gram-positive bacilli with cell walls contain-
ing meso-diamino-pimelic acid (DAP), arabinogalactan,
and mycolic acids. These ingredients are typical of
“coryneform” bacteria, which also include mycobacteria
and nocardiae. Arcanobacterium (Actinomyces) pyogenes
and Rhodococcus equi, although not corynebacterium in
the chemical sense, are “coryneform” in shape and for
convenience will be considered here. Corynebacterium
renale group is discussed in association with the urinary
tract (Chapter 33).

Corynebacteria occur in packets of parallel (“pal-
isades”) or criss-crossing cells (“Chinese letters”) that
include coccoid, rod, club, and filamentous shapes. This
pattern is called diphtheroid after the type species C. diph-
theriae, which is the cause of human diphtheria.

Many corynebacteria contain metachromatic granules
(Babes-Ernst granules), which are high-energy phosphate
stores.

Four species of diphtheroids are prominent animal
pathogens: 1) Arcanobacterium (Actinomyces) pyogenes is
involved in suppurative processes of ruminants and
swine, 2) C. pseudotuberculosis causes caseous abscesses in
ruminants and horses, 3) Rhodococcus equi produces a sup-
purative pneumonia of young foals, and 4) C. renale col-
onizes the urogenital tract and is considered under that
system (see Chapter 33).

ARCANOBACTERIUM (ACTINOMYCES) PYOGENES

DESCRIPTIVE FEATURES

Morphology and Staining

Arcanobacterium pyogenes is a small, gram-positive rod
(0.5pm X up to 2um; Fig 23.1) that lacks capsules and
metachromatic granules. The instability of the gram-
positive reaction is comparable to that of streptococci.

DwIGHT C. HIRSH

Structure and Composition

Its cell wall lacks the coryneform constituents but con-
tains lysine, rhamnose, and glucose.

Cellular Products of Medical Interest

A 58kDa hemolytic exotoxin (pyolysin) lyses red blood
cells (RBCs) in vitro and kills mice and rabbits on intra-
venous injection. Pyolysin is similar to thio-activated
cytolysins produced by other gram-positive species (e.g.,
Clostridium and Listeria).

Growth Characteristics

Arcanobacterium pyogenes is a facultative anaerobe requir-
ing enriched media and up to 40 hours to produce dis-
cernible colonies on blood agar. Growth occurs optimally
at 37°C and produces translucent, hemolytic colonies up
to 1mm in size.

Biochemical Activities

Arcanobacterium pyogenes is catalase negative, ferments
lactose, and digests protein (gelatin, casein, coagulated
serum).

Resistance

Arcanobacterium pyogenes is susceptible to drying, heat
(60°C), disinfectants, and beta-lactam antibiotics; it is
also resistant to sulfonamides.

EcoLoGY

Reservoir

Arcanobacterium pyogenes is found on mucous membranes
and the skin of susceptible species.

127
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FIGURE 23.1. Arcanobacterium pyogenes in pus from sheep lung. Gram stain, 1000X.

Transmission

Most infections are probably endogenous. In “summer
mastitis,” cow-to-cow spread, aided by flies, is thought to
occut.

Pathogenesis

Mechanisms.  Arcanobacterium pyogenes causes suppurative
processes, usually complicated by other potentially path-
ogenic commensals, especially non-spore-forming anaer-
obes (Bacteriodes, Fusobacterium, Porphyromonas, Prevotella,
Peptostreptococcus). Pyolysin is though to be a major
virulence determinant (supported by the finding that
antipyolysin antibodies are protective in experimental
animals).

Pathology. The lesions are abscesses, empyemas, or pyo-
granulomas. Abscesses are often heavily encapsulated.
Any offensive odors are contributions of anaerobic
participants.

Disease Patterns. In cattle, A. pyogenes is involved in most
purulent infections of traumatic or opportunistic origins,
which may be local, regional, or metastatic. Common
localizations are the lung, pericardium, endocardium,
pleura, peritoneum, liver, joints, uterus, renal cortex,
brain, bones, and subcutaneous tissues. In other suscep-
tible species (sheep, goats, wild ruminants, swine) similar
lesions may be found.

Arcanobacterium pyogenes causes abortion and mastitis
in cattle. “Summer mastitis” is a communicable disease
among pastured dairy cattle during their dry period. It
often takes a destructive course, causing abscess forma-

tion and sloughing. Bacteria implicated in its etiology
include A. pyogenes, Streptococcus dysgalactiae, and non-
spore-forming anaerobes.

Arcanobacterium pyogenes has been recovered occasion-
ally from suppurative conditions in humans. Circum-
stances pointed to opportunistic infections.

Epidemiology

Because A. pyogenes is a permanent resident of suscepti-
ble species, disease prevalence is sporadic and governed
by precipitating stress or trauma.

“Summer mastitis” is most prevalent in northern
Europe. It is spread by flies attracted to traumatized teats.
Fly-borne A. pyogenes can survive for over two weeks.

IMMUNOLOGIC ASPECTS

Immune responses to A. pyogenes are not well understood.
Infection or vaccination confers no useful resistance.
The usefulness of pyolysin as a vaccine remains to be
demonstrated.

LABORATORY DIAGNOSIS

Gram-stained films from tissues or exudates reveal gram-
positive diphtheroids (see Fig 23.1) often mixed with
other bacteria.

Material suspected of containing A. pyogenes is cultured
on blood agar.
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FIGURE 23.2.

Corynebacterium pseudotuberculosis in pus from an equine chest

abscess. Note club shapes, palisading, “Chinese letter” patterns, pleomorphism. Gram stain,

1000X.

TREATMENT AND CONTROL

Incision and drainage of abscesses are essential. Although
many antibiotics, including all penicillins, are active in
vitro, medical treatment alone is usually disappointing
due to inadequate drug delivery to the lesions.

CORYNEBACTERIUM PSEUDOTUBERCULOSIS

DESCRIPTIVE FEATURES

Morphology and Staining

Corynebacterium pseudotuberculosis (Fig 23.2) is a typical
diphtheroid (syn. C. ovis). The cells range from coccoid
to filamentous, 0.5um X >3.0pm, are non-acid-fast,
nonencapsulated, and often contain granules.

Structure and Composition

The cell wall is typically corynebacterial. Its high lipid
contents make the cells hydrophobic and may contribute
to their intraphagocytic survival and leukotoxicity.

Cellular Products of Medical Interest

An exotoxin with phospholipase D activity 1) lyses sheep
and bovine erythrocytes and endothelial cells, 2) inhibits
beta toxin of Staphylococcus aureus (Fig 23.3) and Clostrid-
ium perfringens alpha toxin, 3) potentiates hemolytic
activity of “R. equi factors” (Fig 23.4), 4) produces dermal

FIGURE 23.3. Inhibition of staphylococcal beta toxin
(phospholipase C) activity on bovine blood agar by Coryne-
bacterium pseudotuberculosis exotoxin (phospholipase D).

necrosis in rabbits, and 5) is lethal to various experimen-
tal animals. A 40kDa serine protease known as CP40
(corynebacterial protease 40) is also produced.

Growth Characteristics

Corynebacterium pseudotuberculosis grows best on media
containing blood or serum. At 48 hours on blood agar,
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FIGURE 23.4. Synergistic hemolysis by Corynebacterium
pseudotuberculosis (center) and Rhodococcus equi (periphery).
Hemolysis is maximal where the diffusion zones of the two
organisms overlap.

colonies are off-white, dull, faintly hemolytic, and about
1mm in diameter. They can be pushed across the agar
without disintegrating and disperse poorly in liquids.

Biochemical Activities

The agent is catalase positive and facultatively anaerobic.
Some carbohydrates are fermented.

Resistance

Disinfectants and heat (60°C) kill C. pseudotuberculosis,
but organisms survive well where moisture and organic
matter abound. Penicillins (including ceftiofur), eryth-
romycin, chloramphenicol, lincomycin, tetracycline,
enrofloxicin, and trimethoprim-sulfonamide are inhibi-
tory in vitro. The agent is resistant to aminoglycosides.

Variability

There are two biotypes that differ biochemically, serolog-
ically, and epidemiologically: 1) equine and most bovine
isolates reduce nitrates to nitrites, while 2) ovine and
caprine ones do not.

EcoLoGy

Reservoir

Corynebacterium pseudotuberculosis is found in lesions, the
gastrointestinal tract of normal sheep, and the soil of
sheep pens. The reservoir of the equine type is not
known.

Transmission

Sheep become infected through breaks in the skin (e.g.,
wounds acquired during shearing).

Pathogenesis

Mechanisms.  Virulence is attributed to the exotoxin (and
perhaps the serine protease) and cell wall lipids.
Corynebacterium pseudotuberculosis is a facultatively intra-
cellular parasite whose resistance to phagolysosomal dis-
posal is related to its surface lipids.

Following infection, abscesses form but remain local-
ized when exotoxin and/or protease are absent or
neutralized.

Pathology. Neutrophilic infiltration and endothelial dam-
age characterize early changes. The lesions are abscesses.
Distribution, progress, and appearance differ with species
and routes of inoculation, but lymphatic involvement
is consistent. The nature of the pus varies largely with
age of the lesion, which grossly appears creamy to dry
and crumbly (“cheesy”). Old abscesses consist of dead
macrophages with peripheral neutrophils, giant cells,
and fibrous tissue. Lesions almost always contain just C.
pseudotuberculosis.

Disease Patterns. Most forms of infection are chronic.
Caseous lymphadenitis of sheep and goats is usually
traced to a skin infection. After introduction, the agent
elicits a diffuse inflammation, followed by the formation
of an abscess that coalesces and undergoes encapsulation.
Inflammatory cells traverse the capsule peripherally,
adding a layer of suppuration and a new capsule. Several
such cycles give the lesions, especially in sheep, an
“onion ring” appearance (Fig 23.5). Old lesions acquire
thick, fibrous capsules. The general health is unaffected
unless dissemination occurs to other lymph nodes,
viscera, or the central nervous system, causing progres-
sive debilitation (thin ewe syndrome).

Ulcerative lymphangitis of horses (rarely cattle)
ascends the lymphatics, usually of the hind limbs of
horses, starting at the fetlock. Its progress toward the
inguinal region is marked by swelling and abscesses,
which rupture to leave ulcers along its course. Hematoge-
nous dissemination is rare. Areas other than extremities
are occasionally affected. Contagious acne (Canadian
horse pox) is an uncommon equine folliculitis due to
C. pseudotuberculosis infection.

Corynebacterium pseudotuberculosis also causes ab-
scesses, usually in the muscles of the chest and caudal
abdominal region of horses (“pigeon fever,” breastbone
fever). The infective mechanism is not understood, but
the seasonal peak (autumn) and geographic restriction
(mainly California) suggest an arthropod vector. The
lesions of cutaneous ventral habronemiasis and a mid-
ventral dermatitis due to horn fly (Haematobius irritans)
activity are possible portals of entry. Signs such as
swelling, pain, and lameness depend on the location and
size of the abscesses. Septicemia occurs rarely, but may
result in abortions, renal abscesses, debilitation, and
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FIGURE 23.5.

Caseous lymphadenitis in a sheep. Lymph nodes, lungs, spleen. Note

abscesses with concentric ring pattern, especially in the lymph node, top right. (Photograph

courtesy of Dr. Corrie Brown.)

death. The superficial lesions resolve slowly after
drainage.

Cattle occasionally develop skin infections with lymph
node involvement. Such episodes are often acute and can
be epidemic. The most common site is the lateral body
wall, suggesting that trauma initiates the disease by pro-
ducing breaks in the skin. '

The few known human infections generally followed
animal contact and were mostly benign lymphadenitides.

Epidemiology

The current view is that C. pseudotuberculosis is an animal
parasite and only an accidental soil inhabitant. In sheep,
shearing, docking, and dipping are significant factors in
the spread of infection. In goats, direct contact, ingestion,
and arthropod vectors must be considered. The preva-
lence of infection increases with age. Caseous lym-
phadenitis is one of the important bacterial infections of
small ruminants.

The hypotheses concerning equine exposure have
been considered. No age predilection has been noted.
Ulcerative lymphangitis is thought to reflect poor man-
agement and is uncommon nowadays. “Pigeon fever” is
limited to the far western United States. Annual preva-
lence varies, seeming highest after a wet winter.

IMMUNOLOGIC ASPECTS

The roles of antibody and cell-mediated responses that
occur during infections are undefined. Antitoxin limits

dissemination of abscesses. Caseous lymphadenitis can be
progressive, and equine abscesses recur.

Bacterin-toxoid combinations prevent dissemination
(not infection) in sheep for at least a year and evoke pro-
tective responses in goats and horses. Purified CP40 in
adjuvant elicits a protective response in sheep. Mutants
constructed by knocking out specific genes that encode
products related to virulence (e.g., phospholipase D; aro-
matic amino acid production) result in a modified live
product that elicits antibody and cell-mediated immune
responses. These modified live vaccines are effective
immunizing products.

LABORATORY DIAGNOSIS

Intracellular or extracellular diphtheroid-shaped organ-
isms may be demonstrable in stained direct smears of
material from lesions (see Fig 23.2).

Blood agar plates inoculated with abscess material and
incubated for 24 to 48 hours produce small, off-white,
faintly hemolytic colonies that can be pushed intact over
the agar surface.

Inhibition of staphylococcal beta toxin (see Fig 23.3)
and synergistic hemolysis with R. equi (see Fig 23.4)
confirm identification of C. pseudotuberculosis. Suppres-
sion of these reactions by antibody forms the basis of
serodiagnostic tests (synergistic hemolysis inhibition
test).

Other tests utilize agglutination, complement fixation,
indirect hemagglutination, hemolysis inhibition, gel dif-
fusion, and toxin neutralization.
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TREATMENT AND CONTROL

In sheep and goats, antibiotic treatment is ineffective.
Control is aimed at limiting exposure by segregation or
culling of affected animals and at scrupulous sanitary care
during activities like shearing, dipping, and surgical pro-
cedures. Bacterin-toxoid combinations may be helpful in
limiting infections. Modified-live products show promise.

Equine abscesses are handled surgically. Prolonged
penicillin therapy is used to prevent or treat disseminated
disease.

Erythromycin was effective in a reported case of
human pneumonia.

RHoDococcus Equi

DESCRIPTIVE FEATURES

Morphology and Staining

Rhodococcus equi cells measure about 1pm X up to Spm.
They pass through a cycle from coccal to bacillary forms.
They are encapsulated, and are sometimes weakly acid-
fast.

Structure and Products

Cell-wall ingredients are characteristic of the corynebac-
teria group.

The capsules are polysaccharide and form the basis of
type specificity within the species. Diffusible “R. equi
factors” (a phospholipase C and cholesterol oxidase)
lyse erythrocytes in synergy with phospholipase D of
C. pseudotuberculosis (see Fig 23.4).

Growth Characteristics

Rhodococcus equi grows aerobically over a wide tempera-
ture range (starting at 10°C) on most media. Mucoid
colonies develop in about 48 hours, may reach large sizes
(<70mm), and may acquire a pink pigmentation.

Biochemical Activities

The agent is catalase, urease, and nitrate positive but does
not acidify routine fermentation media.

Resistance

The organism withstands up to 2.5% oxalic acid and 5%
sulfuric acid for 60 and 45 minutes, respectively, a feature
utilized in attempts at isolation from soil and feces. It is
killed at 60°C within an hour.

Rhodococcus equi is susceptible to rifampin, eryth-
romycin, gentamicin, and usually to chloramphenicol,
tetracycline, and trimethoprim-sulfonamides, but not to

beta-lactam antibiotics. The combination of rifampin and
erythromycin is synergistic in vitro, forming the basis for
the use of this combination for treating affected animals.

Variability

Twenty-seven capsular types are described. Their preva-
lence varies somewhat geographically.

EcoLoGy

Reservoir

Rhodococcus equi occurs in soil and animal manure and —
perhaps secondarily — the intestine of mammals and
birds.

Disease is seen most frequently in horses, less fre-
quently in swine, and rarely in cattle, sheep, goats, cats,
humans, crocodilians, koalas, buffalo, and llamas.

Transmission

Infection is acquired by inhalation, ingestion, or con-
genitally via umbilical or mucous membrane exposure.

Pathogenesis

Mechanisms. Rhodococcus equi is a facultative intracellular
parasite, surviving in macrophages through suppression
of phagolysosomal fusion and evoking a pyogranuloma-
tous response. The capsule, cell wall constituents, and
“R. equi factors” probably play a role in pathogenesis.

Virulent strains contain a high molecular weight
plasmid (85-90kb) correlated with a cell surface protein
of about 15-17kDa (called Vap, for virulence associated
protein). The function of Vap is unknown.

Pathology. The organism is a parasite of macrophages.
R. equi is opsonized by complement components (C3b)
generated by the alternate pathway. Opsonized R. equi
associates with macrophages by way of the Mac-1 com-
plement receptor. Once inside the macrophage, it sur-
vives within phagosomes by inhibiting phagolysosome
fusion.

The lesions of R. equi infection are abscesses and gran-
ulomas. Elements of granulomatous inflammation
include macrophages and giant cells, with neutrophils
predominating in the caseopurulent portions.

Disease Patterns. Foal pneumonia is the most significant
manifestation. The agent affects mainly foals aged 1 to 6
months and causes a suppurative bronchopneumonia,
producing large abscesses in the lungs and hilar lymph
nodes. Occasionally there is localization in joints, skin,
and spleen. Ulcerative intestinal lesions with abscesses in
mesenteric lymph nodes are common.

The prognosis varies indirectly with the age of the foal
at the time of onset and is poorest for those affected at
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less than two months of age. The case fatality rate exceeds
50%.

Extrapulmonary disease occurs in foals and older
horses. Rare uterine infections in mares are possibly
related to perinatal exposure of foals.

Rhodococcus equi is recovered from both tuberculosis-
like lesions in cervical lymph nodes of swine and normal
nodes. Its pathogenic role is disputed.

Sporadic suppurative diseases have been described in
diverse mammals. They are commonly localized in lymph
nodes, lungs, and uterus. Fulminating bacteremias were
observed in a crocodile and an American alligator.

In humans, R. equi pneumonia is seen in immuno-
suppressed individuals. Affected foals are an uncommon
source for humans.

Epidemiology

Rhodococcus equi is part of the equine environment. Its
concentration varies with the history of equine use of the
premises. On problem farms, it is highest in the foaling
and rearing areas. Susceptibility coincides with the fading
of maternally transmitted immunity and precedes natural
immunization by subclinical exposures.

The seasonal peak in summer is attributed to the abun-
dance of 1) susceptible foals and 2) heat and dust, which
impose added burdens on respiratory tract defenses.

Human infections are not uniformly linked to animal
contact.

IMMUNOLOGIC ASPECTS

Functional CD4"T cells (Ty;) are necessary for protective
immunity by “activating” macrophages by way of gamma

interferon. Antibody, perhaps to the virulence-associated
proteins (Vap), are needed since maternally derived anti-
body as well as passively administered antibody appear to
be protective. Thus, both cell-mediated and humoral
immunity are important.

Horses past infancy show signs of immunizing expo-
sures to R. equi, resulting in humoral and cell-mediated
responses. Both appear to be involved in enabling
macrophages to Kkill infecting organisms. Antibody,
detectable by enzyme-linked immunoadsorbent assay
(ELISA), appears at five months and is passed by
colostrum from mare to foal. Such passively acquired
antibody declines by age 6 to 12 weeks, which is roughly
the time of the highest prevalence of disease.

No immunizing products are commercially obtain-
able. Attempts at immunization with Vap have been
disappointing.

LABORATORY DIAGNOSIS

Demonstration of R. equi in samples from respiratory
tracts of pneumonic foals constitutes a diagnosis of R. equi
pneumonia. In smears, organisms appear as intracellular
and extracellular clusters of gram-positive cocci or rods
(Fig 23.6). The identity of typical growth on blood agar
is confirmed morphologically, biochemically, and by syn-
ergistic hemolysis (see Fig 23.4).

TREATMENT AND CONTROL

The prognosis in R. equi foal pneumonia is always
guarded. Chest radiographs give valuable prognostic

FIGURE 23.6. Rhodococcus equi in transtracheal
aspirate from a pneumonic foal. Note coccal and bacillary
shapes. Cluster on lower left is suggestive of intracellular
colonization. Gram stain, 1000X.
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clues. Animals with nodular or cavitary lung patterns and
hilar lymph node enlargement respond less frequently to
therapy than those with diffuse alveolar or interstitial
reactions. The preferred treatment is erythromycin com-
bined with rifampin.

Preventive measures include colostrum intake, dust
control, and removal of foals from contaminated
grounds. Prophylactic antimicrobic treatment is justi-
fiable in epidemic situations.
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Pasteurella

ERNST L. BIBERSTEIN

Pasteurella is part of the family Pasteurellaceae, which
comprises three genera: Pasteurella, Actinobacillus, and
Haemophilus, consisting of gram-negative, nonmotile coc-
cobacilli. They are facultative anaerobes, typically oxidase
positive, that reduce nitrates and attack carbohydrates
fermentatively. Most are commensal parasites of animals.

There are 19 recognized and proposed species of
Pasteurella (Table 24.1). Pasteurella piscicida has been
reclassified as Photobacterium damsela ssp. piscicida and
Pasteurella anatipestifer as Riemerella anatipestifer (see
Chapter 28).

DESCRIPTIVE FEATURES

Morphology and Staining

Cells measure 0.2um X up to 2.0um. Bipolarity, that is,
the staining of only the tips of cells, is demonstrable with
polychrome stains (e.g., Wright’s stain). The capsules of
P. multocida, P. haemolytica, and P. trehalosi are the basis

for type specificity.

Structure and Composition

Capsules contain acidic polysaccharides, in P. multocida
type A, hyaluronic acid. Some P. multocida and P.
haemolytica strains express adhesins.

Cell walls consist mainly of lipopolysaccharides and
proteins. Some of the latter are iron-regulated (i.e., they
are expressed under iron-poor conditions).

Cell Products of Medical Interest

Members of the genus Pasteurella produce a number of
substances that are associated with the pathogenicity of
this group of microorganisms. Among the most impor-
tant are the capsule, lipopolysaccharide, iron-regulated
outer membrane proteins, toxic outer membrane pro-
teins, adhesins, leukotoxins, and enzymes that may
be involved in disease production (hyaluronidase,
neuraminidase).

The capsule plays many roles, the most important of
which are the interference with phagocytosis (antiphago-
cytic) and the protection of the outer membrane from the
deposition of membrane attack complexes generated by
activation of the complement system. The amount of
capsule produced is inversely proportional to the amount

DwIGHT C. HIRSH

of available iron. In vivo, where the amount of available
iron is very low, the amount of capsule formed would
be less (but sufficient to protect the microorganism
from phagocytosis and complement-mediated lysis). The
hyaluronic acid capsule serves as an adhesin for respira-
tory tract epithelial cells in the case of some avian strains
of P. multocida.

Lipopolysaccharide (LPS) elicits an inflammatory
response following its interaction with LPS-binding
protein and receptors on the surface of macrophages. In
addition, LPS is directly toxic to respiratory tract endothe-
lial cells.

Some, and probably all, pasteurellae produce adhesins
(and possibly more than one kind). A type 4 fimbria has
been described for avian strains of P. multocida. As with
other microorganisms, the expression of adhesins proba-
bly depends upon environmental cues. That is, adhesins
are expressed while the microorganism inhabits an
epithelial surface, but repressed when the microorganism
is inside the host where adherence to a phagocytic cell
would be disadvantageous.

Because iron is an absolute growth requirement, pas-
teurellae must acquire this substance if they are to exist
within the host. Some avian strains of P. multocida
produce a siderophore, multicidin, which is neither a
phenolate nor hydroxynate type siderophore. Sidero-
phores have not been demonstrated in pasteurellae from
other sources or species. However, all pasteurellae bind
transferrin-iron complexes by virtue of iron-regulated
outer membrane proteins that are expressed under iron-
poor conditions. Iron is probably acquired from the
transferrin-iron complexes that bind to the surface of the
microorganism.

Pasteurella haemolytica produces a leukotoxin that is
important in the pathogenesis of disease associated
with this microorganism. Leukotoxin (Lkt) is a 104-kDa
protein toxin belonging to the RTX (repeats in toxin)
family of toxins, so-called because of the common feature
of repeats of glycine-rich sequences within the protein.
Interestingly, the hemolysin of Escherichia coli is also an
RTX-type toxin (see Chapter 9). Lkt produces a number
of biological effects. These include cytotoxic effects upon
leukocytes (Lkt in high concentration), activation of
leukocytes (Lkt in low concentration), death of leukocytes
by apoptosis, and the downregulation of MHC 1I proteins
on the surface of macrophages affecting their ability to
present antigen. Activation of macrophages results in the
release of the proinflammatory cytokines TNF and IL-1,
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Table 24.1. Members of the Genus Pasteurella and Their
Usual Source or Associated Condition

and the stimulation of polymorphonuclear leukocytes
leading to the release of H,O,, which in turn is converted
by alveolar endothelial cells in the presence of Fe** to
hydroxyl radicals. Hydroxyl radicals kill the cell, result-
ing in accumulation of edema fluid and fibrin.

Pasteurella multocida, mainly those expressing type D
capsule type, produce a toxin (P. multocida toxin or Pmt,
also known as dermonecrotic toxin, osteolytic toxin, or
turbinate atrophy toxin) that has significant homology to
cytotoxic necrotizing factors (CNF-1, CNF-2) of E. coli (see
Chapter 9). These factors interact with cellular Rho pro-
teins (small GTP-binding proteins) controlling the cellu-
lar actin cytoskeleton. Pmt is a mitogen for osteoblasts.

Some avian strains of P. multocida express an outer-
membrane protein that is toxic to phagocytic cells. It is
unclear what role this protein might have in the patho-
genesis of disease. If capsule formation is downregulated
in vivo due to low available iron concentrations, then the
toxic outer-membrane protein might serve to protect the
microorganism from phagocytosis.

Strains of P. multocida may produce hyaluronidase and
neuraminidase. The role played by these enzymes in the
pathogenesis of disease is unclear. It is tempting to spec-
ulate that hyaluronidase is active in vivo and may be

responsible for the microorganism’s ability to “spread”
through tissue. Neuraminidase has been postulated to
play a role in the colonization of epithelial surfaces by
removing terminal sialic acid residues from mucin,
thereby modifying normal host innate immunity.

Growth Characteristics

Pasteurellae grow best in the presence of serum or blood.
After overnight incubation, colonies are about 1mm
in diameter, clear, and smooth or mucoid. Pasteurella
haemolytica and P. trehalosi produce hemolysis on rumi-
nant blood agar.

Resistance

Cultures die within 1 or 2 weeks. Disinfectants, heat
(50°C for 30 minutes), and ultraviolet light are promptly
lethal. Yet P. multocida survives for months in bird
carcasses.

Pasteurella spp., especially from food animals, have
become increasingly resistant to penicillins, tetracyclines,
and sulfonamides, to which they were originally suscep-
tible. The gene encoding tetracycline resistance is unique
to pasteurellae. Resistance encoding genes are frequently
associated with R plasmids.

Variability

In P. multocida, five capsular (A, B, D, E, F) and 11 somatic
(1-11) serotypes occur in 20 different combinations.
Another approach, utilizing agar gel immunodiffusion,
has identified 16 types. Serotypes are often related to host
specificity and pathogenicity.

Some biotypes of Pasteurella are distinct enough to
qualify as subspecies or species (see Table 24.1 and the
references for this chapter).

Previously, P. haemolytica was differentiated into two
biotypes: A (ferments arabinose) and T (ferments tre-
halose), which differ with regard to reservoir, patho-
genicity, antimicrobial susceptibility, cultural and
serologic traits, and genetic relatedness. Type A consists
of 12 capsular types, type T of 4. Type T has been renamed
P. trehalosi.

EcoLoGy

Reservoir

Pasteurellae are carried on mucous membranes of sus-
ceptible host species. Carriage may be widespread, as with
P. multocida in carnivores, or exceptional, as with fowl
cholera or hemorrhagic septicemia. In fowl cholera, one
host species may serve as reservoir for another.

Transmission

Infection is by inhalation, ingestion, or bites and scratch
wounds. Many infections are probably endogenous.
In bovine hemorrhagic septicemia and fowl cholera,



environmental contamination contributes to indirect
transmission.

Pathogenesis

Mechanisms.  Capsules and leukotoxins may subvert phago-
cytic and inflammatory responses. Lesions suggest endo-
toxic activity.

Pmt of P. multocida is responsible for the lesions seen
in pigs with atrophic rhinitis.

Pathology. Lesions vary with site of infection, virulence of
strains, and host resistance. In septicemias of ruminants
and acute pasteurellosis of birds, vascular damage results
in hemorrhage and fluid loss but little cellular inflam-
matory response. Focal necrosis in parenchymatous
organs or ulcerations of mucous membranes may
occur. Mammals develop generalized hemorrhagic
lymphadenopathy.

In most pneumonias, inflammatory cells are promi-
nent, with erythrocytes, neutrophils, and mononuclear
cells appearing and predominating successively. The
tissue appearance changes accordingly from reddish-
black to red, pink, and gray. Necrosis, abscess formation,
and fibrin deposition vary in severity. In chronic fowl
cholera, caseopurulent inflammation occurs in joints,
middle ear, ovaries, or wattles.

Atrophic rhinitis of pigs (see also under Bordetella
bronchiseptica, Chapter 27) is a chronic rhinitis accompa-
nying disturbed osteogenesis adjacent to the inflamed
areas. Increased osteoclastic and diminished osteoblastic
activity destroys the turbinates and bones of the snout,
resulting in distortions of facial structures. Histologically,
fibrous tissue replaces osseous tissue. Bone atrophy is
accompanied by inflammation of varying acuteness.

Disease Patterns

Cattle. Hemorrhagic septicemia is an acute systemic
infection with P. multocida, serotype 6:B (Southeast Asia)
or 6:E (Africa), occurring in tropical areas as seasonal epi-
demics with high morbidity and mortality. Signs include
high fever, depression, subcutaneous edema, hypersaliva-
tion and diarrhea, or sudden death. All excretions and
secretions are highly infectious.

The most common form of bovine pasteurellosis,
involving P. haemolytica, biotype A, serotype 1 (Al), or P.
multocida, type A, is shipping fever, a fibrinous pleuro-
pneumonia or bronchopneumonia seen wherever cattle,
especially calves, are transported, assembled, and handled
under stressful conditions. While the ultimate cause is
uncertain (Table 24.2), the agents producing severe illness
and death are bacteria, most commonly and acutely
P. haemolytica Al.

The onset, 1 to 2 weeks after stress, is marked by fever,
inappetence, and listlessness. Respiratory signs (nasal dis-
charge, cough) are few and variable. At more advanced
stages, the fever may drop but respiratory distress will be
obvious. Abnormal lung sounds can be detected, espe-
cially over the apical lobes, which are first and most
severely affected.
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Table 24.2. Etiologic and Possible Contributory Factors in
Bovine Shipping Fever (after C. A. Hjerpe)

Pasteurella haemolytica can cause mastitis with much
tissue destruction, hemorrhage, and systemic toxic com-
plications, which are often fatal. A somewhat less severe
form is caused by P. multocida.

Sheep and Goats. Septicemic pasteurellosis, almost al-
ways due to P. trehalosi (biotype T P. haemolytica) in feeder
lambs and P. haemolytica (biotype A) in nursing lambs,
resembles bovine hemorrhagic septicemia, although
intestinal involvement is often absent and the morbidity
rate is much lower.

Enzootic pneumonia of sheep is the ovine equivalent
of bovine shipping fever. Pasteurella haemolytica, biotype
A, is most often involved.

Gangrenous mastitis due to P. haemolytica (usual) or P.
trehalosi occurs late in lactation, when large lambs bruise
the udder and provide the inoculum from their oropha-
ryngeal flora. Acute systemic reactions accompany disease
of the udder, parts of which undergo necrosis (“blue bag”)
and may slough.

Swine. A fibrinous pneumonia, associated with P. mul-
tocida, often follows viral infections.

Atrophic rhinitis (AR) of young pigs (3 weeks to 7
months) leading to turbinate destruction and secondary
complications results from synergistic nasal infection by
P. multocida and Bordetella bronchiseptica. Toxigenic P. mul-
tocida, especially type D, excretes Pmt capable of produc-
ing the lesions after irritation of the nasal mucosa.
Bordetella bronchiseptica produces this irritation by virtue
of an unrelated dermonecrotic toxin (see Chapter 27). In
addition, ammonia (in concentrations sometimes found
in swine-rearing houses) acts synergistically with Pmt-
secreting P. multocida.

Signs include sneezing, epistaxis, and staining of the
face due to tear-duct obstruction. Skeletal abnormalities
produce lateral deviation of the snout or wrinkling due
to rostrocaudal compression. Secondary pneumonia is
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due in part to the elimination of the turbinates as
defenses of the respiratory tract.

Rabbits. Snuffles, a mucopurulent rhinosinusitis of
rabbits due to P. multocida, develops under stress of
pregnancy, lactation, or mismanagement. Complications
include bronchopneumonia, middle and inner ear infec-
tion, conjunctivitis, and septicemia. In the genital tract,
P. multocida may cause orchitis, balanoposthitis, and
pyometra.

Fowl. Fowl cholera, a systemic infection due to P. mul-
tocida (most commonly capsule type A), is acquired by
ingestion or inhalation and affects mainly turkeys, water-
fowl, and chickens. The peracute form can kill about 60%
of infected birds without preceding signs of illness. The
acute type, marked by listlessness, anorexia, diarrhea, and
nasal and ocular discharges, may last several days and be
about 30% lethal. The subacute form is mostly respiratory
and is manifested by rales and mucopurulent nasal dis-
charges. In chronic fowl cholera, there is localization of
caseous lesions. Pasteurella gallinarum is sometimes iso-
lated from chronic cases.

Dogs and Cats. Pasteurella multocida (cats) and P. canis
(dogs) are found alongside predominantly anaerobic flora
in wound infections, serositides (e.g., feline pyothorax),
and foreign body lesions.

Horses. Pasteurella caballi occurs in equine respira-
tory disease, usually in association with Streptococcus
zooepidemicus.

Table 24.3.
in Various Types of Pasteurella Infections

Small Laboratory Rodents. Pasteurella pneumotropica, a
common commensal, may contribute to opportunistic
infections such as pneumonia. Phenotypically similar
organisms in other hosts probably belong to different
species (e.g., P. dagmatis).

Humans. Pasteurella multocida (and rarely other pas-
teurellae) causes wound infections in humans resulting
from animal bites or scratches. A second form, inflamma-
tory processes, especially in the respiratory tract, is
usually not directly traceable to animal sources.

Epidemiology

Table 24.3 shows the relative roles of exogenous reservoir,
dissemination, and stress in various pasteurelloses. In
fowl cholera, feral sources are sometimes implicated.

IMMUNOLOGIC ASPECTS

Basis of Imnmunity

Circulating antibody is significant in protection against
hemorrhagic septicemia and fowl cholera. The type-
specific capsular antigens are essential immunogens in
hemorrhagic septicemia. With other forms of pasteurel-
losis, the picture is less clear. Both antitoxic and antibac-
terial antibody are important in protection.

Artificial Immunization

Pasteurella adjuvant bacterins are effective in preventing
bovine hemorrhagic septicemia, conferring protection

The Relative Roles of Stress, Agent Introduction, and Agent Dissemination



for up to 2 years. Antiserum is useful for short-term
protection.

The essential attributes of an effective fowl cholera
vaccine are not known. Field performance of bacterins
has been inconsistent, even with autogenous prepara-
tions. Most promising have been live vaccines containing
attenuated organisms (e.g., CU or M-9). Attenuation
appears inversely related to immunogenicity.

Most shipping fever vaccines are bacterins of P.
haemolytica and P. multocida combined with suspect
viruses and other bovine bacterial pathogens. Benefits

are inconsistent. Vaccination of calves with bacterins -

prepared from P. haemolytica reduced the degree of
colonization of the upper respiratory tract by this
organism. The effectiveness of modified live pasteurella
vaccines awaits field confirmation. Recombinant Lkt
alone does not protect cattle from P. haemolytica-induced
pneumonia.

Pasteurella multocida and B. bronchiseptica bacterins
with toxoid are valuable in the control of atrophic
rhinitis.

LABORATORY DIAGNOSIS

Direct Examination

Exudates, tissue impressions, sediments of transtracheal
aspirates, and, in birds, blood smears can be stained with
a polychrome stain (e.g., Giemsa, Wright's, Wayson'’s)
and examined for bipolar organisms. Their presence is
suggestive but not unique to Pasteurella. On Gram stain,
pasteurellae do not look distinctive.

Isolation and ldentification

Pasteurellae grow overnight on bovine or sheep blood
agar and are identified using differential tests. Serotyping
is done in a reference laboratory.

TREATMENT AND CONTROL

Pasteurelloses respond to timely antimicrobial therapy.
Strains from carnivores and humans are generally sus-
ceptible to almost all antimicrobials. Most pasteurellae
show moderate resistance to aminoglycosides, which
is probably not significant clinically. Those from food-
producing animals vary. In these species, cost and with-
drawal requirements before slaughter are additional con-
siderations. Consequently, sulfonamides, penicillin G,
ceftiofur, tilmicosin, florfenicol, and tetracyclines are pre-
ferred. Their appropriateness should be confirmed by sus-
ceptibility tests. Sulfonamides, penicillin G, quinolones,
and tetracycline are used to treat fowl cholera.
Sulfonamides and tetracyclines — in swine and
poultry, penicillin also — are suitable for mass medica-
tion via feed or water, therapeutically or prophylactically.
Management practices directed at reducing stress are
important in preventing pasteurellosis in livestock.
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Immunization has been dependable only in bovine
hemorrhagic septicemia and atrophic rhinitis control.

GRouP EF-4 (EuGONIC FERMENTOR)

A gram-negative nonmotile bacterium, superficially
resembling Pasteurella spp., occurs in the mouth of car-
nivores and sporadically causes apparently endogenous
fatal, acute focal, pyogranulomatous pneumonias. In
humans it is implicated in animal bite wound infections.

It is oxidase, catalase, and nitratase positive; it fer-
ments glucose slowly and has no other diagnostically
dependable characteristics.

Isolates from humans stemming from animal bites
test susceptible to the macrolides (erythromycin, clar-
ithromycin, azithromycin), cephalosporins, ampicillin,
tetracycline, aminoglycosides, and fluoroquinolones.
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Actinobacillus
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Although they are genetically distinct, the genera Acti-
nobacillus and Pasteurella overlap phenotypically.

Actinobacillus lignieresii is the agent of pyogranuloma-
tous processes, mainly of ruminants. Actinobacillus equuli
causes neonatal septicemia of foals and occasionally of
pigs and calves; it rarely affects older horses. Actinobacil-
lus suis is seen in swine with respiratory, septicemic,
and localized infections. A similar agent (Actinobacillus
suis-like) occurs in horses, particularly in respiratory
tract infections. Actinobacillus pleuropneumoniae, which re-
quires nicotinamide adenine dinucleotide (NAD) and was
originally classified as a Haemophilus, is the agent of
porcine pleuropneumonia. All are frequent commensals
on mucous membranes. Actinobacillus capsulatus causes
arthritis of rabbits. Actinobacillus salpingitidis found in the
respiratory tract and oviduct of chickens can produce
salpingitis and peritonitis. Actinobacilllus seminis inhabits
the lower genital tract of sheep and may cause epi-
didymitis in lambs. Both agents are genetically unrelated
to Actinobacillus spp.

DESCRIPTIVE FEATURES

Morphology, Staining, and Composition

Actinobacilli are gram-negative coccobacilli, approxi-
mately 0.5um wide and variable in length.

A surface slime found on A. suis, A. equuli, and A. lig-
nieresii and linked to a heat-labile antigen may be related
to the stickiness of their colonies on agar. Actinobacillus
pleuropneumoniae is encapsulated.

Cell Products of Medical Interest

Actinobacillus suis, A. equuli, and A. lignieresii possess the
genes encoding an RTX (repeats in foxin) membrane-
active toxin (see hemolysin, Escherichia coli, Chapter 9;
Pasteurella  haemolytica, Chapter 24). Actinobacillus
pleuropneumoniae produces three different RTX-type
hemolysins: Apx I, Apx II, and Apx III (pleurotoxin). Acti-
nobacillus equuli and A. lignieresii produce very small
amounts of this toxin so that colonies growing on blood
agar plates are not overtly hemolytic, and the organisms
are not especially leukocytotoxic as compared to other
microorganisms that produce this class of toxin, for
example, hemolytic E. coli, P. haemolytica, A. suis, and A.
pleuropneumoniae. RTX toxins kill macrophages and neu-
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trophils at high concentrations and stimulate an oxida-
tive burst at lower concentrations.

Actinobacillus pleuropneumoniae is piliated and may be
the structure responsible for specific adherence to alveo-
lar epithelia and the cilia of terminal bronchioles. In addi-
tion, the lipopolysaccharide (LPS) of A. pleuropneurmoniae
has adhesive properties that are responsible for adherence
to tracheal epithelium.

Actinobacillus pleuropneumoniae produces outer mem-
brane proteins that bind transferrin-iron complexes (a
source of iron needed for growth). A periplasmic iron-
binding protein, AfuA (for Actinobacillus ferric uptake) is
involved in iron transport.

Growth Characteristics

Actinobacilli grow on blood and serum-containing media
at 20°C to 42°C. Colony sizes at 24 hours reach 12mm.
Actinobacillus suis is hemolytic on ruminant blood agar.

Carbohydrates are fermented without gas produc-
tion. Urease, orthonitrophenyl-beta-D-galactopyranosi-
dase (ONPGase, “beta-galactosidase”), and nitratase are
typically present. No indole is produced, and most strains
grow on MacConkey agar (but poorly). Cultures die
within a week.

Resistance

Actinobacillus  pleuropneumoniae contains R plasmids
encoding resistance to sulfonamides, tetracycline, and
penicillin.

Variability

Actinobacillus lignieresii and A. equuli are antigenically
diverse. The six somatic types of A. lignieresii have some
relation to geographic and host species predilection.
There are 12 serotypes of A. pleuropneumoniae (1-12).

EcoLoay

Reservoir

Actinobacilli (except possibly A. capsulatus) are com-
mensal parasites on mucous membranes. Actinobacillus
pleuropneumoniae are mote closely associated with the res-
piratory tracts of sick or recovered animals.
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Transmission

Except in neonates, most actinobacilloses are probably
endogenous infections. Neonatal foals acquire A. equuli
before, at, or shortly after birth from their dams, com-
monly via the umbilicus.

Pathogenesis

Mechanisms. RTX toxins, if produced, probably play a role
in the pathogenesis of disease. At low concentrations, this
class of toxin increases the activity (as measured by
the oxidative burst) of phagocytic cells, which may lead
to damage to surrounding cells that in turn triggers
inflammation. At higher concentrations, RTX toxins
damage the membrane of macrophages and neutrophils.
Actinobacilli are gram negative, thus have LPS that
induces an inflammatory response after binding to LPS-
binding protein and macrophages with subsequent
release of proinflammatory cytokines IL-1 and TNE. The
antiphagocytic capsule of A. pleuropneumoniae is a sus-
pected virulence factor.

Actinobacillus  pleuropneumoniae adheres to ciliated
epithelium in the distal bronchioles and to alveolar
epithelium.

Pathology. Lesions are suppurative to granulomatous
resembling actinomycosis (see Chapter 46). “Wooden
tongue” is a chronic granuloma in the bovine tongue.
At its center is a colony of A. lignieresii, tinged by
eosinophilic, club-like processes forming a “rosette.”
The complex is surrounded by neutrophils and gran-
ulation tissue containing macrophages, plasma cells,
lymphocytes, giant cells, and fibroblasts. Plant fibers are
often present. Through coalescence, larger granulomas
(1cm or more in diameter) may be formed. Infection
spreads to lymph nodes, producing granulomas along
the way. The proliferative tissue reaction causes the
tongue to protrude from the mouth. Other tissues in
the vicinity, and occasionally along the gastrointestinal
tract, may be involved, along with adjacent lymph nodes.
Superficial lesions often ulcerate. In sheep, suppurative
infections occur around the head and neck and in the
skin and mammary gland. Tongue involvement is not
typical.

In acute umbilical infections of newborn foals (“navel
ill”) by A. equuli, only enteritis may be present. In less
acute cases, suppurative multifocal nephritis, tenovagini-
tis, and arthritis develop. Enteritis also occurs in calves.

Actinobacillus suis in swine and a similar agent in
horses (A. suis-like) are associated with various inflamma-
tory processes.

Actinobacillus pleuropneumoniae, the agent of porcine
pleuropneumonia, produces a necrotizing process.

Disease Pattemns. Actinobacillosis involving A. lignieresii
occurs in ruminants and, rarely, dogs and horses. In rumi-
nants, the agent is probably inoculated by trauma (plant
fibers), initiating the process described. The course is pro-
tracted and healing slow. Interference with feed intake
causes weight loss and dehydration.

Foal septicemia due to A. equuli (“navel ill,” “sleepy
foal disease”) occurs within a few days of birth and is
marked by fever, inappetence, prostration, and diarrhea.
Animals surviving the first day typically develop lameness
due to (poly)arthritis.

Actinobacillus equuli occasionally causes septicemic
disease or enteritis in pigs and calves.

Actinobacillus pleuropneumoniae causes a primary pneu-
monia of swine, particularly young pigs 2 to 6 months
old. Spread is favored by crowding and poor ventilation.
Early signs include fever and reduced appetite, followed
within a day by acute respiratory distress. Animals may
die within 24 hours. Morbidity may reach 40%, with
mortality up to 24%. Survivors show intermittent cough
and unsatisfactory weight gains. Chronic infections,
often without preceding acute episodes, are the source of
petsistent herd problems. Lesions consist of fibrinous
pneumonia and pleuritis. Arthritis, meningitis, and abor-
tion occur as complications.

Septicemia of young pigs and arthritis, endocarditis, or
pneumonia in older animals may be caused by A. suis.

In horses, A. suis-like organisms occur in respiratory
and sometimes genital tract infections, often alongside
Streptococcus zooepidemicus.

Actinobacillus seminis, a commensal inhabitant of the
ovine prepuce, is occasionally involved in suppurative
epididymitis-orchitis and polyarthritis in lambs.

Epidemiology

Actinobacilli are opportunistic pathogens producing
disease when their host’s integrity is compromised, as by
trauma, immaturity, or other stress. Trauma to mucous
membranes of ruminants by rough feed may cause herd
outbreaks suggestive of transmissible diseases.

Chronic asymptomatic carriers are the apparent reser-
voirs of swine pleuropneumonia (commensal carriage of
serotype 2 strains of A. pleuropneumoniae is reported from
Japan) and infectious coryza. Disease occurs when non-
immune animals are exposed to subclinically infected
individuals. That prevalence is highest in the colder
months is due probably more to management (i.e., the
mixing of individuals with different exposure histories)
than climatic factors.

IMMUNOLOGIC ASPECTS

The pathology of “wooden tongue” suggests a cell-
mediated hypersensitivity. Antibodies of no known pro-
tective function appear during infection. The benefits of
bacterins have not been established. Antibody to A.
pleuropneumoniae is opsonizing and colostrum protects
piglets. Antibody to RTX-type toxin is protective.
Immunoprophylaxis is used to control porcine pleuro-
pneumonia.

LABORATORY DIAGNOSIS

Actinobacilli can often be demonstrated in gram-stained
exudates. They grow best on blood agar under increased



amounts of carbon dioxide. Colonies are often sticky.
Speciation is accomplished by cultural and biochemical
tests.

TREATMENT AND CONTROL

Penicillin G, tetracycline, and ceftiofur are effective
in septicemia therapy if given early. Gentamicin,
kanamycin, cephalosporins, and trimethoprim-sulfas
are generally effective on beta-lactamase-producing A.
pleuropneumoniae.

In “wooden tongue,” iodides given orally or intra-
venously promptly reduce the inflammatory swelling,
which is the main clinical problem.

Avoidance of harsh, dry feed reduces the likelihood
of ruminant infection. Good foaling hygiene, includ-
ing navel disinfection, reduces the likelihood of foal
septicemia.

Actinobacillus suis-like infections respond to most
antimicrobics.

An approach to control of porcine pleuropneumonia
consists of the serologic identification and elimination of
infected breeding animals. In exposed herds, following
removal of seroreactors, mass medication (trimethoprim-
sulfa) can eradicate the infection.

Complement fixation, 2-mercaptoethanol agglutina-
tion, and enzyme-linked immunoadsorbent assay (ELISA)
tests are used to detect A. pleuropneurmoniae infection in
swine. They are serotype specific.
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Haemophilus spp.
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Haemophilus spp., beyond sharing the family traits of Pas-
teurellaceae, require for propagation one or both of two
growth factors: porphyrins or nicotinamide adenine di-
nucleotide (NAD, NADP), originally called X (heat-stable),
and V (heat-labile) factor, respectively. Some members of
the family Pasteurellaceae showing these needs are genet-
ically unrelated to the type species H. influenzae.

Haemophilus parasuis, a resident of the normal na-
sopharynx of swine, can cause septicemic disease
(Glasser’s disease, polyserositis) or secondary respiratory
infections. Haemophilus paragallinarum causes infectious
coryza in chickens. “Haemophilus somnus” causes sep-
ticemic, respiratory, and genital infections in cattle. It
resembles “Histophilus ovis” and “Haemophilus agni,”
which produce similar conditions in sheep.

DESCRIPTIVE FEATURES

Morphology and Staining

Haemophilus spp. are less than a micrometer wide and 1
to 3pm long, but sometimes form longer filaments. Some
species (H. influenzae, H. paragallinarum) are encapsulated.
Pili have been described in H. influenzae.

Cellular Constituents and Products

The cell wall resembles that of other gram-negative bac-
teria. Capsules consist of polysaccharides.

Heat-labile toxins have been found in H. paragal-
linarum.

Cellular Products of Medical Interest

“Haemophilus somnus” produces outer-membrane pro-
teins that bind transferrin-iron complexes, a source of
iron needed for growth.

Virulent strains of “H. somnus” are resistant to killing
by complement proteins (serum resistant) whereas
commensal strains are not. Evidence suggests that serum
resistance is related to the presence of immunoglobulin-
binding proteins and surface fibrils.

The lipopolysaccharide (after binding to lipopoly-
saccharide-binding protein) of all the haemophili
and hemophilus-like microorganisms initiates release
of proinflammatory cytokines IL-1 and TNF from
macrophages.
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Growth Characteristics

Haemophilus spp. on adequate media produce within 24
to 48 hours turbidity in broth and colonies 1 mm in diam-
eter on agar. Growth factors may be supplied as hemin
and NAD (about 10pg/ml of each). A medium naturally
containing them is chocolate agar, a blood agar prepared
by addition of blood when the melted agar is at 75 to
80°C (rather than 50°C when making regular blood agar).
This procedure liberates NAD from cells and inactivates
enzymes destructive to NAD.

Alternatively, a “feeder” bacterium (e.g., Staphylococ-
cus) may be inoculated across plates where Haemophilus
has been streaked. On otherwise inadequate media,
growth occurs only near the feeder streak, a phenomenon
called satellitism (Fig 26.1). It may be duplicated by com-
mercially prepared X and V factor-impregnated filter
papers placed on the inoculated area (Fig 26.2).

For the X and V factor requirements of Haemophilus
spp. see Table 26.1.

Biochemical Activities

Haemophilus spp. of animals are oxidase and nitratase pos-
itive and ferment carbohydrates.

Resistance

Huaemophilus spp. are readily killed by heat and die rapidly
in culture and storage unless freeze dried or stored at
—70°C. At cool temperatures, H. paragallinarum survive in
exudate for several days.

Variability

Serotypes may differ in pathogenicity and geographic
prevalence, and determine the specificity of bacterin-
induced immunity. There are three serotypes (A-C,
or I-II) of H. paragallinarum and at least seven of H.
parasuis.

EcoLoGy

Reserveir

Haemophilus parasuis lives in the nasopharynx of normal
swine. Haemophilus paragallinarum is more closely associ-



ated with the respiratory tracts of sick or recovered
animals.

Haemophilus haemoglobinophilus, “H. somnus,” and
“Histophilus ovis” inhabit the normal lower genital tract.
“Haemophilus somnus” is also found in normal bovine res-
piratory tracts.

FIGURE 26.1. Satellitic growth of Haemophilus on a feeder
streak of Staphylococcus sp. Haemophilus was inoculated evenly
over the entire surface. The staphylococcus was then inoculated in a
single streak.

FIGURE 26.2.
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Transmission

Transmission of hemophili and related agents is probably
airborne or by close contact. Indirect transmission is
likely during epidemics.

Pathogenesis

Mechanisms. The antiphagocytic capsules and heat-labile
cytotoxic factors of H. paragallinarum are suspected viru-
lence factors. The lesions of Haemophilus infections also
suggest endotoxin involvement.

“Haemophilus somnus” adheres to epithelium and
endothelium, is toxic to endothelial cells, is resistant to
serum and phagocytic killing, and binds immunoglobu-
lins like staphylococcal protein A.

Pathology. All infections have suppurative components.
Infection of lungs, body cavities, and joints tends to be
serofibrinous to fibrinopurulent. Bacterial colonization of
the meningeal vessels produces a thrombotic vasculitis
leading to encephalitis and meningitis. Hemorrhagic
necrotizing processes are caused by “H. somnus.”

Fowl coryza is marked by catarrhal inflammation with
heterophil exudates.

Disease Patterns. In swine, H. parasuis can cause broncho-
pneumonia secondary to virus infections (e.g., swine
influenza). Other bacteria (e.g., Pasteurella spp. and
Mycoplasma spp.) may also participate.

In young weaned pigs, H. parasuis also causes Gldsser’s
disease (polyserositis), an acute inflammation affecting
pleura, peritoneum, mediastinum, pericardium, joints,

Determination of cofactor needs with (left to right) XV, V, and X factor-

impregnated filter paper discs. Growth has occurred around the XV and X discs (lower left and
right), but not the V disc (top center). The organism accordingly was identified as Haemophilus
haemoglobinophilus, which requires X but not V factor.
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Table 26.1.

and meninges. Weaning, transport, and management
stress are predisposing causes. The disease strikes sporad-
ically within days of the stressing event. Morbidity and
mortality are often low because of widespread acquired
resistance but may be high in previously unexposed herds
(e.g., specific pathogen-free herds). Disease manifesta-
tions include fever and general malaise, respiratory and
abdominal distress, lameness, and paralytic or convulsive
signs. Recovery begins in 1 to 2 weeks. Similar syndromes
are due to Mycoplasma hyorhinis.

In chickens, infectious coryza (caused by H. paragalli-
narum) is an acute contagious upper-respiratory infection.
It affects chickens of practically all ages. The signs include
nasal discharge, swelling of sinuses, facial edema, and
conjunctivitis. With air sac and lung involvement, rales
may be detected. In the uncomplicated infection, mor-
tality is low. Loss of productivity is the most damaging
aspect. Superimposed infections with mycoplasmas and
helminth parasites exacerbate and prolong outbreaks.

Of other species, only Japanese quail are highly
susceptible.

In cattle, “H. somnus” causes a septicemia leading to
thrombotic meningoencephalitis (“infectious throm-
boembolic meningoencephalitis,” TEME) and infarcts in
brain and cerebellum. The preencephalitic stage is
marked by high fever.

With central nervous system (CNS) involvement,
motor and behavioral abnormalities develop.

“Haemophilus somnus” occurs in pneumonic processes,
usually with other agents, for example, Pasteurella spp.
Isolations have been made from normal and inflamed
female genitalia and from aborted fetuses. It is common
in the genital tract of bulls.

In sheep, Haemophilus-like organisms (“H. somnus,”
“Histophilus ovis”, “H. agni”) cause respiratory and
mammary infections, epididymitis of immature rams,
and occasionally septicemias.

In dogs, H. haemoglobinophilus, a commensal of the
canine lower genital tract, sometimes causes cystitis and
neonatal infections. Its role in balanoposthitis and
vaginitis, where it is frequently found, is uncertain.

Pathogenic and Common Haemophilus-like Species

In cats, a V factor-requiring Haemophilus sp. is associ-
ated with conjunctivitis (following Chlamydia psittaci and
Mpycoplasma spp. in prevalence).

Epidemiology

All the agents named, except for H. paragallinarum,
inhabit normal mucous membranes of the respiratory or
genital tract. Sources of infection are therefore often
endogenous to herds or individuals. Colonization of pigs
with H. parasuis probably occurs while animals are
shielded by maternal immunity. Glédsser’s disease in pigs
of all ages occurs in previously H. parasuis-free, stressed
populations.

Respiratory and septicemic “H. somnus” infections are
similarly related to stress factors, as their predilection for
feed lots and the fall and winter months suggests.

Haemophilus spp. are generally host-specific.

IMMUNOLOGIC ASPECTS

Circulating antibody develops in infected individuals and
has a protective function, at least in mammals. Presence
of serum antibody correlates well with resistance to “H.
somnus” infection. The role of cell-mediated immunity is
unknown.

Immunity develops after infection. Following infec-
tious coryza, it extends to heterologous serotypes.

Immunoprophylaxis is used to control infectious
coryza, polyserositis, and TEME. Bacterins prevent serious
disease but not infection owing to homologous serotypes.

LABORATORY DIAGNOSIS

Recovery of the organism from infected tissues or fluids
is usually required to establish a diagnosis. Observation
of gram-negative rods in these specimens prior to culture



may suggest Haemophilus infection. Isolation of such an
organism is followed by demonstration of a growth factor
requirement.

Organisms requiring X factor cannot convert delta-
aminolevulinic acid to urobilinogen and porphyrin. The
porphyrin test determines this ability and X factor
requirement most reliably. Definitive assignment to a
species usually requires additional tests.

Fowl coryza can be diagnosed by agglutination, agar
gel immunodiffusion, and hemagglutination-inhibition
tests.

TREATMENT AND CONTROL

Most animal hemophili are susceptible to penicillin G,
ceftiofur, and tetracyclines. Calves with shipping fever in
which “H. somnus” was involved responded to tilmicosin.

For fowl coryza therapy, erythromycin or sulfonamides
can be administered in feed or water.

“Haemophilus somnus” is susceptible to penicillin G
and tetracycline. For the septicemic-meningoencephalitic
form, timeliness and maintenance of treatment are
critical.

Infectious coryza of fowl is controlled by elimina-
tion of carriers and immunization of individuals at risk.
Bacterins are of value in prevention of TEME but are less
effective in other “H. somnus” infections.

Poultry producers may depopulate infected flocks.
When breeding stock must be preserved, flock additions
are vaccinated at 16 weeks, four weeks before joining the
infected flock.
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Bordetella

ERNST L. BIBERSTEIN

The genus Bordetella, gram-negative coccobacilli belong-
ing to the family Alcaligenaceae, contains several species,
some of which are important pathogens of humans and
other animals. Members of the genus Bordetella are aerobic
gram-negative bacteria and are parasites of ciliated respi-
ratory epithelium. Bordetella pertussis (and, rarely, B. para-
pertussis) causes whooping cough in humans. Of
veterinary importance are B. bronchiseptica, which has
been implicated in porcine atrophic rhinitis, canine
kennel cough, and bronchopneumonia in many species;
B. avium, which causes rhinotracheitis of turkeys; and
rarely B. parapertussis, as a cause of pneumonia in sheep.

DESCRIPTIVE FEATURES

Morphology and Staining

Bordetellae are pleomorphic gram-negative coccobacilli,
about 0.5um X up to 2um in size. Bordetella bronchisep-
tica has a capsule-like envelope and pili; B. bronchiseptica
and B. avium are motile by peritrichous flagella.

Structure and Composition

Some colonial forms have a surface covering of fibrils.
Otherwise, the cell structure is that of other gram-
negative bacteria.

Some 20 heat-labile (K) and heat-stable (O; 120°C/60
min) antigens exist. Many are common to several species.
Others are species- and type-specific.

Cellular Products of Medical Interest

A dermonecrotic toxin (sharing homology with CNF1 of
Escherichia coli but different from the dermonecrotic toxin
of Pasteurella), adenylate cyclase, proteases, hemolysin,
hemagglutinins, and a tracheal cytotoxin (a muramyl
peptide toxic to ciliated epithelium) are present in B. bron-
chiseptica. That agent also produces an adhesin that binds
to sialic acid residues on ciliated epithelia. Bordetella
avium produces a histamine-sensitizing factor resembling
B. pertussis toxin, a cytotoxin, adhesin, and a der-
monecrotic toxin. All members of the genus except
B. avium contain the gene for pertussis toxin, but only
B. pertussis possesses a functional promotor.

Bordetella bronchiseptica produces a hydroxymatic
siderophore by which it acquires iron from iron-binding
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proteins of the host, even though it also produces a recep-
tor for iron-transferrin complexes.

Growth Characteristics

Bordetella species are strict aerobes deriving energy from
oxidation of amino acids. Bordetella bronchiseptica and
B. avium grow on ordinary laboratory media, including
MacConkey agar, under atmospheric conditions; the
former is inconsistently hemolytic on blood agar.

Bordetella bronchiseptica is a facultative intracellular
parasite able to exist within phagolysosomes of phago-
cytic cells.

Biochemical Activities

Bordetella avium and B. bronchiseptica are catalase and
oxidase positive, ferment no carbohydrates, and utilize
citrate as an organic carbon source, but only B. bron-
chiseptica reduces nitrate and splits urea.

Resistance

Bordetella spp. are killed by heat or disinfectants. They are
susceptible to broad-spectrum antibiotics and polymyxin,
but not to penicillin. Their environmental survival is epi-
demiologically significant.

Variability

Bordetella bronchiseptica dissociates into four phases
varying in colonial characteristics, hemolytic activity,
suspension stability in saline, ease of colonization, and
toxicity. Some strains appear to be host-specific.

Three serotypes, based on surface agglutinogens, are
recognized in B. avium.

EcoLoay

Reservoir

Bordetella spp. are parasites primarily of the ciliated res-
piratory tract tissue. Bordetella bronchiseptica occurs in
wild and domestic carnivores, wild and laboratory
rodents, swine, rabbits, and occasionally horses, other
herbivores, primates, and turkeys. Although probably not
part of the resident flora, it is found in the nasopharynx
of healthy animals.



Bordetella avium inhabits the respiratory tract of
infected fowl, principally turkeys.

Transmission

Mammalian infections are primarily airborne, while in
turkeys indirect spread via water and litter is common.

Pathogenesis

Mechanisms.  Attachment of B. bronchiseptica to ciliated res-
piratory epithelium, preventable by neuraminidase treat-
ment of host cells, is followed by bacterial proliferation,
cilial paralysis, and inflammation. Adenylate cyclase may
interfere with phagocytosis and intracellular killing. If
phagocytosis occurs, B. bronchiseptica can survive within
the phagolysosomes; it also has the ability to escape into
an endocytic compartment that does not lead to fusion
with lysosomes. In pigs, B. bronchiseptica provides nasal
irritation, rendering the turbinates susceptible to the
action of the dermonecrotic toxin (Pmt) of Pasteurella
multocida, which has emerged as the primary agent of
atrophic rhinitis (see Chapter 24).

Bordetella bronchiseptica from pigs appear different
from the strains from dogs and horses (which are also dif-
ferent from each other).

Infectivity of B. avium is related to a plasmid. The agent
depresses some cell-mediated immune reactions.

Bordetella infections depress respiratory clearance
mechanisms, facilitating secondary complications.

Pathology. The lesions of atrophic rhinitis have been
described (Chapter 24). Bordetella bronchiseptica alone
causes temporary turbinate atrophy by disturbing
osteoblast physiology.

Canine infectious tracheobronchitis (“kennel cough”)
results in production of a tenacious mucoid to mucopu-
rulent exudate and variable involvement of lungs and
adjacent lymph structures. The exudate is predominately
neutrophilic.

The organism produces a mild upper respiratory tract
infection in cats, mainly those housed in colonies. Cats,
like dogs, carry the organism asymptomatically (up to
19 weeks) following recovery.

Acute coryza of turkeys is characterized by catarrh
of suppurative rhinitis, sinusitis, tracheitis, broncho-
pneumonia, and airsacculitis. Chronic lesions include
tracheobronchitis, peribronchitis, and interstitial granu-
lomatous.

Destruction of ciliated respiratory epithelium is
common to Bordetella infections.

Disease Patterns. Atrophic rhinitis of swine, due to com-
bined infection with P. multocida and B. bronchiseptica,
was considered under pasteurelloses (Chapter 24). Infec-
tion with B. bronchiseptica alone is transient and self-
limiting but is believed to prepare the ground for estab-
lishment and activities of toxigenic P. multocida.

Canine infectious tracheobronchitis (kennel cough) is
marked by hacking cough, high morbidity, and low mor-
tality. Pneumonia is rare. The natural disease is often
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accompanied by mycoplasma and virus infections
(canine parainfluenza virus, canine adenoviruses 1 and 2,
and canine herpesvirus). While most dogs recover within
a few weeks, the bacterium can persist for months.

Bordetella bronchiseptica causes respiratory tract infec-
tions in diverse domestic, wild, and laboratory mammals.
It also causes rare human infections, which sometimes
resemble whooping cough.

Turkey poults infected with B. avium develop tracheo-
bronchitis, sinusitis, and airsacculitis. Signs include
nasal exudate, conjunctivitis, tracheal rales, and dyspnea.
Morbidity is high, but mortality, except by secondary
infection, is generally low (<5%). Recovery may begin
after 2 weeks, although some illnesses may last 6
weeks.

Epidemiology

Atrophic rhinitis affects pigs under 6 weeks old, when
osteogenesis and bone remodeling are most active. Bor-
detella bronchiseptica is spread by affected pigs. The ulti-
mate sources are carrier sows, in which carrier rates
decline with age. Canine kennel cough usually affects
young, nonimmune dogs.

Bordetella avium causes disease mainly in young poults.
The contaminated environment is important in perpetu-
ating the infection.

IMMUNOLOGIC ASPECTS

Pathogenic Factors

Depressed cell-mediated responses have been observed
in experimental B. avium infections. Their relation
to natural disease is undetermined. Bordetella bronchisep-
tica can parasitize dendritic cells, which results in a
decrease in immune responses due to inefficient antigen
processing.

Protective Role

Local antibody is believed to prevent B. bronchiseptica col-
onization in dogs. No other immune responses have been
shown to be protective.

Bordetella avium antiserum was ineffective in protect-
ing turkeys, but maternal immunization reduced losses in
challenged progeny. Antibody to adhesin prevents adher-
ence to tracheal epithelia.

Immunization Procedures

Bacterins used on pregnant sows provide some colostral
immunity to piglets, especially when including toxigenic
P. multocida strains. Bacterin-toxoid preparations protect
piglets.

Intratracheal administered live attenuated vaccine has
been beneficial in kennel cough control.

Of B. avium vaccines, those using attenuated live
organisms intratracheally have been most effective.
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LABORATORY DIAGNOSIS

Nasal swabs (atrophic rhinitis), sediment of transtracheal
washes (canine tracheobronchitis), and tracheal swabs
{coryza of turkeys) are cultured on blood and MacConkey
agar.

Bordetella avium treacts like Alcaligenes faecalis in
routine laboratory tests. Cellular fatty acid analysis dif-
ferentiates the two. A microagglutination test is used for
serodiagnosis.

TREATMENT AND CONTROL

Atrophic rhinitis is not treatable. Preventive measures
include maintenance of an aged sow herd with a low
carrier rate; thorough disinfection and cleanup of far-
rowing houses and nurseries after each use; vaccination
(see p. 149); prophylactic use of sulfonamides in feed or
water; and elimination of carrier sows based on nasal
swab culture.

Canine tracheobronchitis responds poorly to injected
antibiotics. Vaccination (see p. 149), fumigation of

kennels, adequate ventilation, and isolation of affected -

dogs are useful preventive practices. Tetracycline remains
the drug of choice.

Bordetella avium is susceptible to tetracycline,
erythromycin, and nitrofurantoin, but resistant to peni-
cillin, streptomycin, and sulfonamides. Mass medication
and vaccination may prevent outbreaks without elimi-
nating the infection.
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MORAXELLA

Moraxella spp. are aerobic, gram-negative, nonferment-
ing, nonflagellated coccobacilli. M. bovis causes infectious
bovine keratoconjunctivitis (IBK), one of the most trou-
bling diseases in beef herds.

DESCRIPTIVE FEATURES

Morphology and Staining

Moraxellae are short, plump gram-negative rods, 11.5 um
X 1.5 to 2.5mm, and are often arranged in pairs
(”dipl'obacilli”) or short chains (Fig 28.1).

Structure and Composition

Pili (fimbriae) of M. bovis are virulence determinants and
can be lost on subculture (see under Variability below).
Capsules may be present in fresh isolates.

Cellular Products of Medical Interest

A soluble hemolysin (probably an RTX-like pore-forming
toxin (see Escherischia coli haemolysin, Chapter 9) is cor-
related with virulence independently of pili. Enzymes
active on lipids, peptides, and carbohydrates are pro-
duced. The pili are type 4 and similar to those of
Pseudomonas aeruginosa, Neisseria gonorrhoeae, Dicholobac-
ter nodosus, Pasteurella multocida and Vibrio cholerae. Pili
appear responsible for adherence to corneal epithelial
cells.

Growth Characteristics

Siderophores have not been demonstrated. Proteins
that bind lactoferrin and transferrin have been
found, however, and are probably involved with iron
acquisition.

Moraxella bovis grows best at 35°C in the presence of
serum and blood. No growth occurs on MacConkey agar
or anaerobically. In 48 hours, fresh isolates produce flat,
hemolytic, friable colonies, about 1mm in size, that
corrode the agar and autoagglutinate when suspended in
saline. Moraxella bovis is oxidase positive, nonfermenting,
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and catalase variable. Nitrates and urea are not attacked,
but proteins are digested. Resistance to physical and
chemical agents is not remarkable. It is susceptible to
commonly used antibiotics.

Variability

In culture, M. bovis undergoes colonial dissociation
producing smooth butyrous colonies, the cells of which
lack pili (phase variation occurs due to inversion of the
pilin-encoding gene) and infectivity and are less autoag-
glutinable. Nonhemolytic variants are nonpathogenic.
Pili are immunogenically diverse and this trait is respon-
sible for a classification scheme based on serological
similarities.

EcoLoGy

Reservoir

Moraxella bovis occurs worldwide on the bovine conjunc-
tiva and upper respiratory mucosa, often without clinical
manifestations.

Transmission

Dissemination is by direct and indirect contact, including
flying insects and possibly other airborne transmission.

Pathogenesis

Mechanisms. Pathogenicity is closely linked to hemolysin
and pili, which mediate attachment to conjunctival
epithelium. Leukotoxicity for macrophages has been
described. Pathogenic contributions by lipopolysaccha-
rides, collagenase, and hyaluronidase are likely.

Environmental factors implicated include ultraviolet
irradiation, flies, dust, and woody pasture plants, all of
which contribute to irritation of the target tissues. Con-
current infections with viruses, such as bovine her-
pesvirus I (IBR) and adenovirus, mycoplasma (Mycoplasma
bovoculi), bacteria (Listeria monocytogenes), and nematodes
(Thelasia), may complicate the disease.

Disease Pattern and Pathology. The disease begins with invasion
of conjunctiva and cornea, producing edema and a
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FIGURE 28.1.

Moraxella bovis in the cornea of an experimentally infected calf.

There is evidence of digestion of corneal substance around the bacterial cells. Scanning
electron micrograph, 22,000 . (Photograph courtesy of Dr. G. Kagonyera.)

predominantly neutrophilic inflammatory response. It
may progress from mild epiphora and corneal clouding
to production of severe edema, corneal opacities, vascu-
larization, ulceration, and rupture leading to uveal pro-
lapse and panophthalmitis. Healing of the ulcers proceeds
from the periphery and requires several weeks. Central
scarring may persist for months. Though a self-limiting
disease, losses occur because vision-impaired animals do
not forage and loose condition. Deaths, which are due to
ascending infection via the eye, are exceptional.

Epidemiology

Infectious bovine keratoconjunctivitis is a highly infec-
tious disease, mostly of beef cattle. Young animals are
preferentially affected, probably due to lack of acquired
immunity. Lack of eyelid pigmentation and prominent
placement of eyes are apparent predisposing factors, as is
vitamin A deficiency.

Prevalence is greatest during summer and early fall,
when environmental stresses are maximal.

IMMUNOLOGIC ASPECTS

Antibody of all isotypes is produced during infection, with
secretory IgA predominating locally. Temporary resistance
to reinfection follows recovery. The relative roles in
immunity and recovery of general vs. local responses and
humoral vs. cell-mediated responses are unsettled.

Experimental bacterins and fimbrial antigens stimulate
resistance, optimally to homologous challenge. Appar-
ently, fimbrial proteins, hemolysin, and proteolytic
enzymes have protection-inducing activity. Fimbrial vac-
cines are commercially available.

LABORATORY DIAGNOSIS

The agent may be demonstrated in smears of exudate,
most convincingly by immunofluorescence. Exudate is
cultured on blood agar and Moraxella are identified by
colonial characteristics, oxidase activity, hemolysis, pro-
teolysis, and failure to ferment carbohydrates. Specific
fluorescent antibody conjugates can be applied directly to
suspect colonies on plates for identification even of dis-
sociant colonies (epifluorescence).

TREATMENT AND CONTROL

Affected animals should be placed in a dark stall, free
from dust and flies. Topical corticosteroids may relieve
the inflammation, while antimicrobial drugs, given topi-
cally or systemically, may be beneficial. Long-acting tetra-
cycline is considered the drug of choice.

Fimbrial vaccines are the most promising specific
prophylactics.



RIEMERELLA (MORAXELLA) ANATIPESTIFER

The agent of “new duck disease,” a severe polyserositic
disease especially of ducklings (duck septicemia, infec-
tious serositis of ducks), is unrelated to the genus
Moraxella and has also been called Pasteurella and
Pfeifferella.

DESCRIPTIVE FEATURES

Riemerella anatipestifer is a gram-negative, nonmotile,
encapsulated, occasionally bipolar coccobacillus. It grows
best under increased carbon dioxide tension on blood or
chocolate agar. Colonies are nonhemolytic, transparent,
and may exceed 1 mm in diameter after 24 hours of incu-
bation. The organism is oxidase and catalase positive,
proteolytic, ferments no carbohydrates, and survives for
weeks in litter. Many serotypes exist.

EcoLoGy

Reservoir

The agent occurs in ducks and other fowl. Carrier birds
constitute the reservoir.

Transmission

Infection occurs via respiratory, percutaneous, and possi-
bly other routes.

Pathogenesis

Riemerella anatipestifer septicemia causes sudden mortal-
ity, or, less acutely, respiratory signs with sneezing, cough-
ing, and discharges from nose and eyes. Central nervous
involvement produces head tremors, torticollis, and
ataxia. Diarrhea is also seen.

Fibrinous polyserositis is seen in the acute disease. The
exudate is mostly mononuclear. In protracted cases,
fibroblasts and giant cells are observed.

Mortality rates vary from 5% to 75%; duration is from
one day to several weeks.

Epidemiology

Only ducks are consistently at risk. Stress factors play
a significant predisposing role. Young birds are most
susceptible.

IMMUNOLOGIC ASPECTS

Recovered birds are resistant to reexposure. Immunity is
serotype-specific and may be induced by bacterins.
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LABORATORY DIAGNOSIS

Isolation and identification of the agent are mandatory
for diagnosis. Organisms may be demonstrated in organs
and fluids by Gram stain or immunofluorescence.

Culture plates are incubated under increased carbon
dioxide tension.

TREATMENT AND CONTROL

Sulfonamides (sulfamethazine, sulfadimethoxine, sul-
faquinoxaline) may be given prophylactically in feed or
water. Penicillin G, tetracycline, erythromycin, and novo-
biocin are used therapeutically. Corticosteroids admin-
istered along with antibiotics (penicillin G) do not
influence resolution of lesions.

Vaccination with killed or live avirulent bacteria of
appropriate serotypes is beneficial.
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