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Preface

The twenty-sixth edition of Jawetz, Melnick, & Adelbergs
Medical Microbiology remains true to the goals of the first
edition published in 1954 “to provide a brief, accurate and
up-to-date presentation of those aspects of medical micro-
biology that are of particular significance to the fields of
clinical infections and chemotherapy” The 26™ edition has
included the following new features!

o Addition of concept checks after major sections within
chapters.

o  Chapter Summaries at the end of each chapter.

o Increased number of new and revised review questions.

o  Full color photographs and photomicrographs of the
previous edition.

o All chapters have been revised extensively consistent with
the tremendous expansion of medical knowledge afforded
by molecular mechanisms, advances in our understanding
of microbial pathogenesis and the discovery of novel
pathogens.

New also to this edition is Barbara Detrick, PhD, Professor
in the Division of Clinical Immunology in the Department of
Pathology at the Johns Hopkins University School of Medicine.
Dr. DetricK’s extensive expertise in clinical immunology, and

in particular the role of cytokines in health and disease, will
add significantly to the current and future editions and we
welcome her participation.

The authors hope that the changes to this edition will be
helpful to the student of microbiology.

Geo. E. Brooks
San Francisco, California

Karen C. Carroll
Baltimore, Maryland

Janet S. Butel
Houston, Texas

Stephen A. Morse
Atlanta, Georgia

Timothy A. Meitzner
Mesa, Arizona

November 2012
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SECTIONI FUNDAMENTALS OF MICROBIOLOGY

The Science of Microbiology

INTRODUCTION

Microbiology is the study of microorganisms, a large and
diverse group of microscopic organisms that exist as single cells
or cell clusters; it also includes viruses, which are microscopic
but not cellular. Microorganisms have a tremendous impact on
all life and the physical and chemical makeup of our planet.
They are responsible for cycling the chemical elements essen-
tial for life, including carbon, nitrogen, sulfur, hydrogen, and
oxygen; more photosynthesis is carried out by microorganisms
than by green plants. Furthermore, there are 100 million times
as many bacteria in the oceans (13 x 10*®) as there are stars in
the known universe. The rate of viral infections in the oceans
is about 1 X 10% infections per second, and these infections
remove 20-40% of all bacterial cells each day. It has been
estimated that 5 x 10*° microbial cells exist on earth; excluding
cellulose, these cells constitute about 90% of the biomass of the
entire biosphere. Humans also have an intimate relationship
with microorganisms; more than 90% of the cells in our bodies
are microbes. The bacteria present in the average human gut
weigh about 1 kg, and a human adult will excrete his or her
own weight in fecal bacteria each year. The number of genes
contained within this gut flora outnumber that contained
within our genome 150-fold, and even in our own genome, 8%
of the DNA is derived from remnants of viral genomes.

BIOLOGIC PRINCIPLES ILLUSTRATED BY
MICROBIOLOGY

Nowhere is biologic diversity demonstrated more dramati-
cally than by microorganisms, creatures that are not directly

CHAUPTER

visible to the unaided eye. In form and function, be it bio-
chemical property or genetic mechanism, analysis of micro-
organisms takes us to the limits of biologic understanding.
Thus, the need for originality—one test of the merit of a
scientific hypothesis—can be fully met in microbiology. A
useful hypothesis should provide a basis for generalization,
and microbial diversity provides an arena in which this chal-
lenge is ever present.

Prediction, the practical outgrowth of science, is a prod-
uct created by a blend of technique and theory. Biochemistry,
molecular biology, and genetics provide the tools required
for analysis of microorganisms. Microbiology, in turn,
extends the horizons of these scientific disciplines. A biolo-
gist might describe such an exchange as mutualism, that is,
one that benefits all of the contributing parties. Lichens are
an example of microbial mutualism. Lichens consist of a
fungus and phototropic partner, either an alga (a eukaryote)
or a cyanobacterium (a prokaryote). The phototropic com-
ponent is the primary producer, and the fungus provides the
phototroph with an anchor and protection from the elements.
In biology, mutualism is called symbiosis, a continuing asso-
ciation of different organisms. If the exchange operates pri-
marily to the benefit of one party, the association is described
as parasitism, a relationship in which a host provides the pri-
mary benefit to the parasite. Isolation and characterization of
a parasite—such as a pathogenic bacterium or virus—often
require effective mimicry in the laboratory of the growth
environment provided by host cells. This demand sometimes
represents a major challenge to investigators.

The terms mutualism, symbiosis, and parasitism relate
to the science of ecology, and the principles of environmen-
tal biology are implicit in microbiology. Microorganisms are
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2 SECTIONI Fundamentals of Microbiology

the products of evolution, the biologic consequence of natu-
ral selection operating on a vast array of genetically diverse
organisms. It is useful to keep the complexity of natural his-
tory in mind before generalizing about microorganisms, the
most heterogeneous subset of all living creatures.

A major biologic division separates the eukaryotes, organ-
isms containing a membrane-bound nucleus, from prokary-
otes, organisms in which DNA is not physically separated from
the cytoplasm. As described in this chapter and in Chapter 2,
further major distinctions can be made between eukaryotes
and prokaryotes. Eukaryotes, for example, are distinguished
by their relatively large size and by the presence of specialized
membrane-bound organelles such as mitochondria.

As described more fully later in this chapter, eukary-
otic microorganisms—or, phylogenetically speaking, the
Eukarya—are unified by their distinct cell structure and
phylogenetic history. Among the groups of eukaryotic micro-
organisms are the algae, the protozoa, the fungi, and the
slime molds.

VIRUSES

The unique properties of viruses set them apart from liv-
ing creatures. Viruses lack many of the attributes of cells,
including the ability to replicate. Only when it infects a cell
does a virus acquire the key attribute of a living system—
reproduction. Viruses are known to infect all cells, including
microbial cells. Recently, viruses called virophages have been
discovered that infect other viruses. Host-virus interactions
tend to be highly specific, and the biologic range of viruses
mirrors the diversity of potential host cells. Further diversity
of viruses is exhibited by their broad array of strategies for
replication and survival.

Viral particles are generally small (eg, adenovirus is
90 nm) and consist of a nucleic acid molecule, either DNA
or RNA, enclosed in a protein coat, or capsid (sometimes
itself enclosed by an envelope of lipids, proteins, and carbo-
hydrates). Proteins—frequently glycoproteins—in the capsid
determine the specificity of interaction of a virus with its host
cell. The capsid protects the nucleic acid and facilitates attach-
ment and penetration of the host cell by the virus. Inside the
cell, viral nucleic acid redirects the host’s enzymatic machin-
ery to functions associated with replication of the virus. In
some cases, genetic information from the virus can be incor-
porated as DNA into a host chromosome. In other instances,
the viral genetic information can serve as a basis for cellular
manufacture and release of copies of the virus. This process
calls for replication of the viral nucleic acid and production
of specific viral proteins. Maturation consists of assem-
bling newly synthesized nucleic acid and protein subunits
into mature viral particles, which are then liberated into the
extracellular environment. Some very small viruses require
the assistance of another virus in the host cell for their dupli-
cation. The delta agent, also known as hepatitis D virus, is too
small to code for even a single capsid protein and needs help

from hepatitis B virus for transmission. Viruses are known
to infect a wide variety of plant and animal hosts as well as
protists, fungi, and bacteria. However, most viruses are able
to infect specific types of cells of only one host species.

Some viruses are large and complex. For example,
Mimivirus, a DNA virus infecting Acanthamoeba, a free-
living soil ameba, has a diameter of 400-500 nm and a genome
that encodes 979 proteins, including the first four aminoacyl
tRNA synthetases ever found outside of cellular organisms
and enzymes for polysaccharide biosynthesis. An even larger
marine virus has recently been discovered (Megavirus); its
genome (1,259,197-bp) encodes 1120 putative proteins and is
larger than that of some bacteria (Table 7-1). Because of their
large size, these viruses resemble bacteria when observed in
stained preparations by light microscopy; however, they do
not undergo cell division or contain ribosomes.

A number of transmissible plant diseases are caused
by viroids—small, single-stranded, covalently closed circu-
lar RNA molecules existing as highly base-paired rodlike
structures. They range in size from 246 to 375 nucleotides in
length. The extracellular form of the viroid is naked RNA—
there is no capsid of any kind. The RNA molecule contains
no protein-encoding genes, and the viroid is therefore totally
dependent on host functions for its replication. Viroid RNA
is replicated by the DNA-dependent RNA polymerase of the
plant host; preemption of this enzyme may contribute to
viroid pathogenicity.

The RNAs of viroids have been shown to contain inverted
repeated base sequences at their 3" and 5" ends, a characteris-
tic of transposable elements (see Chapter 7) and retroviruses.
Thus, it is likely that they have evolved from transposable ele-
ments or retroviruses by the deletion of internal sequences.

The general properties of animal viruses pathogenic for
humans are described in Chapter 29. Bacterial viruses are
described in Chapter 7.

PRIONS

A number of remarkable discoveries in the past 3 decades
have led to the molecular and genetic characterization of the
transmissible agent causing scrapie, a degenerative central
nervous system disease of sheep. Studies have identified a
scrapie-specific protein in preparations from scrapie-infected
brains of sheep that is capable of reproducing the symp-
toms of scrapie in previously uninfected sheep (Figure 1-1).
Attempts to identify additional components, such as nucleic
acid, have been unsuccessful. To distinguish this agent from
viruses and viroids, the term prion was introduced to empha-
size its proteinaceous and infectious nature. The cellular form
of the prion protein (PrP°) is encoded by the host’s chromo-
somal DNA. PrP<is a sialoglycoprotein with a molecular mass
of 33,000-35,000 daltons and a high content of a-helical
secondary structure that is sensitive to proteases and soluble
in detergent. PrPc is expressed on the surface of neurons via
a glycosylphosphatidyl inositol anchor in both infected and
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FIGURE 1-1 Prion. Prions isolated from the brain of a scrapie-
infected hamster. This neurodegenerative disease is caused by a
prion. (Reproduced with permission from Stanley B. Prusiner.)

uninfected brains. A conformational change occurs in the
prion protein, changing it from its normal or cellular form
PrP< to the disease-causing conformation, PrP* (Figure 1-2).
When PrP* is present in an individual (owing to spontane-
ous conformational conversion or to infection), it is capable
of recruiting PrP° and converting it to the disease form. Thus,
prions replicate using the PrP¢ substrate that is present in the
host.
There are additional prion diseases of importance
(Table 1-1 and Chapter 42). Kuru, Creutzfeldt-Jakob dis-
ease (CJD), Gerstmann-Straussler-Scheinker disease, and
fatal familial insomnia affect humans. Bovine spongiform
encephalopathy, which is thought to result from the ingestion
of feeds and bone meal prepared from rendered sheep offal,
has been responsible for the deaths of more than 184,000
cattle in Great Britain since its discovery in 1985. A new vari-
ant of CJD (vCJD) has been associated with human ingestion
of prion-infected beef in the United Kingdom and France. A
common feature of all of these diseases is the conversion of a
host-encoded sialoglycoprotein to a protease-resistant form
as a consequence of infection.

Human prion diseases are unique in that they manifest
as sporadic, genetic, and infectious diseases. The study of
prion biology is an important emerging area of biomedical
investigation, and much remains to be learned.

The distinguishing features of the nonliving members of

the microbial world are given in Table 1-2.
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FIGURE 1-2 Proposed mechanism by which prions replicate. The

normal and abnormal prion proteins differ in their tertiary structure.

(Reproduced with permission from Nester EW, Anderson DG, Roberts
CE, Nester MT (editors): Microbiology: A Human Perspective, 6th ed.

McGraw-Hill, 2009, p. 342.)

PROKARYOTES

The primary distinguishing characteristics of the prokaryotes
are their relatively small size, usually on the order of 1 um in
diameter, and the absence of a nuclear membrane. The DNA
of almost all bacteria is a circle with a length of about 1 mm;
this is the prokaryotic chromosome. Most prokaryotes have
only a single chromosome. The chromosomal DNA must be
folded more than 1000-fold just to fit within the prokaryotic
cell membrane. Substantial evidence suggests that the folding
may be orderly and may bring specified regions of the DNA
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TABLE 1-1

Common Human and Animal Prion Diseases

Type Name

Etiology

Human prion diseases

Acquired Variant Creutzfeldt-Jakob disease?
Kuru
latrogenic Creutzfeldt-Jakob disease®
Sporadic Creutzfeldt-Jakob disease
Familial Gerstmann-Straussler-Scheinker

Fatal familial insomnia
Creutzfeldt-Jakob disease

Animal prion diseases

Cattle Bovine spongiform encephalopathy
Sheep Scrapie

Deer, elk Chronic wasting disease

Mink Transmissible mink encephalopathy
Cats Feline spongiform encephalopathy?

Associated with ingestion or inoculation of prion-infected
material

Source of infection unknown

Associated with specific mutations within the gene encoding PrP

Exposure to prion-contaminated meat and bone meal
Ingestion of scrapie-contaminated material

Ingestion of prion-contaminated material

Source of infection unknown

Exposure to prion-contaminated meat and bone meal

?Associated with exposure to bovine spongiform encephalopathy-contaminated materials.

bAssociated with prion-contaminated biologic materials, such as dura mater grafts, corneal transplants, and cadaver-derived human growth hormone, or

prion-contaminated surgical instruments.

PrP, prion protein.

Reproduced with permission from the American Society for Microbiology. Priola SA: How animal prions cause disease in humans. Microbe 2008;3(12):568.

TABLE 1-2 Distinguishing Characteristics of Viruses, Viroids, and Prions

Viruses

Viroids

Prions

Obligate intracellular agents

Consist of either DNA or RNA surrounded by a
protein coat

Obligate intracellular agents

Consist only of RNA; no protein coat

Abnormal form of a cellular protein

Consist only of protein; no DNA or RNA

Reproduced with permission from Nester EW, Anderson DG, Roberts CE, Nester MT (editors): Microbiology: A Human Perspective, 6th ed. McGraw-Hill, 2009, p. 13.

into proximity. The specialized region of the cell containing
DNA is termed the nucleoid and can be visualized by electron
microscopy as well as by light microscopy after treatment of
the cell to make the nucleoid visible. Thus, it would be a mis-
take to conclude that subcellular differentiation, clearly demar-
cated by membranes in eukaryotes, is lacking in prokaryotes.
Indeed, some prokaryotes form membrane-bound subcellular
structures with specialized function such as the chromato-
phores of photosynthetic bacteria (see Chapter 2).

Prokaryotic Diversity

The small size of the prokaryotic chromosome limits the
amount of genetic information it can contain. Recent data
based on genome sequencing indicate that the number of
genes within a prokaryote may vary from 468 in Mycoplasma
genitalium to 7825 in Streptomyces coelicolor, and many of

these genes must be dedicated to essential functions such as
energy generation, macromolecular synthesis, and cellular
replication. Any one prokaryote carries relatively few genes
that allow physiologic accommodation of the organism to its
environment. The range of potential prokaryotic environ-
ments is unimaginably broad, and it follows that the prokary-
otic group encompasses a heterogeneous range of specialists,
each adapted to a rather narrowly circumscribed niche.

The range of prokaryotic niches is illustrated by consid-
eration of strategies used for generation of metabolic energy.
Light from the sun is the chief source of energy for life. Some
prokaryotes such as the purple bacteria convert light energy
to metabolic energy in the absence of oxygen production.
Other prokaryotes, exemplified by the blue-green bacteria
(Cyanobacteria), produce oxygen that can provide energy
through respiration in the absence of light. Aerobic organ-
isms depend on respiration with oxygen for their energy.



Some anaerobic organisms can use electron acceptors other
than oxygen in respiration. Many anaerobes carry out fer-
mentations in which energy is derived by metabolic rear-
rangement of chemical growth substrates. The tremendous
chemical range of potential growth substrates for aerobic or
anaerobic growth is mirrored in the diversity of prokaryotes
that have adapted to their utilization.

Prokaryotic Communities

A useful survival strategy for specialists is to enter into
consortia, arrangements in which the physiologic charac-
teristics of different organisms contribute to survival of the
group as a whole. If the organisms within a physically inter-
connected community are directly derived from a single cell,
the community is a clone that may contain up to 10® cells.
The biology of such a community differs substantially from
that of a single cell. For example, the high cell number vir-
tually ensures the presence within the clone of at least one
cell carrying a variant of any gene on the chromosome. Thus,
genetic variability—the wellspring of the evolutionary pro-
cess called natural selection—is ensured within a clone. The
high number of cells within clones also is likely to provide
physiologic protection to at least some members of the group.
Extracellular polysaccharides, for example, may afford pro-
tection against potentially lethal agents such as antibiotics
or heavy metal ions. Large amounts of polysaccharides pro-
duced by the high number of cells within a clone may allow
cells within the interior to survive exposure to a lethal agent
at a concentration that might kill single cells.

Many bacteria exploit a cell-cell communication mech-
anism called quorum sensing to regulate the transcription
of genes involved in diverse physiologic processes, including
bioluminescence, plasmid conjugal transfer, and the produc-
tion of virulence determinants. Quorum sensing depends
on the production of one or more diffusible signal molecules
termed autoinducers or pheromones that enable a bacterium
to monitor its own cell population density. It is an example of
multicellular behavior in prokaryotes.

A distinguishing characteristic of prokaryotes is their
capacity to exchange small packets of genetic information.
This information may be carried on plasmids, small and
specialized genetic elements that are capable of replication
within at least one prokaryotic cell line. In some cases, plas-
mids may be transferred from one cell to another and thus
may carry sets of specialized genetic information through a
population. Some plasmids exhibit a broad host range that
allows them to convey sets of genes to diverse organisms. Of
particular concern are drug resistance plasmids that may
render diverse bacteria resistant to antibiotic treatment.

The survival strategy of a single prokaryotic cell line may
lead to a range of interactions with other organisms. These
may include symbiotic relationships illustrated by complex
nutritional exchanges among organisms within the human
gut. These exchanges benefit both the microorganisms
and their human host. Parasitic interactions can be quite
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deleterious to the host. Advanced symbiosis or parasitism
can lead to loss of functions that may not allow growth of the
symbiont or parasite independent of its host.

The mycoplasmas, for example, are parasitic prokaryotes
that have lost the ability to form a cell wall. Adaptation of these
organisms to their parasitic environment has resulted in incor-
poration of a substantial quantity of cholesterol into their cell
membranes. Cholesterol, not found in other prokaryotes, is
assimilated from the metabolic environment provided by the
host. Loss of function is exemplified also by obligate intracel-
lular parasites, the chlamydiae and rickettsiae. These bacteria
are extremely small (0.2-0.5 pm in diameter) and depend on
the host cell for many essential metabolites and coenzymes.
This loss of function is reflected by the presence of a smaller
genome with fewer genes (see Table 7-1).

The most widely distributed examples of bacterial sym-
bionts appear to be chloroplasts and mitochondria, the
energy-yielding organelles of eukaryotes. A substantial body
of evidence points to the conclusion that ancestors of these
organelles were endosymbionts, prokaryotes that established
symbiosis within the cell membrane of the ancestral eukary-
otic host. The presence of multiple copies of the organelles
may have contributed to the relatively large size of eukaryotic
cells and to their capacity for specialization, a trait ultimately
reflected in the evolution of differentiated multicellular
organisms.

Classification of the Prokaryotes

An understanding of any group of organisms requires their
classification. An appropriate classification system allows a
scientist to choose characteristics thatallow swiftand accurate
categorization of a newly encountered organism. The catego-
rization allows prediction of many additional traits shared by
other members of the category. In a hospital setting, success-
ful classification of a pathogenic organism may provide the
most direct route to its elimination. Classification may also
provide a broad understanding of relationships among differ-
ent organisms, and such information may have great practi-
cal value. For example, elimination of a pathogenic organism
will be relatively long-lasting if its habitat is occupied by a
nonpathogenic variant.

The principles of prokaryotic classification are discussed
in Chapter 3. At the outset, it should be recognized that any
prokaryotic characteristic might serve as a potential criterion
for classification. However, not all criteria are equally effec-
tive in grouping organisms. Possession of DNA, for example,
is a useless criterion for distinguishing organisms because all
cells contain DNA. The presence of a broad host range plas-
mid is not a useful criterion because such plasmids may be
found in diverse hosts and need not be present all of the time.
Useful criteria may be structural, physiologic, biochemical,
or genetic. Spores—specialized cell structures that may
allow survival in extreme environments—are useful struc-
tural criteria for classification because well-characterized
subsets of bacteria form spores. Some bacterial groups can
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be effectively subdivided on the basis of their ability to fer-
ment specified carbohydrates. Such criteria may be ineffec-
tive when applied to other bacterial groups that may lack any
fermentative capability. A biochemical test, the Gram stain,
is an effective criterion for classification because response to
the stain reflects fundamental and complex differences in
the bacterial cell surface that divide most bacteria into two
major groups.

Genetic criteria are increasingly used in bacterial clas-
sification, and many of these advances are made possible by
the development of DNA-based technologies. It is now pos-
sible to design DNA probe or DNA amplification assays (eg,
polymerase chain reaction [PCR] assays) that swiftly identify
organisms carrying specified genetic regions with common
ancestry. Comparison of DNA sequences for some genes
led to the elucidation of phylogenetic relationships among
prokaryotes. Ancestral cell lines can be traced, and organisms
can be grouped on the basis of their evolutionary affinities.
These investigations have led to some striking conclusions.
For example, comparison of cytochrome ¢ sequences sug-
gests that all eukaryotes, including humans, arose from one
of three different groups of purple photosynthetic bacteria.
This conclusion in part explains the evolutionary origin of
eukaryotes, but it does not fully take into account the gener-
ally accepted view that the eukaryotic cell was derived from
the evolutionary merger of different prokaryotic cell lines.

Bacteria and Archaebacteria: The Major
Subdivisions Within the Prokaryotes

A major success in molecular phylogeny has been the dem-
onstration that prokaryotes fall into two major groups. Most
investigations have been directed to one group, the bacteria.
The other group, the archaebacteria, has received relatively
little attention until recently, partly because many of its rep-
resentatives are difficult to study in the laboratory. Some
archaebacteria, for example, are killed by contact with oxy-
gen, and others grow at temperatures exceeding that of boil-
ing water. Before molecular evidence became available, the
major subgroupings of archaebacteria seemed disparate.
The methanogens carry out an anaerobic respiration that
gives rise to methane, the halophiles demand extremely high
salt concentrations for growth, and the thermoacidophiles
require high temperature and acidity. It has now been estab-
lished that these prokaryotes share biochemical traits such as
cell wall or membrane components that set the group entirely
apart from all other living organisms. An intriguing trait
shared by archaebacteria and eukaryotes is the presence of
introns within genes. The function of introns—segments of
DNA that interrupts informational DNA within genes—is not
established. What is known is that introns represent a funda-
mental characteristic shared by the DNA of archaebacteria
and eukaryotes. This common trait has led to the suggestion
that—just as mitochondria and chloroplasts appear to be evo-
lutionary derivatives of the bacteria—the eukaryotic nucleus
may have arisen from an archaebacterial ancestor.

PROTISTS

The “true nucleus” of eukaryotes (from Gr karyon, “nucleus”)
is only one of their distinguishing features. The membrane-
bound organelles, the microtubules, and the microfilaments
of eukaryotes form a complex intracellular structure unlike
that found in prokaryotes. The agents of motility for eukary-
otic cells are flagella or cilia—complex multistranded struc-
tures that do not resemble the flagella of prokaryotes. Gene
expression in eukaryotes takes place through a series of
events achieving physiologic integration of the nucleus with
the endoplasmic reticulum, a structure that has no counter-
part in prokaryotes. Eukaryotes are set apart by the organi-
zation of their cellular DNA in chromosomes separated by a
distinctive mitotic apparatus during cell division.

In general, genetic transfer among eukaryotes depends
on fusion of haploid gametes to form a diploid cell con-
taining a full set of genes derived from each gamete. The
life cycle of many eukaryotes is almost entirely in the dip-
loid state, a form not encountered in prokaryotes. Fusion of
gametes to form reproductive progeny is a highly specific
event and establishes the basis for eukaryotic species. This
term can be applied only metaphorically to the prokaryotes,
which exchange fragments of DNA through recombination.
Taxonomic groupings of eukaryotes frequently are based on
shared morphologic properties, and it is noteworthy that
many taxonomically useful determinants are those associ-
ated with reproduction. Almost all successful eukaryotic
species are those in which closely related cells, members of
the same species, can recombine to form viable offspring.
Structures that contribute directly or indirectly to the repro-
ductive event tend to be highly developed and—with minor
modifications among closely related species—extensively
conserved.

Microbial eukaryotes—protists—are members of the
four following major groups: algae, protozoa, fungi, and
slime molds. It should be noted that these groupings are not
necessarily phylogenetic: Closely related organisms may have
been categorized separately because underlying biochemical
and genetic similarities may not have been recognized.

Algae

The term algae has long been used to denote all organisms
that produce O, as a product of photosynthesis. One major
subgroup of these organisms—the blue-green bacteria, or
cyanobacteria—are prokaryotic and no longer are termed
algae. This classification is reserved exclusively for photosyn-
thetic eukaryotic organisms. All algae contain chlorophyll
in the photosynthetic membrane of their subcellular chlo-
roplast. Many algal species are unicellular microorganisms.
Other algae may form extremely large multicellular struc-
tures. Kelps of brown algae sometimes are several hundred
meters in length. A number of algae produce toxins that are
poisonous to humans and other animals. Dinoflagellates, a
unicellular alga, cause algal blooms, or red tides, in the ocean



FIGURE 1-3 The dinoflagellate Gymnodinium scanning electron
micrograph (4000x). (Reproduced with permission from David M.
Phillips/Visuals Unlimited.)

(Figure 1-3). Red tides caused by the dinoflagellate Gonyaulax
species are serious because this organism produces neurotox-
ins such as saxitoxin and gonyautoxins, which accumulate
in shellfish (eg, clams, mussels, scallops, oysters) that feed on
this organism. Ingestion of these shellfish by humans results
in symptoms of paralytic shellfish poisoning and can lead
to death.

Protozoa

Protozoa are unicellular nonphotosynthetic protists. The
most primitive protozoa appear to be flagellated forms that
in many respects resemble representatives of the algae. It
seems likely that the ancestors of these protozoa were algae
that became heterotrophs—the nutritional requirements of
such organisms are met by organic compounds. Adaptation
to a heterotrophic mode of life was sometimes accompanied
by loss of chloroplasts, and algae thus gave rise to the closely
related protozoa. Similar events have been observed in the
laboratory to be the result of either mutation or physiologic
adaptation.

From flagellated protozoa appear to have evolved the
ameboid and the ciliated types; intermediate forms are known
that have flagella at one stage in the life cycle and pseudopodia
(characteristic of the ameba) at another stage. A fourth major
group of protozoa, the sporozoa, are strict parasites that
are usually immobile; most of these reproduce sexually
and asexually in alternate generations by means of spores.
Protozoan parasites of humans are discussed in Chapter 46.

CHAPTER1 The Science of Microbiology 7

Fungi

The fungi are nonphotosynthetic protists growing as a mass
of branching, interlacing filaments (“hyphae”) known as a
mycelium. The largest known contiguous fungal mycelium
covered an area of 2400 acres (9.7 km?) at a site in eastern
Oregon. Although the hyphae exhibit cross walls, the cross
walls are perforated and allow free passage of nuclei and cyto-
plasm. The entire organism is thus a coenocyte (a multinucle-
ated mass of continuous cytoplasm) confined within a series
of branching tubes. These tubes, made of polysaccharides
such as chitin, are homologous with cell walls. The mycelial
forms are called molds; a few types, yeasts, do not form a
mycelium but are easily recognized as fungi by the nature of
their sexual reproductive processes and by the presence of
transitional forms.

The fungi probably represent an evolutionary offshoot of
the protozoa; they are unrelated to the actinomycetes, mycelial
bacteria that they superficially resemble. The major subdivi-
sions (phyla) of fungi are Chytridiomycota, Zygomycota (the
zygomycetes), Ascomycota (the ascomycetes), Basidiomycota
(the basidiomycetes), and the “deuteromycetes” (or imperfect
fungi).

The evolution of the ascomycetes from the phycomy-
cetes is seen in a transitional group, members of which forms
a zygote but then transform this directly into an ascus. The
basidiomycetes are believed to have evolved in turn from the
ascomycetes. The classification of fungi and their medical sig-
nificance are discussed further in Chapter 45.

Slime Molds

These organisms are characterized by the presence, as a
stage in their life cycle, of an ameboid multinucleate mass
of cytoplasm called a plasmodium. The plasmodium of a
slime mold is analogous to the mycelium of a true fungus.
Both are coenocytic. Whereas in the latter, cytoplasmic flow
is confined to the branching network of chitinous tubes, in
the former, the cytoplasm can flow in all directions. This flow
causes the plasmodium to migrate in the direction of its food
source, frequently bacteria. In response to a chemical signal,
3%, 5"-cyclic AMP (see Chapter 7), the plasmodium, which
reaches macroscopic size, differentiates into a stalked body
that can produce individual motile cells. These cells, flagel-
lated or ameboid, initiate a new round in the life cycle of the
slime mold (Figure 1-4). The cycle frequently is initiated by
sexual fusion of single cells.

The life cycle of the slime molds illustrates a central theme
of this chapter—the interdependency of living forms. The
growth of slime molds depends on nutrients provided by bac-
terial or, in some cases, plant cells. Reproduction of the slime
molds via plasmodia can depend on intercellular recognition
and fusion of cells from the same species. Full understanding of
a microorganism requires both knowledge of the other organ-
isms with which it coevolved and an appreciation of the range
of physiologic responses that may contribute to survival.
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FIGURE 1-4 Slime molds. A: Life cycle of an acellular slime mold. B: Fruiting body of a cellular slime mold. (Reproduced with permission

from Carolina Biological Supply/Phototake, Inc.)

CHAPTER SUMMARY

o Microorganisms are a large and diverse group of micro-
organisms existing as single cells or clusters; they also

(D) Prions
(E) Protozoa

. Which one of the following is not a protist?

(A) Bacteria

include viruses, which are microscopic but not cellular. (B) Algae
o A virus consists of a nucleic acid molecule, either DNA (C) Protozoa
or RNA, enclosed in a protein coat, or capsid, sometimes (D) Fungi

enclosed by an envelope composed of lipids, proteins,
and carbohydrates.

o Aprionisan infectious protein, which is capable of caus-
ing chronic neurologic diseases.

o Prokaryotes consist of bacteria and archaebacteria.

o Prokaryotes are haploid.

o Microbial eukaryotes, or protists, are members of four
major groups: algae, protozoa, fungi, and slime molds.

o  Eukaryotes have a true nucleus and are diploid.

REVIEW QUESTIONS

1. Which one of the following terms characterizes the interaction

(E) Slime molds

. Which one of the following agents simultaneously contains

both DNA and RNA?

(A) Bacteria
(B) Viruses
(C) Viroids
(D) Prions

(E) Plasmids

. A 65-year-old man develops dementia, progressive over several

months, along with ataxia and somnolence. An electroencepha-
lographic pattern shows paroxysms with high voltages and slow
waves, suggestive of Creutzfeldt-Jakob disease. This disease is
caused by which of the following agents?

(A) Bacterium

between a fungus and algae in a lichen? (B) Virus
(A) Parasitism (C) Viroid
(B) Symbiosis (D) Prion

(C) Endosymbiosis
(D) Endoparasitism
(E) Consortia
2. Which one of the following agents lacks nucleic acid?
(A) Bacteria
(B) Viruses
(C) Viroids

(E) Plasmid

. Which of the following cannot be infected by viruses?

(A) Bacteria

(B) Protozoa

(C) Human cells

(D) Viruses

(E) None of the above



. Viruses, bacteria, and protists are uniquely characterized by
their respective size. True or false?

(A) True

(B) False

. Which of the following are prokaryotes?

(A) Archaebacteria

(B) Protozoa

(C) Viruses

(D) Prions

(E) Fungi

. Quorum sensing in prokaryotes involves

(A) Cell-cell communication

(B) Production of pheromones

(C) An example of multicellular behavior

(D) Regulation of genes involved in diverse physiologic processes
(E) All of the above

. Twenty minutes after ingesting a raw clam, a 35-year-old man
experiences paresthesias of the mouth and extremities, head-
ache, and ataxia. These symptoms are the result of a neurotoxin
produced by algae called

(A) Amoeba

(B) Blue-green algae

(C) Dinoflagellates

(D) Kelp

(E) None of the above

Answers

4. A 7.B
5.D 8. A
6.E 9.E

10.C
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Cell Structure

This chapter discusses the basic structure and function of
the components that make up eukaryotic and prokaryotic
cells. The chapter begins with a discussion of the microscope.
Historically, the microscope first revealed the presence
of bacteria and later the secrets of cell structure. Today it
remains a powerful tool in cell biology.

OPTICAL METHODS

The Light Microscope

The resolving power of the light microscope under ideal con-
ditions is about half the wavelength of the light being used.
(Resolving power is the distance that must separate two
point sources of light if they are to be seen as two distinct
images.) With yellow light of a wavelength of 0.4 um, the
smallest separable diameters are thus about 0.2 um (ie, one-
third the width of a typical prokaryotic cell). The useful mag-
nification of a microscope is the magnification that makes
visible the smallest resolvable particles. Several types of light
microscopes are commonly used in microbiology:

A. Bright-Field Microscope

The bright-field microscope is most commonly used in micro-
biology courses and consists of two series of lenses (objective
and ocular lens), which function together to resolve the
image. These microscopes generally employ a 100-power
objective lens with a 10-power ocular lens, thus magnifying
the specimen 1000 times. Particles 0.2 um in diameter are
therefore magnified to about 0.2 mm and so become clearly
visible. Further magnification would give no greater resolu-
tion of detail and would reduce the visible area (field).

With this microscope, specimens are rendered visible
because of the differences in contrast between them and
the surrounding medium. Many bacteria are difficult to see
well because of their lack of contrast with the surrounding
medium. Dyes (stains) can be used to stain cells or their
organelles and increase their contrast so they can be more
easily seen in the bright-field microscope.

CHAUPTER

B. Phase Contrast Microscope

The phase contrast microscope was developed to improve con-
trast differences between cells and the surrounding medium,
making it possible to see living cells without staining them; with
bright-field microscopes, killed and stained preparations must
be used. The phase contrast microscope takes advantage of the
fact that light waves passing through transparent objects, such
as cells, emerge in different phases depending on the proper-
ties of the materials through which they pass. This effect is
amplified by a special ring in the objective lens of a phase con-
trast microscope, leading to the formation of a dark image on
a light background.

C. Dark-Field Microscope

The dark-field microscope is a light microscope in which
the lighting system has been modified to reach the speci-
men from the sides only. This is accomplished through the
use of a special condenser that both blocks direct light rays
and deflects light off a mirror on the side of the condenser
at an oblique angle. This creates a “dark field” that contrasts
against the highlighted edge of the specimens and results
when the oblique rays are reflected from the edge of the speci-
men upward into the objective of the microscope. Resolution
by dark-field microscopy is quite high. Thus, this technique
has been particularly useful for observing organisms such as
Treponema pallidum, a spirochete that is smaller than 0.2 um
in diameter and therefore cannot be observed with a bright-
field or phase contrast microscope (Figure 2-1A).

D. Fluorescence Microscope

The fluorescence microscope is used to visualize specimens
that fluoresce, which is the ability to absorb short wave-
lengths of light (ultraviolet) and give off light at a longer wave-
length (visible). Some organisms fluoresce naturally because
of the presence within the cells of naturally fluorescent sub-
stances such as chlorophyll. Those that do not naturally
fluoresce may be stained with a group of fluorescent dyes
called fluorochromes. Fluorescence microscopy is widely
used in clinical diagnostic microbiology. For example, the
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FIGURE 2-1 A:Positive dark-field examination. Treponemes

are recognizable by their characteristic corkscrew shape and
deliberate forward and backward movement with rotation about
the longitudinal axis. (Reproduced with permission from Charles
Stratton/Visuals Unlimited.) B: Fluorescence photomicrograph.

A rod-shaped bacterium tagged with a fluorescent marker.

(© Evans Roberts.) C: Scanning electron microscope of bacteria—
Staphylococcus aureus (32,000x). (Reproduced with permission from
David M. Phillips/Photo Researchers, Inc.)

fluorochrome auramine O, which glows yellow when exposed
to ultraviolet light, is strongly absorbed by Mycobacterium
tuberculosis, the bacterium that causes tuberculosis. When
the dye is applied to a specimen suspected of containing
M tuberculosis and exposed to ultraviolet light, the bacterium
can be detected by the appearance of bright yellow organisms
against a dark background.

The principal use of fluorescence microscopy is a diagnos-
tic technique called the fluorescent-antibody (FA) technique
or immunofluorescence. In this technique, specific antibod-
ies (eg, antibodies to Legionella pneumophila) are chemically
labeled with a fluorochrome such as fluorescein isothiocya-
nate (FITC). These fluorescent antibodies are then added to a
microscope slide containing a clinical specimen. If the speci-
men contains L pneumophila, the fluorescent antibodies will
bind to antigens on the surface of the bacterium, causing it to
fluoresce when exposed to ultraviolet light (Figure 2-1B).

E. Differential Interference Contrast Microscope

Differential interference contrast (DIC) microscopes employ
apolarizer to produce polarized light. The polarized light beam
passes through a prism that generates two distinct beams;
these beams pass through the specimen and enter the objective
lens, where they are recombined into a single beam. Because
of slight differences in refractive index of the substances each
beam passed through, the combined beams are not totally in
phase but instead create an interference effect, which inten-
sifies subtle differences in cell structure. Structures such as
spores, vacuoles, and granules appear three-dimensional. DIC
microscopy is particularly useful for observing unstained cells
because of its ability to generate images that reveal internal cell
structures that are less apparent by bright-field techniques.

The Electron Microscope

The high resolving power of electron microscopes has
enabled scientists to observe the detailed structures of pro-
karyotic and eukaryotic cells. The superior resolution of the
electron microscope is due to the fact that electrons have a
much shorter wavelength than the photons of white light.
There are two types of electron microscopes in general
use: the transmission electron microscope (TEM), which
has many features in common with the light microscope,
and the scanning electron microscope (SEM). The TEM
was the first to be developed and uses a beam of electrons
projected from an electron gun and directed or focused by
an electromagnetic condenser lens onto a thin specimen.
As the electrons strike the specimen, they are differentially
scattered by the number and mass of atoms in the speci-
men; some electrons pass through the specimen and are
gathered and focused by an electromagnetic objective lens,
which presents an image of the specimen to the projector
lens system for further enlargement. The image is visual-
ized by allowing it to impinge on a screen that fluoresces
when struck with the electrons. The image can be recorded
on photographic film. TEM can resolve particles 0.001 pm



apart. Viruses with diameters of 0.01-0.2 um can be easily
resolved.

The SEM generally has a lower resolving power than the
TEM; however, it is particularly useful for providing three-
dimensional images of the surface of microscopic objects.
Electrons are focused by means of lenses into a very fine
point. The interaction of electrons with the specimen results
in the release of different forms of radiation (eg, secondary
electrons) from the surface of the material, which can be cap-
tured by an appropriate detector, amplified, and then imaged
on a television screen (Figure 2-1C).

An important technique in electron microscopy is the
use of “shadowing.” This involves depositing a thin layer of
heavy metal (eg, platinum) on the specimen by placing it in
the path of a beam of metal ions in a vacuum. The beam is
directed at a low angle to the specimen so that it acquires a
“shadow” in the form of an uncoated area on the other side.
When an electron beam is then passed through the coated
preparation in the electron microscope and a positive print is
made from the “negative” image, a three-dimensional effect is
achieved (eg, see Figure 2-22).

Other important techniques in electron microscopy
include the use of ultrathin sections of embedded material,
a method of freeze-drying specimens that prevents the dis-
tortion caused by conventional drying procedures, and the
use of negative staining with an electron-dense material such
as phosphotungstic acid or uranyl salts (eg, see Figure 42-1).
Without these heavy metal salts, there would not be enough
contrast to detect the details of the specimen.

Confocal Scanning Laser Microscope

The confocal scanninglaser microscope (CSLM) couples a laser
light source to a light microscope. In confocal scanning laser
microscopy, a laser beam is bounced oft a mirror that directs the
beam through a scanning device. Then the laser beam is directed
through a pinhole that precisely adjusts the plane of focus of the
beam to a given vertical layer within the specimen. By precisely
illuminating only a single plane of the specimen, illumination
intensity drops off rapidly above and below the plane of focus,
and stray light from other planes of focus are minimized. Thus,
in a relatively thick specimen, various layers can be observed by
adjusting the plane of focus of the laser beam.

Cells are often stained with fluorescent dyes to make them
more visible. Alternatively, false color images can be generated
by adjusting the microscope in such a way as to make differ-
ent layers take on different colors. The CSLM is equipped with
computer software to assemble digital images for subsequent
image processing. Thus, images obtained from different lay-
ers can be stored and then digitally overlaid to reconstruct a
three-dimensional image of the entire specimen.

Scanning Probe Microscopes

A new class of microscopes, called scanning probe micro-
scopes, measure surface features by moving a sharp probe
over the object’s surface. The scanning tunneling microscope
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and the atomic force microscope are examples of this new
class of microscopes, which enable scientists to view atoms or
molecules on the surface of a specimen. For example, interac-
tions between proteins of the bacterium Escherichia coli can
be studied with the atomic force microscope.

EUKARYOTIC CELL STRUCTURE

The Nucleus

The nucleus contains the cell’s genome. It is bounded by a
membrane that consists of a pair of unit membranes sepa-
rated by a space of variable thickness. The inner membrane is
usually a simple sac, but the outermost membrane is, in many
places, continuous with the endoplasmic reticulum (ER). The
nuclear membrane exhibits selective permeability because of
pores, which consist of a complex of several proteins whose
function is to import substances into and export substances
out of the nucleus. The chromosomes of eukaryotic cells con-
tain linear DNA macromolecules arranged as a double helix.
They are only visible with a light microscope when the cell is
undergoing division and the DNA is in a highly condensed
form; at other times, the chromosomes are not condensed
and appear as in Figure 2-2. Eukaryotic DNA macromol-
ecules are associated with basic proteins called histones that
bind to the DNA by ionic interactions.

A structure often visible within the nucleus is the nucle-
olus, an area rich in RNA that is the site of ribosomal RNA
synthesis (see Figure 2-2). Ribosomal proteins synthesized in
the cytoplasm are transported into the nucleolus and com-
bine with ribosomal RNA to form the small and large sub-
units of the eukaryotic ribosome. These are then exported to
the cytoplasm, where they associate to form an intact ribo-
some that can function in protein synthesis.

Cytoplasmic Structures

The cytoplasm of eukaryotic cells is characterized by the
presence of an ER, vacuoles, self-reproducing plastids, and an
elaborate cytoskeleton composed of microtubules, microfila-
ments, and intermediate filaments.

The endoplasmic reticulum (ER) is a network of
membrane-bound channels continuous with the nuclear
membrane. Two types of ER are recognized: rough, which
contains attached 80S ribosomes, and smooth, which does
not (see Figure 2-2). Rough ER is a major producer of
glycoproteins and produces new membrane material that
is transported throughout the cell; smooth ER participates
in the synthesis of lipids and in some aspects of carbohy-
drate metabolism. The Golgi apparatus consists of a stack of
membranes that function in concert with the ER to chemi-
cally modify and sort products of the ER into those destined
to be secreted and those that function in other membranous
structures of the cell.

The plastids include mitochondria and chloroplasts.
Several lines of evidence suggest that mitochondria and
chloroplasts were descendents of ancient prokaryotic
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FIGURE 2-2 Electron micrograph of a thin section of a typical
eukaryotic nucleus showing a prominent nucleolus and large
aggregations of heterochromatin against the nuclear membrane,
which is traversed by pores (arrows). Inset upper left: Two nuclear
pores and their pore diaphragms. Inset lower right: The fibrous
lamina present in the inner aspect of the nuclear envelope. The
endoplasmic reticulum and several mitochondria are visible in the
cytoplasm. (Reproduced with permission from Fawcett DW: Bloom
and Fawcett, A Textbook of Histology, 12th ed. Copyright © 1994. By
permission of Chapman & Hall, New York, NY.)

organisms and arose from the engulfment of a prokaryotic
cell by a larger cell (endosymbiosis). Mitochondria are of
prokaryotic size, and its membrane, which lacks sterols, is
much less rigid than the eukaryotic cell’s cytoplasmic mem-
brane, which does contain sterols. Mitochondria contain
two sets of membranes. The outermost membrane is rather
permeable, having numerous minute channels that allow
passage of ions and small molecules (eg, adenosine triphos-
phate [ATP]). Invagination of the outer membrane forms a
system of inner folded membranes called cristae. The cris-
tae are the sites of enzymes involved in respiration and ATP
production. Cristae also contain specific transport proteins
that regulate passage of metabolites into and out of the mito-
chondrial matrix. The matrix contains a number of enzymes,
particularly those of the citric acid cycle. Chloroplasts are

photosynthetic cell organelles that are capable of converting
the energy of sunlight into chemical energy through photo-
synthesis. Chlorophyll and all other components needed for
photosynthesis are located in a series of flattened membrane
discs called thylakoids. The size, shape, and number of chlo-
roplasts per cell vary markedly; in contrast to mitochondria,
chloroplasts are generally much larger than prokaryotes.
Mitochondria and chloroplasts contain their own DNA,
which exists in a covalently closed circular form and codes
for some (not all) of their constituent proteins and transfer
RNAs. Mitochondria and chloroplasts also contain 70S
ribosomes, the same as those of prokaryotes.

Some eukaryotic microorganisms (eg, Trichomonas
vaginalis) lack mitochondria and contain instead a membrane-
enclosed respiratory organelle called the hydrogenosome.
Hydrogenosomes may have arisen by endosymbiosis, and
some have been identified that contain DNA and ribosomes.
The hydrogenosome, although similar in size to mitochon-
dria, lacks cristae and the enzymes of the tricarboxylic acid
cycle. Pyruvate is taken up by the hydrogenosome, and H,,
CO,, acetate, and ATP are produced.

Lysosomes are membrane-enclosed sacs that contain
various digestive enzymes that the cell uses to digest macro-
molecules such as proteins, fats, and polysaccharides. The lyso-
some allows these enzymes to be partitioned away from the
cytoplasm proper, where they could destroy key cellular mac-
romolecules if not contained. After the hydrolysis of macro-
molecules in the lysosome, the resulting monomers pass from
the lysosome into the cytoplasm, where they serve as nutrients.

The peroxisome is a membrane-enclosed structure whose
function is to produce H,O, from the reduction of O, by vari-
ous hydrogen donors. The H,0, produced in the peroxisome is
subsequently degraded to H,O and O, by the enzyme catalase.

The cytoskeleton is a three-dimensional structure that
fills the cytoplasm. The primary types of fibers comprising the
cytoskeleton are microfilaments, intermediate filaments, and
microtubules. Microfilaments are about 3-6 nm in diameter
and are polymers composed of subunits of the protein actin.
These fibers form scaffolds throughout the cell, defining and
maintaining the shape of the cell. Microfilaments can also
carry out cellular movements, including gliding, contraction,
and cytokinesis.

Microtubules are cylindrical tubes 20-25 nm in diam-
eter and are composed of subunits of the protein tubulin.
Microtubules assist microfilaments in maintaining cell struc-
ture, form the spindle fibers for separating chromosomes
during mitosis, and play an important role in cell motility.
Intermediate filaments are about 10 nm in diameter and pro-
vide tensile strength for the cell.

Surface Layers

The cytoplasm is enclosed within a plasma membrane com-
posed of protein and phospholipid similar to the prokaryotic
cell membrane illustrated later (see Figure 2-10). Most animal
cells have no other surface layers; however, plant cells have
an outer cell wall composed of cellulose. Many eukaryotic
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FIGURE 2-3 A paramecium moves with the aid of cilia on the cell
surface. (© Manfred Kage).

microorganisms also have an outer cell wall, which may be
composed of a polysaccharide such as cellulose or chitin or
may be inorganic (eg, the silica wall of diatoms).

Motility Organelles

Many eukaryotic microorganisms have organelles called
flagella (eg, T vaginalis) or cilia (eg, Paramecium) that
move with a wavelike motion to propel the cell through
water. Eukaryotic flagella emanate from the polar region
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of the cell, and cilia, which are shorter than flagella, sur-
round the cell (Figure 2-3). Both the flagella and the cilia
of eukaryotic cells have the same basic structure and bio-
chemical composition. Both consist of a series of micro-
tubules, hollow protein cylinders composed of a protein
called tubulin surrounded by a membrane. The arrange-
ment of the microtubules is called the “9 + 2 system”
because it consists of nine peripheral pairs of microtubules
surrounding two single central microtubules (Figure 2-4).

PROKARYOTIC CELL STRUCTURE

The prokaryotic cell is simpler than the eukaryotic cell at
every level, with one exception: The cell envelope is more
complex.

The Nucleoid

Prokaryotes have no true nuclei; instead they package
their DNA in a structure known as the nucleoid. The
nucleoid can be seen with the light microscope in stained
material (Figure 2-5). It is Feulgen positive, indicating
the presence of DNA. The negatively charged DNA is at
least partially neutralized by small polyamines and mag-
nesium ions, but histone-like proteins exist in bacteria
and presumably play a role similar to that of histones in
eukaryotic chromatin.

Electron micrographs of a typical prokaryotic cell such
as Figure 2-5 reveal the absence of a nuclear membrane
and a mitotic apparatus. The exception to this rule is the

Central
microtubule

Doublet
microtubule

Subtubule A
Subtubule B

FIGURE 2-4 Cilia and flagella structure. A: An electron micrograph of a cilium cross section. Note the two central microtubles surrounded
by nine microtubule doublets (160,000x). (Reproduced with permission from KG Murti/Visuals Unlimited.) B: A diagram of cilia and flagella
structure. (Reproduced with permission from Willey JM, Sherwood LM, Woolverton CJ [editors]: Prescott, Harley, and Klein’s Microbiology, 7th ed.

New York: McGraw-Hill; 2008. © The McGraw-Hill Companies, Inc.)
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FIGURE 2-5 Nucleoids of Bacillus cereus (2500x). (Reproduced
with permission from Robinow C: The chromatin bodies of bacteria.
Bacteriol Rev 1956;20:207.)

planctomycetes, a divergent group of aquatic bacteria, which
have a nucleoid surrounded by a nuclear envelope consist-
ing of two membranes. The distinction between prokary-
otes and eukaryotes that still holds is that prokaryotes have
no eukaryotic-type mitotic apparatus. The nuclear region
(Figure 2-6) is filled with DNA fibrils. The nucleoid of most
bacterial cells consists of a single continuous circular mol-
ecule ranging in size from 0.58 to almost 10 million base
pairs. However, a few bacteria have been shown to have two,
three, or even four dissimilar chromosomes. For example,
Vibrio cholerae and Brucella melitensis have two dissimilar
chromosomes. There are exceptions to this rule of circular-
ity because some prokaryotes (eg, Borrelia burgdorferi and
Streptomyces coelicolor) have been shown to have a linear
chromosome.

In bacteria, the number of nucleoids, and therefore the
number of chromosomes, depend on the growth conditions
(Figure 2-5). Rapidly growing bacteria have more nucleoids
per cell than slowly growing ones; however, when multiple
copies are present, they are all the same (ie, prokaryotic cells
are haploid).

Cytoplasmic Structures

Prokaryotic cells lack autonomous plastids, such as mito-
chondria and chloroplasts; the electron transport enzymes
are localized instead in the cytoplasmic membrane. The
photosynthetic pigments (carotenoids, bacteriochlorophyll)
of photosynthetic bacteria are contained in intracytoplasmic
membrane systems of various morphologies. Membrane
vesicles (chromatophores) or lamellae are commonly observed
membrane types. Some photosynthetic bacteria have specialized
nonunit membrane-enclosed structures called chlorosomes.

0.5 um
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Membrane
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FIGURE 2-6 The nucleoid. A: Color-enhanced transmission
electron micrograph of Escherichia coli with the DNA shown in red.
(© CNRI/SPL/Photo Researchers, Inc.) B: Chromosome released from
a gently lysed cell of E coli. Note how tightly packaged the DNA must
be inside the bacterium. (© Dr. Gopal Murti/SPL/Photo Researchers.)

In some Cyanobacteria (formerly known as blue-green
algae), the photosynthetic membranes often form multi-
layered structures known as thylakoids (Figure 2-7). The
major accessory pigments used for light harvesting are the
phycobilins found on the outer surface of the thylakoid
membranes.

Bacteria often store reserve materials in the form of
insoluble granules, which appear as refractile bodies in
the cytoplasm when viewed by phase contrast microscopy.
These so-called inclusion bodies almost always function
in the storage of energy or as a reservoir of structural
building blocks. Most cellular inclusions are bounded by
a thin nonunit membrane consisting of lipid, which serves
to separate the inclusion from the cytoplasm proper. One
of the most common inclusion bodies consists of poly-p-
hydroxybutyric acid (PHB), a lipid-like compound con-
sisting of chains of B-hydroxybutyric acid units connected
through ester linkages. PHB is produced when the source
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FIGURE 2-7 A:Thin section of Synechococcus lividus showing
an extensive thylakoid system. The phycobillisomes lining these
thylakoids are clearly visible as granules at location t (85,000x).
(Reproduced with permission from Elizabeth Gentt/Visuals
Unlimited.) B: Thin section of Synechocystis during division. Many
structures are visible. (Reproduced with permission from Carlsberg
Research Communications 42:77-98, 1977, With kind permission of
Springer Science+Business Media.)
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of nitrogen, sulfur, or phosphorous is limited and there
is excess carbon in the medium (Figure 2-8A). Another
storage product formed by prokaryotes when carbon is
in excess is glycogen, which is a polymer of glucose. PHB
and glycogen are used as carbon sources when protein and
nucleic acid synthesis are resumed. A variety of prokary-
otes are capable of oxidizing reduced sulfur compounds
such as hydrogen sulfide and thiosulfate, producing intra-
cellular granules of elemental sulfur (Figure 2-8C). As
the reduced sulfur source becomes limiting, the sulfur in
the granules is oxidized, usually to sulfate, and the gran-
ules slowly disappear. Many bacteria accumulate large
reserves of inorganic phosphate in the form of granules
of polyphosphate (Figure 2-8B). These granules can be
degraded and used as sources of phosphate for nucleic
acid and phospholipid synthesis to support growth. These
granules are sometimes termed volutin granules or meta-
chromatic granules because they stain red with a blue
dye. They are characteristic features of the corynebacteria
(see Chapter 13).

Certain groups of autotrophic bacteria that fix carbon
dioxide to make their biochemical building blocks contain
polyhedral bodies surrounded by a protein shell (carboxy-
somes) containing the key enzyme of CO, fixation, ribulo-
sebisphosphate carboxylase (Figure 2-7B). Magnetosomes
are intracellular crystal particles of the iron mineral mag-
netite (Fe,O,) that allow certain aquatic bacteria to exhibit
magnetotaxis (ie, migration or orientation of the cell with
respect to the earth’s magnetic field). Magnetosomes are
surrounded by a nonunit membrane containing phospho-
lipids, proteins, and glycoproteins. Gas vesicles are found
almost exclusively in microorganisms from aquatic habitats,
where they provide buoyancy. The gas vesicle membrane is
a 2-nm-thick layer of protein, impermeable to water and
solutes but permeable to gases; thus, gas vesicles exist as
gas-filled structures surrounded by the constituents of the
cytoplasm (Figure 2-9).

Bacteria contain proteins resembling both the actin and
nonactin cytoskeletal proteins of eukaryotic cells as addi-
tional proteins that play cytoskeletal roles (Figure 2-10).
Actin homologs (eg, MreB, Mbl) perform a variety of
functions, helping to determine cell shape, segregate chro-
mosomes, and localize proteins with the cell. Nonactin
homologs (eg, FtsZ) and unique bacterial cytoskeletal pro-
teins (eg, SecY, MinD) are involved in determining cell
shape and in regulation of cell division and chromosome
segregation.

The Cell Envelope

Prokaryotic cells are surrounded by complex envelope lay-
ers that differ in composition among the major groups. These
structures protect the organisms from hostile environments,
such as extreme osmolarity, harsh chemicals, and even
antibiotics.
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_+ Thylakoids

FIGURE 2-8 Inclusion Bodies in Bacteria. A: Electron micrograph of Bacillus megaterium (30,500x) showing poly-B-hydroxybutyric acid
inclusion body, PHB; cell wall, CW; nucleoid, N; plasma membrane, PM; “mesosome,” M; and ribosomes, R. (Reproduced with permission from
Ralph A. Slepecky/Visuals Unlimited.) B: Ultrastructure of the cyanobacterium Anacystis nidulans. The bacterium is dividing, and a septum

is partially formed, LI and LII. Several structural features can be seen, including cell wall layers, LIIl and LIV; polyphosphate granules, pp; a
polyhedral body, pb; cyanophycin material, ¢; and plasma membrane, pm. (Reproduced with permission from National Research Council of
Canada.) C: Cromatium vinosum, a purple sulfur bacterium, with intracellular sulfur granules, bright field microscopy (2,000x). (Reproduced with
permission from John Holt (editor): The Shorter Bergey’s Manual of Determinative Bacteriology, 8th ed, 1977. Copyright Bergey’s Manual Trust.

Published by Williams & Wilkins.)

The Cell Membrane

A. Structure

The bacterial cell membrane, also called the cytoplasmic
membrane, is visible in electron micrographs of thin sections
(see Figure 2-15). It is a typical “unit membrane” composed of
phospholipids and upward of 200 different kinds of proteins.
Proteins account for approximately 70% of the mass of the
membrane, which is a considerably higher proportion than
that of mammalian cell membranes. Figure 2-11 illustrates
a model of membrane organization. The membranes of pro-
karyotes are distinguished from those of eukaryotic cells by
the absence of sterols, the only exception being mycoplasmas
that incorporate sterols, such as cholesterol, into their mem-
branes when growing in sterol-containing media.

The cell membranes of the Archaea (see Chapter 1)
differ from those of the Bacteria. Some Archaeal cell
membranes contain unique lipids, isoprenoids, rather
than fatty acids, linked to glycerol by ether rather than
an ester linkage. Some of these lipids have no phosphate
groups, and therefore, they are not phospholipids. In
other species, the cell membrane is made up of a lipid
monolayer consisting of long lipids (about twice as long as
a phospholipid) with glycerol ethers at both ends (diglyc-
erol tetraethers). The molecules orient themselves with
the polar glycerol groups on the surfaces and the nonpolar
hydrocarbon chain in the interior. These unusual lipids
contribute to the ability of many Archaea to grow under
environmental conditions such as high salt, low pH, or
very high temperature.
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FIGURE 2-9 Transverse section of a dividing cell of the cyanobacterium Microcystis species showing hexagonal stacking of the cylindric gas
vesicles (31,500x). (Micrograph by HS Pankratz. Reproduced with permission from Walsby AE: Gas vesicles. Microbiol Rev 1994;58:94.)

A B

FIGURE 2-10 The prokaryotic cytoskeleton. Visualization of

the MreB-like cytoskeletal protein (Mbl) of Bacillus subtilis. The Mbl
protein has been fused with green fluorescent protein, and live cells
have been examined by fluorescence microscopy. A: Arrows point to
the helical cytoskeleton cables that extend the length of the cells.
B: Three of the cells from A are shown at a higher magnification.
(Courtesy of Rut Carballido-Lopez and Jeff Errington.)

B. Function

The major functions of the cytoplasmic membrane are
(1) selective permeability and transport of solutes; (2) electron
transport and oxidative phosphorylation in aerobic spe-
cies; (3) excretion of hydrolytic exoenzymes; (4) bearing the
enzymes and carrier molecules that function in the biosyn-
thesis of DNA, cell wall polymers, and membrane lipids; and
(5) bearing the receptors and other proteins of the chemotac-
tic and other sensory transduction systems.

Atleast 50% of the cytoplasmic membrane must be in the
semifluid state for cell growth to occur. At low temperatures,
this is achieved by greatly increased synthesis and incorpora-
tion of unsaturated fatty acids into the phospholipids of the
cell membrane.

1. Permeability and transport—The cytoplasmic mem-
brane forms a hydrophobic barrier impermeable to most hydro-
philic molecules. However, several mechanisms (transport
systems) exist that enable the cell to transport nutrients into
and waste products out of the cell. These transport systems work
against a concentration gradient to increase the concentration
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FIGURE 2-11 Bacterial Plasma Membrane Structure. This diagram of the fluid mosaic model of bacterial membrane structure shown

the integral proteins (green and red) floating in a lipid bilayer. Peripheral proteins (yellow) are associated loosely with the inner membrane
surface. Small spheres represent the hydrophilic ends of membrane phospholipids and wiggly tails, the hydrophobic fatty acid chains. Other
membrane lipids such as hopanoids (purple) may be present. For the sake of clarity, phospholipids are shown proportionately much larger
size than in real membranes. (Reproduced with permission from Willey JM, Sherwood LM, Woolverton CJ [editors]: Prescott, Harley, and Klein’s
Microbiology, 7th ed. New York: McGraw-Hill; 2008. © The McGraw-Hill Companies, Inc.)

of nutrients inside the cell, a function that requires energy
in some form. There are three general transport mechanisms
involved in membrane transport: passive transport, active
transport, and group translocation.

a. Passive transport—This mechanism relies on diffusion,
uses no energy, and operates only when the solute is at higher
concentration outside than inside the cell. Simple diffusion
accounts for the entry of very few nutrients, including dis-
solved oxygen, carbon dioxide, and water itself. Simple dif-
fusion provides neither speed nor selectivity. Facilitated
diffusion also uses no energy so the solute never achieves
an internal concentration greater than what exists outside
the cell. However, facilitated diffusion is selective. Channel
proteins form selective channels that facilitate the passage of
specific molecules. Facilitated diffusion is common in eukary-
otic microorganisms (eg, yeast) but is rare in prokaryotes.
Glycerol is one of the few compounds that enters prokaryotic
cells by facilitated diffusion.

b. Active transport—Many nutrients are concentrated more
than a thousand-fold as a result of active transport. There
are two types of active transport mechanisms depending on
the source of energy used: ion-coupled transport and ATP-
binding cassette (ABC) transport.

1) Ion-coupled transport—These systems move a molecule
across the cell membrane at the expense of a previously
established ion gradient such as protonmotive or sodium-
motive force. There are three basic types: uniport, symport,
and antiport (Figure 2-12). Ion-coupled transport is particularly

common in aerobic organisms, which have an easier time
generating an ion-motive force than do anaerobes. Uniporters
catalyze the transport of a substrate independent of any
coupled ion. Symporters catalyze the simultaneous transport
of two substrates in the same direction by a single carrier; for
example, an H* gradient can permit symport of an oppositely
charged ion (eg, glycine) or a neutral molecule (eg, galactose).
Antiporters catalyze the simultaneous transport of two like-
charged compounds in opposite directions by a common
carrier (eg, H":Na*). Approximately 40% of the substrates
transported by E coli use this mechanism.

2) ABC transport—This mechanism uses ATP directly to
transport solutes into the cell. In gram-negative bacteria, the
transport of many nutrients is facilitated by specific binding
proteins located in the periplasmic space; in gram-positive
cells, the binding proteins are attached to the outer surface of
the cell membrane. These proteins function by transferring
the bound substrate to a membrane-bound protein complex.
Hydrolysis of ATP is then triggered, and the energy is used to
open the membrane pore and allow the unidirectional move-
ment of the substrate into the cell. Approximately 40% of the
substrates transported by E coli use this mechanism.

c. Group translocation—In addition to true transport, in
which a solute is moved across the membrane without change
in structure, bacteria use a process called group translocation
(vectorial metabolism) to effect the net uptake of certain
sugars (eg, glucose and mannose), the substrate becoming
phosphorylated during the transport process. In a strict
sense, group translocation is not active transport because
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FIGURE 2-12 Three types of porters: A: uniporters, B: symporters,
and C: antiporters. Uniporters catalyze the transport of a single
species independently of any other, symporters catalyze the
cotransport of two dissimilar species (usually a solute and a
positively charged ion, H*) in the same direction, and antiporters
catalyze the exchange transport of two similar solutes in opposite
directions. A single transport protein may catalyze just one of
these processes, two of these processes, or even all three of these
processes, depending on conditions. Uniporters, symporters,

and antiporters have been found to be structurally similar and
evolutionarily related, and they function by similar mechanisms.
(Reproduced with permission from Saier MH Jr: Peter Mitchell and
his chemiosmotic theories. ASM News 1997;63:13.)

no concentration gradient is involved. This process allows
bacteria to use their energy resources efficiently by coupling
transport with metabolism. In this process, a membrane car-
rier protein is first phosphorylated in the cytoplasm at the
expense of phosphoenolpyruvate; the phosphorylated carrier
protein then binds the free sugar at the exterior membrane
face and transports it into the cytoplasm, releasing it as
sugar phosphate. Such systems of sugar transport are called
phosphotransferase systems. Phosphotransferase systems
are also involved in movement toward these carbon sources
(chemotaxis) and in the regulation of several other meta-
bolic pathways (catabolite repression).
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d. Special transport processes—Iron (Fe) is an essential
nutrient for the growth of almost all bacteria. Under anaerobic
conditions, Fe is generally in the +2 oxidation state and soluble.
However, under aerobic conditions, Fe is generally in the +3
oxidation state and insoluble. The internal compartments
of animals contain virtually no free Fe; it is sequestered in
complexes with such proteins as transferrin and lactoferrin.
Some bacteria solve this problem by secreting siderophores—
compounds that chelate Fe and promote its transport as a
soluble complex. One major group of siderophores consists of
derivatives of hydroxamic acid (-CONH,OH), which chelate
Fe’* very strongly. The iron-hydroxamate complex is actively
transported into the cell by the cooperative action of a group
of proteins that span the outer membrane, periplasm, and
inner membrane. The iron is released, and the hydroxamate
can exit the cell and be used again for iron transport.

Some pathogenic bacteria use a fundamentally different
mechanism involving specific receptors that bind host trans-
ferrin and lactoferrin (as well as other iron-containing host
proteins). The Fe is removed and transported into the cell by
an energy-dependent process.

2. Electron transport and oxidative phosphoryla-
tion—The cytochromes and other enzymes and components
of the respiratory chain, including certain dehydrogenases,
are located in the cell membrane. The bacterial cell membrane
is thus a functional analog of the mitochondrial membrane—
a relationship which has been taken by many biologists to
support the theory that mitochondria have evolved from sym-
biotic bacteria. The mechanism by which ATP generation is
coupled to electron transport is discussed in Chapter 6.

3. Excretion of hydrolytic exoenzymes and pathoge-
nicity proteins—All organisms that rely on macromo-
lecular organic polymers as a source of nutrients (eg, pro-
teins, polysaccharides, lipids) excrete hydrolytic enzymes that
degrade the polymers to subunits small enough to penetrate
the cell membrane. Higher animals secrete such enzymes
into the lumen of the digestive tract; bacteria (both gram posi-
tive and gram negative) secrete them directly into the external
medium or into the periplasmic space between the peptidogly-
can layer and the outer membrane of the cell wall in the case of
gram-negative bacteria (see The Cell Wall, later).

In gram-positive bacteria, proteins are secreted directly,
but proteins secreted by gram-negative bacteria must traverse
the outer membrane as well. Six pathways of protein secretion
have been described in bacteria: the type I, type II, type III,
type IV, type V, and type VI secretion systems. A schematic
overview of the type to V systems is presented in Figure 2-12.
The type I and IV secretion systems have been described in
both gram-negative and gram-positive bacteria, but the type
IT, I1L, V, and VI secretion systems have been found only in
gram-negative bacteria. Proteins secreted by the type I and
type III pathways traverse the inner membrane (IM) and
outer membrane (OM) in one step, but proteins secreted by
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the type II and type V pathways cross the IM and OM in
separate steps. Proteins secreted by the type II and type V
pathways are synthesized on cytoplasmic ribosomes as pre-
proteins containing an extra leader or signal sequence
of 15-40 amino acids—most commonly about 30 amino
acids—at the amino terminal and require the sec system
for transport across the IM. In E coli, the sec pathway com-
prises a number of IM proteins (SecD to SecF, SecY), a cell
membrane-associated ATPase (SecA) that provides energy
for export, a chaperone (SecB) that binds to the preprotein,
and the periplasmic signal peptidase. After translocation,
the leader sequence is cleaved off by the membrane-bound
signal peptidase, and the mature protein is released into
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the periplasmic space. In contrast, proteins secreted by the
type I and type III systems do not have a leader sequence and
are exported intact.

In gram-negative and gram-positive bacteria, another
plasma membrane translocation system, called the tat
pathway, can move proteins across the plasma membrane.
In gram-negative bacteria, these proteins are then delivered
to the type II system (Figure 2-13). The tat pathway is dis-
tinct from the sec system in that it translocates already folded
proteins.

Although proteins secreted by the type II and type V
systems are similar in the mechanism by which they cross the
IM, differences exist in how they traverse the OM. Proteins
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FIGURE 2-13 The protein secretion systems of gram-negative bacteria. Five secretion systems of gram-negative bacteria are shown.
The Sec-dependent and Tat pathways deliver proteins from the cytoplasm to the periplasmic space. The type Il, type V, and sometimes
type IV systems complete the secretion process begun by the Sec-dependent pathway. The Tat system appears to deliver proteins only to the
type Il pathway. The type | and type Ill systems bypass the Sec-dependent and Tat pathways, moving proteins directly from the cytoplasm,
through the outer membrane, to the extracellular space. The type IV system can work either with the Sec-dependent pathway or can work
alone to transport proteins to the extracellular space. Proteins translocated by the Sec-dependent pathway and the type Il pathway are
delivered to those systems by chaperone proteins. ADP, adenosine diphosphate; ATP, adenosine triphosphate; EFGY, ; PulS, ; SecD, TolC, ;
Yop. (Reproduced with permission from Willey JM, Sherwood LM, Woolverton CJ [editors]: Prescott, Harley, and Klein’s Microbiology, 7th ed.

New York: McGraw-Hill; 2008. © The McGraw-Hill Companies, Inc.)



secreted by the type II system are transported across the
OM by a multiprotein complex (Figure 2-13). This is the pri-
mary pathway for the secretion of extracellular degradative
enzymes by gram-negative bacteria. Elastase, phospholipase C,
and exotoxin A are secreted by this system in Pseudomonas
aeruginosa. However, proteins secreted by the type V system
autotransport across the outer membrane by virtue of a
carboxyl terminal sequence, which is enzymatically removed
upon release of the protein from the OM. Some extracellu-
lar proteins—eg, the IgA protease of Neisseria gonorrhoeae
and the vacuolating cytotoxin of Helicobacter pylori—are
secreted by this system.

The type I and type III secretion pathways are sec inde-
pendent and thus do not involve amino terminal processing
of the secreted proteins. Protein secretion by these path-
ways occurs in a continuous process without the presence
of a cytoplasmic intermediate. Type I secretion is exempli-
fied by the ai-hemolysin of E coli and the adenylyl cyclase of
Bordetella pertussis. Type I secretion requires three secre-
tory proteins: an IM ATP-binding cassette (ABC trans-
porter), which provides energy for protein secretion; an OM
protein; and a membrane fusion protein, which is anchored
in the inner membrane and spans the periplasmic space (see
Figure 2-13). Instead of a signal peptide, the information is
located within the carboxyl terminal 60 amino acids of the
secreted protein.

The type III secretion pathway is a contact-dependent
system. It is activated by contact with a host cell, and then
injects a toxin protein into the host cell directly. The type III
secretion apparatus is composed of approximately 20
proteins, most of which are located in the IM. Most of these
IM components are homologous to the flagellar biosynthesis
apparatus of both gram-negative and gram-positive bacteria.
As in type I secretion, the proteins secreted via the type III
pathway are not subject to amino terminal processing during
secretion.

Type IV pathways secrete either polypeptide toxins
(directed against eukaryotic cells) or protein-DNA com-
plexes either between two bacterial cells or between a bacte-
rial and a eukaryotic cell. Type IV secretion is exemplified by
the protein-DNA complex delivered by Agrobacterium tume-
faciens into a plant cell. Additionally, B pertussis and H pylori
possess type IV secretion systems that mediate secretion of
pertussis toxin and interleukin-8-inducing factor, respec-
tively. The sec-independent type VI secretion was recently
described in P aeruginosa, where it contributes to pathoge-
nicity in patients with cystic fibrosis. This secretion system
is composed of 15-20 proteins whose biochemical functions
are not well understood. However, recent studies suggest that
some of these proteins share homology with bacteriophage
tail proteins.

The characteristics of the protein secretion systems of
bacteria are summarized in Table 9-6.

4, Biosynthetic functions—The cell membrane is the site
of the carrier lipids on which the subunits of the cell wall are

CHAPTER 2 Cell Structure 23

assembled (see the discussion of synthesis of cell wall sub-
stances in Chapter 6) as well as of the enzymes of cell wall
biosynthesis. The enzymes of phospholipid synthesis are also
localized in the cell membrane.

5. Chemotactic systems—Attractants and repellents
bind to specific receptors in the bacterial membrane (see
Flagella, later). There are at least 20 different chemoreceptors
in the membrane of E coli, some of which also function as a
first step in the transport process.

The Cell Wall

The internal osmotic pressure of most bacteria ranges from
5 to 20 atm as a result of solute concentration via active trans-
port. In most environments, this pressure would be sufficient
to burst the cell were it not for the presence of a high-tensile-
strength cell wall (Figure 2-14). The bacterial cell wall owes its
strength to a layer composed of a substance variously referred to
as murein, mucopeptide, or peptidoglycan (all are synonyms).
The structure of peptidoglycan is discussed below.

Most bacteria are classified as gram-positive or gram-
negative according to their response to the Gram-staining
procedure. This procedure was named for the histologist
Hans Christian Gram, who developed this differential stain-
ing procedure in an attempt to stain bacteria in infected
tissues. The Gram stain depends on the ability of certain
bacteria (the gram-positive bacteria) to retain a complex of
crystal violet (a purple dye) and iodine after a brief wash with
alcohol or acetone. Gram-negative bacteria do not retain

FIGURE 2-14 Isolated gram-positive cell wall. The
peptidoglycan wall from Bacillus megaterium, a gram-positive
bacterium. The latex spheres have a diameter of 0.25 um.
(Reproduced with permission from Willey JM, Sherwood LM,
Woolverton CJ [editors]: Prescott, Harley, and Klein’s Microbiology,
7th ed. New York: McGraw-Hill; 2008. © The McGraw-Hill
Companies, Inc.)
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FIGURE 2-15 Gram-positive and gram-negative cell walls. The gram-positive envelope is from Bacillus licheniiformis (left), and the gram-
negative micrograph is of Aquaspirillum serpens (right). IM, plasma membrane; M; peptidoglycan or murein layer; OM, outer membrane;
P, periplasmic space; W, gram-positive peptidoglycan wall. (Reproduced with permission from T. J. Beveridge/Biological Photo Service.)

the dye-iodine complex and become translucent, but they
can then be counterstained with safranin (a red dye). Thus,
gram-positive bacteria look purple under the microscope,
and gram-negative bacteria look red. The distinction between
these two groups turns out to reflect fundamental differences
in their cell envelopes (Figure 2-15).

In addition to giving osmotic protection, the cell wall
plays an essential role in cell division as well as serving as a
primer for its own biosynthesis. Various layers of the wall are
the sites of major antigenic determinants of the cell surface,
and one component—the lipopolysaccharide of gram-negative
cell walls—is responsible for the nonspecific endotoxin activity
of gram-negative bacteria. The cell wall is, in general, non-
selectively permeable; one layer of the gram-negative wall,
however—the outer membrane—hinders the passage of
relatively large molecules (see below).

The biosynthesis of the cell wall and the antibiotics that
interfere with this process are discussed in Chapter 6.

A.The Peptidoglycan Layer

Peptidoglycan is a complex polymer consisting, for the pur-
poses of description, of three parts: a backbone, composed
of alternating N-acetylglucosamine and N-acetylmuramic
acid connected by B1—4 linkages; a set of identical tetrapep-
tide side chains attached to N-acetylmuramic acid; and a set
of identical peptide cross-bridges (Figure 2-16). The back-
bone is the same in all bacterial species; the tetrapeptide
side chains and the peptide cross-bridges vary from spe-
cies to species, those of Staphylococcus aureus being illus-
trated in Figure 2-16. In many gram-negative cell walls, the
cross-bridge consists of a direct peptide linkage between the

diaminopimelic acid (DAP) amino group of one side chain
and the carboxyl group of the terminal p-alanine of a
second side chain.

The tetrapeptide side chains of all species, however, have
certain important features in common. Most have L-alanine
at position 1 (attached to N-acetylmuramic acid), b-glutamate
or substituted D-glutamate at position 2, and p-alanine at
position 4. Position 3 is the most variable one: Most gram-
negative bacteria have diaminopimelic acid at this position,
to which is linked the lipoprotein cell wall component dis-
cussed below. Gram-positive bacteria usually have L-lysine at
position 3; however, some may have diaminopimelic acid or
another amino acid at this position.

Diaminopimelic acid is a unique element of bacterial
cell walls. It is never found in the cell walls of Archaea or
eukaryotes. Diaminopimelic acid is the immediate precursor
of lysine in the bacterial biosynthesis of that amino acid (see
Figure 6-18). Bacterial mutants that are blocked before diami-
nopimelic acid in the biosynthetic pathway grow normally
when provided with diaminopimelic acid in the medium;
when given L-lysine alone, however, they lyse, because they
continue to grow but are specifically unable to make new cell
wall peptidoglycan.

The fact that all peptidoglycan chains are cross-linked
means that each peptidoglycan layer is a single giant molecule.
In gram-positive bacteria, there are as many as 40 sheets of
peptidoglycan, comprising up to 50% of the cell wall material;
in gram-negative bacteria, there appears to be only one or two
sheets, comprising 5-10% of the wall material. Bacteria owe
their shapes, which are characteristic of particular species, to
their cell wall structure.
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FIGURE 2-16 A: A segment of the peptidoglycan of Staphylococcus aureus. The backbone of the polymer consists of alternating subunits

of N-acetylglucosamine and N-acetylmuramic acid connected by f1—4 linkages. The muramic acid residues are linked to short peptides,
the composition of which varies from one bacterial species to another. In some species, the t-lysine residues are replaced by diaminopimelic
acid, an amino acid that is found in nature only in prokaryotic cell walls. Note the p-amino acids, which are also characteristic constituents of
prokaryotic cell walls. The peptide chains of the peptidoglycan are cross-linked between parallel polysaccharide backbones, as shown in B.
B: Schematic representation of the peptidoglycan lattice that is formed by cross-linking. Bridges composed of pentaglycine peptide chains
connect the a-carboxyl of the terminal p-alanine residue of one chain with the e-amino group of the t-lysine residue of the next chain. The

nature of the cross-linking bridge varies among different species.
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B. Special Components of Gram-Positive Cell Walls

Most gram-positive cell walls contain considerable amounts
of teichoic and teichuronic acids, which may account for up
to 50% of the dry weight of the wall and 10% of the dry weight
of the total cell. In addition, some gram-positive walls may
contain polysaccharide molecules.

1. Teichoic and teichuronic acids—The term teichoic acids
encompasses all wall, membrane, or capsular polymers
containing glycerophosphate or ribitol phosphate residues.
These polyalcohols are connected by phosphodiester link-
ages and usually have other sugars and p-alanine attached
(Figure 2-17A). Because they are negatively charged, teichoic
acids are partially responsible for the negative charge of the
cell surface as a whole. There are two types of teichoic acids:
wall teichoic acid (WTA), covalently linked to peptidoglycan,
and membrane teichoic acid, covalently linked to membrane
glycolipid. Because the latter are intimately associated
with lipids, they have been called lipoteichoic acids (LTA).
Together with peptidoglycan, WTA and LTA make up a poly-
anionic network or matrix that provides functions relating
to the elasticity, porosity, tensile strength, and electrostatic
properties of the envelope. Although not all gram-positive
bacteria have conventional LTA and WTA, those that lack
these polymers generally have functionally similar ones.
Most teichoic acids contain large amounts of p-alanine,
usually attached to position 2 or 3 of glycerol or position 3 or
4 of ribitol. In some of the more complex teichoic acids,
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however, p-alanine is attached to one of the sugar residues. In
addition to p-alanine, other substituents may be attached to
the free hydroxyl groups of glycerol and ribitol (eg, glucose,
galactose, N-acetylglucosamine, N-acetylgalactosamine, or
succinate). A given species may have more than one type of
sugar substituent in addition to p-alanine; in such cases, it is
not certain whether the different sugars occur on the same
or on separate teichoic acid molecules. The composition of
the teichoic acid formed by a given bacterial species can vary
with the composition of the growth medium.

The teichoic acids constitute major surface antigens
of those gram-positive species that possess them, and their
accessibility to antibodies has been taken as evidence that
they lie on the outside surface of the peptidoglycan. Their
activity is often increased, however, by partial digestion of
the peptidoglycan; thus, much of the teichoic acid may lie
between the cytoplasmic membrane and the peptidoglycan
layer, possibly extending upward through pores in the
latter (Figure 2-17B). In the pneumococcus (Streptococcus
pneumoniae), the teichoic acids bear the antigenic determinants
called Forssman antigen. In Streptococcus pyogenes, LTA is
associated with the M protein that protrudes from the cell
membrane through the peptidoglycan layer. The long M
protein molecules together with the LTA form microfibrils
that facilitate the attachment of S pyogenes to animal cells.

The teichuronic acids are similar polymers, but the
repeat units include sugar acids (eg, N-acetylmannosuronic
or D-glucosuronic acid) instead of phosphoric acids. They

Lipoteichoic acid

FIGURE 2-17 A: Teichoic acid structure. The segment of a teichoic acid made of phosphate, glycerol, and a side chain, R. R may represent
p-alanine, glucose, or other molecules. B: Teichoic and lipoteichoic acids of the gram-positive envelope. (Reproduced with permission from
Willey JM, Sherwood LM, Woolverton CJ [editors]: Prescott, Harley, and Klein’s Microbiology, 7th ed. New York: McGraw-Hill; 2008.)



are synthesized in place of teichoic acids when phosphate is
limiting.

2. Polysaccharides—The hydrolysis of gram-positive walls
has yielded, from certain species, neutral sugars such as
mannose, arabinose, rhamnose, and glucosamine and acidic
sugars such as glucuronic acid and mannuronic acid. It has
been proposed that these sugars exist as subunits of polysac-
charides in the cell wall; the discovery, however, that teichoic
and teichuronic acids may contain a variety of sugars (Figure
2-17A) leaves the true origin of these sugars uncertain.

C. Special Components of Gram-Negative Cell Walls

Gram-negative cell walls contain three components that lie
outside of the peptidoglycan layer: lipoprotein, outer mem-
brane, and lipopolysaccharide (Figure 2-18).

1. Outer membrane—The outer membrane is chemically
distinct from all other biological membranes. It is a bilayered
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structure; its inner leaflet resembles in composition that of
the cell membrane, and its outer leaflet contains a distinctive
component, a lipopolysaccharide (LPS) (see below). As a
result, the leaflets of this membrane are asymmetrical, and
the properties of this bilayer differ considerably from those of
a symmetrical biologic membrane such as the cell membrane.

The ability of the outer membrane to exclude hydro-
phobic molecules is an unusual feature among biologic mem-
branes and serves to protect the cell (in the case of enteric
bacteria) from deleterious substances such as bile salts.
Because of its lipid nature, the outer membrane would be
expected to exclude hydrophilic molecules as well. However,
the outer membrane has special channels, consisting of pro-
tein molecules called porins that permit the passive diffusion
of low-molecular-weight hydrophilic compounds such as sugars,
amino acids, and certain ions. Large antibiotic molecules
penetrate the outer membrane relatively slowly, which
accounts for the relatively high antibiotic resistance of gram-
negative bacteria. The permeability of the outer membrane
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FIGURE 2-18 Molecular representation of the envelope of a gram-negative bacterium. Ovals and rectangles represent sugar residues,
and circles depict the polar head groups of the glycerophospholipids (phosphatidylethanolamine and phosphatidylglycerol). The core region
shown is that of Escherichia coli K-12, a strain that does not normally contain an O-antigen repeat unless transformed with an appropriate
plasmid. MDO, membrane-derived oligosaccharides. (Reproduced with permission from Raetz CRH: Bacterial endotoxins: Extraordinary lipids

that activate eucaryotic signal transduction. J Bacteriol 1993;175:5745.)
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varies widely from one gram-negative species to another; in
P aeruginosa, for example, which is extremely resistant to
antibacterial agents, the outer membrane is 100 times less
permeable than that of E coli.

The major proteins of the outer membrane, named
according to the genes that code for them, have been placed
into several functional categories on the basis of mutants in
which they are lacking and on the basis of experiments in
which purified proteins have been reconstituted into arti-
ficial membranes. Porins, exemplified by OmpC, D, and F
and PhoE of E coli and Salmonella typhimurium, are tri-
meric proteins that penetrate both faces of the outer mem-
brane (Figure 2-19). They form relatively nonspecific pores
that permit the free diffusion of small hydrophilic solutes
across the membrane. The porins of different species have
different exclusion limits, ranging from molecular weights
of about 600 in E coli and S typhimurium to more than 3000
in P aeruginosa.

Members of a second group of outer membrane proteins,
which resemble porins in many ways, are exemplified by
LamB and Tsx. LamB, an inducible porin that is also the
receptor for lambda bacteriophage, is responsible for most of
the transmembrane diffusion of maltose and maltodextrins;
Tsx, the receptor for T6 bacteriophage, is responsible for the
transmembrane diffusion of nucleosides and some amino
acids. LamB allows some passage of other solutes; however,

its relative specificity may reflect weak interactions of solutes
with configuration-specific sites within the channel.

The OmpA protein is an abundant protein in the outer
membrane. The OmpA protein participates in the anchoring
of the outer membrane to the peptidoglycan layer; it is also
the sex pilus receptor in F-mediated bacterial conjugation
(see Chapter 7).

The outer membrane also contains a set of less abun-
dant proteins that are involved in the transport of specific
molecules such as vitamin B, and iron-siderophore com-
plexes. They show high affinity for their substrates and
probably function like the classic carrier transport systems
of the cytoplasmic membrane. The proper function of these
proteins requires energy coupled through a protein called
TonB. Additional minor proteins include a limited number of
enzymes, among them phospholipases and proteases.

The topology of the major proteins of the outer mem-
brane, based on cross-linking studies and analyses of func-
tional relationships, is shown in Figure 2-18. The outer mem-
brane is connected to both the peptidoglycan layer and the
cytoplasmic membrane. The connection with the peptidogly-
can layer is primarily mediated by the outer membrane lipo-
protein (see below). About one-third of the lipoprotein mole-
cules are covalently linked to peptidoglycan and help hold the
two structures together. A noncovalent association of some
of the porins with the peptidoglycan layer plays a lesser role

FIGURE 2-19 A:General fold of a porin monomer (OmpF porin from Escherichia coli). The large hollow B-barrel structure is formed by
antiparallel arrangement of 16 3-strands. The strands are connected by short loops or regular turns on the periplasmic rim (bottom), and long
irregular loops face the cell exterior (top). The internal loop, which connects B-strands 5 and 6 and extends inside the barrel, is highlighted

in dark. The chain terminals are marked. The surface closest to the viewer is involved in subunit contacts. B: Schematic representation of

the OmpF trimer. The view is from the extracellular space along the molecular threefold symmetry axis. (Reproduced with permission from
Schirmer T: General and specific porins from bacterial outer membranes. J Struct Biol 1998;121:101.)



in connecting the outer membrane with this structure. Outer
membrane proteins are synthesized on ribosomes bound to
the cytoplasmic surface of the cell membrane; how they are
transferred to the outer membrane is still uncertain, but one
hypothesis suggests that transfer occurs at zones of adhesion
between the cytoplasmic and outer membranes, which are vis-
ible in the electron microscope. Unfortunately, firm evidence
for such areas of adhesion has proven hard to come by.

2. Lipopolysaccharide (LPS)—The LPS of gram-negative
cell walls consists of a complex glycolipid, called lipid A, to
which is attached a polysaccharide made up of a core and a
terminal series of repeat units (Figure 2-20A). The lipid A
component is embedded in the outer leaflet of the membrane
anchoring the LPS. LPS is synthesized on the cytoplasmic
membrane and transported to its final exterior position. The
presence of LPS is required for the function of many outer
membrane proteins.

Lipid A consists of phosphorylated glucosamine disac-
charide units to which are attached a number of long-chain
fatty acids (Figure 2-20). B-Hydroxymyristic acid, a C14 fatty
acid, is always present and is unique to this lipid; the other
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fatty acids, along with substituent groups on the phosphates,
vary according to the bacterial species.

The polysaccharide core, shown in Figure 2-20A and B is
similar in all gram-negative species that have LPS and includes
two characteristic sugars, ketodeoxyoctanoic acid (KDO)
and a heptose. Each species, however, contains a unique
repeat unit, that of Salmonella being shown in Figure 2-20A.
The repeat units are usually linear trisaccharides or branched
tetra- or pentasaccharides. The repeat unit is referred to as
the O antigen. The hydrophilic carbohydrate chains of the O
antigen cover the bacterial surface and exclude hydrophobic
compounds.

The negatively charged LPS molecules are noncovalently
cross-bridged by divalent cations (ie, Ca** and Mg*"); this sta-
bilizes the membrane and provides a barrier to hydrophobic
molecules. Removal of the divalent cations with chelating
agents or their displacement by polycationic antibiotics such
as polymyxins and aminoglycosides renders the outer mem-
brane permeable to large hydrophobic molecules.

Lipopolysaccharide, which is extremely toxic to animals,
has been called the endotoxin of gram-negative bacteria

FIGURE 2-20 Lipopolysaccharide structure. A: The lipopolysaccharide from Salmonella. This slightly simplified diagram illustrates one
form of the LPS. Abe, abequose; Gal, galactose; GIcN, glucosamine; Hep, heptulose; KDO, 2-keto-3-deoxyoctonate; Man, mannose;

NAG, N-acetylglucosamine; P, phosphate; Rha, -rhamnose. Lipid A is buried in the outer membrane. B: Molecular model of an Escherichia coli
lipopolysaccharide. The lipid A and core polysaccharide are straight; the O side chain is bent at an angle in this model. (Reproduced with
permission from Willey VM, Sherwood LM, Woolverton CJ: Prescott, Harley, & Klein's Microbiology, 7th ed. McGraw-Hill, 2008. © The McGraw-Hill

Companies, Inc.)
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because it is firmly bound to the cell surface and is released
only when the cells are lysed. When LPS is split into lipid A
and polysaccharide, all of the toxicity is associated with the
former. The O antigen is highly immunogenic in a vertebrate
animal. Antigenic specificity is conferred by the O antigen
because this antigen is highly variable among species and
even in strains within a species. The number of possible anti-
genic types is very great: Over 1000 have been recognized in
Salmonella alone. Not all gram-negative bacteria have outer
membrane LPS composed of a variable number of repeated
oligosaccharide units (see Figure 2-20); the outer membrane
glycolipids of bacteria that colonize mucosal surfaces (eg,
Neisseria meningitidis, N gonorrhoeae, Haemophilus influenzae,
and Haemophilus ducreyi) have relatively short, multian-
tennary (ie, branched) glycans. These smaller glycolipids have
been compared with the “R-type” truncated LPS structures,
which lack O antigens and are produced by rough mutants of
enteric bacteria such as E coli. However, their structures more
closely resemble those of the glycosphingolipids of mam-
malian cell membranes, and they are more properly termed
lipooligosaccharides (LOS). These molecules exhibit exten-
sive antigenic and structural diversity even within a single
strain. LOS is an important virulence factor. Epitopes have
been identified on LOS that mimic host structures and may
enable these organisms to evade the immune response of the
host. Some LOS (eg, those from N gonorrhoeae, N meningitidis,
and H ducreyi) have a terminal N-acetyllactosamine
(GalP-1—4-GlcNAc) residue that is immunochemically sim-
ilar to the precursor of the human erythrocyte i antigen. In the
presence of a bacterial enzyme called sialyltransferase
and a host or bacterial substrate (cytidine monophospho-
N-acetylneuraminic acid, CMP-NANA), the N-acetyllactosamine
residue is sialylated. This sialylation, which occurs in vivo,
provides the organism with the environmental advantages of
molecular mimicry of a host antigen and the biologic masking
thought to be provided by sialic acids.

3. Lipoprotein—Molecules of an unusual lipoprotein
cross-link the outer membrane and peptidoglycan layers
(Figure 2-18). The lipoprotein contains 57 amino acids,
representing repeats of a 15-amino-acid sequence; it is
peptide-linked to DAP residues of the peptidoglycan tet-
rapeptide side chains. The lipid component, consisting of a
diglyceride thioether linked to a terminal cysteine, is non-
covalently inserted in the outer membrane. Lipoprotein is
numerically the most abundant protein of gram-negative
cells (ca 700,000 molecules per cell). Its function (inferred
from the behavior of mutants that lack it) is to stabilize the
outer membrane and anchor it to the peptidoglycan layer.

4. The periplasmic space—The space between the inner
and outer membranes, called the periplasmic space, contains
the peptidoglycan layer and a gel-like solution of proteins. The
periplasmic space is approximately 20-40% of the cell vol-
ume, which is far from insignificant. The periplasmic proteins
include binding proteins for specific substrates (eg, amino
acids, sugars, vitamins, and ions), hydrolytic enzymes (eg,

alkaline phosphatase and 5-nucleotidase) that break down
nontransportable substrates into transportable ones, and
detoxifying enzymes (eg, B-lactamase and aminoglycoside-
phosphorylase) that inactivate certain antibiotics. The peri-
plasm also contains high concentrations of highly branched
polymers of D-glucose, eight to 10 residues long, which are
variously substituted with glycerol phosphate and phospha-
tidylethanolamine residues; some contain O-succinyl esters.
These so-called membrane-derived oligosaccharides appear
to play a role in osmoregulation because cells grown in
media of low osmolarity increase their synthesis of these
compounds 16-fold.

D. The Acid-Fast Cell Wall

Some bacteria, notably the tubercle bacillus (M tuberculosis)
and its relatives have cell walls that contain large amounts
of waxes, complex branched hydrocarbons (70-90 carbons
long) known as mycolic acids. The cell wall is composed of
peptidoglycan and an external asymmetric lipid bilayer; the
inner leaflet contains mycolic acids linked to an arabinogly-
can, and the outer leaflet contains other extractable lipids.
This is a highly ordered lipid bilayer in which proteins are
embedded, forming water-filled pores through which nutri-
ents and certain drugs can pass slowly. Some compounds can
also penetrate the lipid domains of the cell wall albeit slowly.
This hydrophobic structure renders these bacteria resistant
to many harsh chemicals, including detergents and strong
acids. If a dye is introduced into these cells by brief heating
or treatment with detergents, it cannot be removed by dilute
hydrochloric acid, as in other bacteria. These organisms are
therefore called acid fast. The permeability of the cell wall
to hydrophilic molecules is 100- to 1000-fold lower than for
E coli and may be responsible for the slow growth rate of
mycobacteria.

E. Cell Walls of the Archaea

The Archaea do not have cell walls like the Bacteria. Some
have a simple S-layer (see below) often composed of glyco-
proteins. Some Archaea have a rigid cell wall composed of
polysaccharides or a peptidoglycan called pseudomurein.
The pseudomurein differs from the peptidoglycan of bacteria
by having L-amino acids rather than p-amino acids and
disaccharide units with an o-1—3 rather than a -1—4 linkage.
Archaea that have a pseudomurein cell wall are gram-positive.

F. Crystalline Surface Layers

Many bacteria, both gram-positive and gram-negative bac-
teria as well as Archaebacteria, possess a two-dimensional
crystalline, subunit-type layer lattice of protein or glyco-
protein molecules (S-layer) as the outermost component of
the cell envelope. In both gram-positive and gram-negative
bacteria, this structure is sometimes several molecules thick.
In some Archaea, they are the only layer external to the cell
membrane.



S-layers are generally composed of a single kind of pro-
tein molecule, sometimes with carbohydrates attached. The
isolated molecules are capable of self-assembly (ie, they make
sheets similar or identical to those present on the cells). S-layer
proteins are resistant to proteolytic enzymes and protein-
denaturing agents. The function of the S-layer is uncertain
but is probably protective. In some cases, it has been shown to
protect the cell from wall-degrading enzymes, from invasion
by Bdellovibrio bacteriovorous (a predatory bacterium), and
from bacteriophages. It also plays a role in the maintenance
of cell shape in some species of Archaebacteria, and it may be
involved in cell adhesion to host epidermal surfaces.

G. Enzymes That Attack Cell Walls

The B1—4 linkage of the peptidoglycan backbone is hydro-
lyzed by the enzyme lysozyme (Figure 2-16), which is found
in animal secretions (tears, saliva, nasal secretions) as well as
in egg white. Gram-positive bacteria treated with lysozyme in
low-osmotic-strength media lyse; if the osmotic strength of
the medium is raised to balance the internal osmotic pressure
of the cell, free spherical bodies called protoplasts are liber-
ated. The outer membrane of the gram-negative cell wall pre-
vents access of lysozyme unless disrupted by an agent such as
ethylene-diaminetetraacetic acid (EDTA), a compound that
chelates divalent cations; in osmotically protected media,
cells treated with EDTA-lysozyme form spheroplasts that
still possess remnants of the complex gram-negative wall,
including the outer membrane.
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Bacteria themselves possess a number of autolysins,
hydrolytic enzymes that attack peptidoglycan, including
muramidases, glucosaminidases, endopeptidases, and car-
boxypeptidases. These enzymes catalyze the turnover or degra-
dation of peptidoglycan in bacteria. These enzymes presumably
participate in cell wall growth and turnover and in cell sepa-
ration, but their activity is most apparent during the dissolu-
tion of dead cells (autolysis).

Enzymes that degrade bacterial cell walls are also found
in cells that digest whole bacteria (eg, protozoa and the
phagocytic cells of higher animals).

H. Cell Wall Growth

Cell wall synthesis is necessary for cell division; however, the
incorporation of new cell wall material varies with the shape
of the bacterium. Rod-shaped bacteria (eg, E coli, Bacillus
subtilis) have two modes of cell wall synthesis; new peptido-
glycan is inserted along a helical path leading to elongation
of the cell and is inserted in a closing ring around the future
division site, leading to the formation of the division septum.
Coccoid cells such as S aureus do not seem to have an elonga-
tion mode of cell wall synthesis. Instead, new peptidoglycan
is inserted only at the division site. A third form of cell wall
growth is exemplified by S pneumoniae, which are not true
cocci, because their shape is not totally round but instead
have the shape of a rugby ball. S pneumoniae synthesize cell
wall not only at the septum but also at the so-called equato-
rial rings (Figure 2-21).
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Bacillus subtilis or Escherichia coli

Streptococcus pneumoniae

Staphylococcus aureus

FIGURE 2-21 Incorporation of new cell wall in differently shaped bacteria. Rod-shaped bacteria such as Bacillus subtilis or Escherichia coli
have two modes of cell wall synthesis: new peptidoglycan is inserted along a helical path (A), leading to elongation of the lateral wall and

is inserted in a closing ring around the future division site, leading to the formation of the division septum (B). Streptococcus pneumoniae

cells have the shape of a rugby ball and elongate by inserting new cell wall material at the so-called equatorial rings (A), which correspond

to an outgrowth of the cell wall that encircles the cell. An initial ring is duplicated, and the two resultant rings are progressively separated,
marking the future division sites of the daughter cells. The division septum is then synthesized in the middle of the cell (B). Round cells such
as Staphylococcus aureus do not seem to have an elongation mode of cell wall synthesis. Instead, new peptidoglycan is inserted only at the
division septum (B). (Reproduced with permission from Scheffers DJ and Pinho MG: Bacterial cell wall synthesis: new insights from localization

studies. Microbiol Mol Biol Rev 2005;69:585.)
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l. Protoplasts, Spheroplasts, and L Forms

Removal of the bacterial wall may be accomplished by hydro-
lysis with lysozyme or by blocking peptidoglycan synthesis
with an antibiotic such as penicillin. In osmotically protec-
tive media, such treatments liberate protoplasts from gram-
positive cells and spheroplasts (which retain outer membrane
and entrapped peptidoglycan) from gram-negative cells.

If such cells are able to grow and divide, they are called
L forms. L forms are difficult to cultivate and usually require
a medium that is solidified with agar as well as having the
right osmotic strength. L forms are produced more readily
with penicillin than with lysozyme, suggesting the need for
residual peptidoglycan.

Some L forms can revert to the normal bacillary form
upon removal of the inducing stimulus. Thus, they are able
to resume normal cell wall synthesis. Others are stable and
never revert. The factor that determines their capacity to
revert may again be the presence of residual peptidoglycan,
which normally acts as a primer in its own biosynthesis.

Some bacterial species produce L forms spontaneously.
The spontaneous or antibiotic-induced formation of L forms
in the host may produce chronic infections, the organisms
persisting by becoming sequestered in protective regions of
the body. Because L-form infections are relatively resistant
to antibiotic treatment, they present special problems in che-
motherapy. Their reversion to the bacillary form can produce
relapses of the overt infection.

J. The Mycoplasmas

The mycoplasmas are cell wall-lacking bacteria containing
no peptidoglycan (Figure 2-22). There are also wall-less
Archaea, but they have been less well studied. Genomic
analysis places the mycoplasmas close to the gram-positive
bacteria from which they may have been derived. Mycoplasmas

FIGURE 2-22 Mycoplasma pneumoniae. These cells vary in shape
because they lack a cell wall. (Courtesy of Dr. Edwin S. Boatman.)

lack a target for cell wall-inhibiting antimicrobial agents (eg,
penicillins and cephalosporins) and are therefore resistant
to these drugs. Some, such as Mycoplasma pneumoniae, an
agent of pneumonia, contain sterols in their membranes. The
difference between L forms and mycoplasmas is that when
the murein is allowed to reform, L forms revert to their origi-
nal bacteria shape, but mycoplasmas never do.

Capsule and Glycocalyx

Many bacteria synthesize large amounts of extracellular
polymer when growing in their natural environments. With
one known exception (the poly-D-glutamic acid capsules of
Bacillus anthracis and Bacillus licheniformis), the extracellu-
lar material is polysaccharide (Table 2-1). The terms capsule
and slime layer are frequently used to describe polysaccha-
ride layers; the more inclusive term glycocalyx is also used.
Glycocalyx is defined as the polysaccharide-containing mate-
rial lying outside the cell. A condensed, well-defined layer
closely surrounding the cell that excludes particles, such as
India ink, is referred to as a capsule (Figure 2-23). If the glyco-
calyx is loosely associated with the cell and does not exclude
particles, it is referred to as a slime layer. Extracellular poly-
mer is synthesized by enzymes located at the surface of the
bacterial cell. Streptococcus mutans, for example, uses two
enzymes—glucosyl transferase and fructosyl transferase—to
synthesize long-chain dextrans (poly-D-glucose) and levans
(poly-D-fructose) from sucrose. These polymers are called
homopolymers. Polymers containing more than one kind of
monosaccharide are called heteropolymers.

The capsule contributes to the invasiveness of pathogenic
bacteria—encapsulated cells are protected from phagocytosis
unless they are coated with anticapsular antibody. The gly-
cocalyx plays a role in the adherence of bacteria to surfaces
in their environment, including the cells of plant and ani-
mal hosts. S mutans, for example, owes its capacity to adhere
tightly to tooth enamel to its glycocalyx. Bacterial cells of the
same or different species become entrapped in the glycocalyx,
which forms the layer known as plaque on the tooth surface;
acidic products excreted by these bacteria cause dental
caries (see Chapter 11). The essential role of the glycocalyx in
this process—and its formation from sucrose—explains the
correlation of dental caries with sucrose consumption by the
human population. Because outer polysaccharide layers bind
a significant amount of water, the glycocalyx layer may also
play a role in resistance to desiccation.

Flagella

A. Structure

Bacterial flagella are thread-like appendages composed entirely
of protein, 12-30 nm in diameter. They are the organs of
locomotion for the forms that possess them. Three types
of arrangement are known: monotrichous (single polar
flagellum), lophotrichous (multiple polar flagella), and
peritrichous (flagella distributed over the entire cell). The
three types are illustrated in Figure 2-24.
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TABLE 2-1 Chemical Composition of the Extracellular Polymer in Selected Bacteria
Organism Polymer Chemical Subunits
Bacillus anthracis Polypeptide p-Glutamic acid

Enterobacter aerogenes
Haemophilus influenzae

Neisseria meningitidis

Pseudomonas aeruginosa
Streptococcus pneumoniae

(pneumococcus)

Streptococcus pyogenes (group A)

Streptococcus salivarius

Complex polysaccharide

Serogroup b

Homopolymers and heteropolymers, eg,
Serogroup A

Serogroup B

Serogroup C

Serogroup 135

Alginate

Complex polysaccharide (many types), eg,
Typelll

Type lll

Type VI

Type XIV

Type XVIII

Hyaluronic acid

Levan

Glucose, fucose, glucuronic acid

Ribose, ribitol, phosphate

Partially O-acetylated N-acetylmannosaminephosphate
N-Acetylneuraminic acid (sialic acid)

Acetylated sialic acid

Galactose, sialic acid

p-Manuronic acid, L.-glucuronic acid

Rhamnose, glucose, glucuronic acid
Glucose, glucuronic acid

Galactose, glucose, rhamnose

Galactose, glucose, N-acetylglucosamine
Rhamnose, glucose
N-Acetylglucosamine, glucuronic acid

Fructose

A

FIGURE 2-23 Bacterial capsules. A: Bacillus anthracis M'Faydean capsule stain, grown at 35°C, in defibrinated horse blood. B: Demonstration
of the presence of a capsule in B. anthracis by negative staining with India ink. This method is useful for improving visualization of encapsulated
bacteria in clinical samples such as blood, blood culture bottles, or cerebrospinal fluid. (CDC, courtesy of Larry Stauffer, Oregon State Public

Health Laboratory.)

A bacterial flagellum is made up of several thousand mol-
ecules of a protein subunit called flagellin. In a few organisms
(eg, Caulobacter), flagella are composed of two types of flagellin,
but in most, only a single type is found. The flagellum is formed
by the aggregation of subunits to form a helical structure. If

flagella are removed by mechanically agitating a suspension of
bacteria, new flagella are rapidly formed by the synthesis, aggre-
gation, and extrusion of flagellin subunits; motility is restored
within 3-6 minutes. The flagellins of different bacterial species
presumably differ from one another in primary structure. They
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FIGURE 2-24 Bacterial flagellation. A: Vibrio metchnikovii, a monotrichous bacterium (7500x). (Reproduced with permission from

van Iterson W: Biochim Biophys Acta 1947;1:527.) B: Electron micrograph of Spirillum serpens, showing lophotrichous flagellation (9000x).
(Reproduced with permission from van Iterson W: Biochim Biophys Acta 1947;1:527.) C: Electron micrograph of Proteus vulgaris, showing
peritrichous flagellation (9000x). Note basal granules. (Reproduced with permission from Houwink A, van Iterson W: Electron microscopical
observations on bacterial cytology; a study on flagellation. Biochim Biophys Acta 1950;5:10.)

are highly antigenic (H antigens), and some of the immune
responses to infection are directed against these proteins.

The flagellum is attached to the bacterial cell body by a
complex structure consisting of a hook and a basal body. The
hook is a short curved structure that appears to act as the
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the flagellum. The basal body bears a set of rings, one pair in
gram-positive bacteria and two pairs in gram-negative bacte-
ria. An interpretative diagram of the gram-negative structure
is shown in Figure 2-25; the rings labeled L and P are absent
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FIGURE 2-25 A:General structure of the flagellum of a gram-negative bacterium, such as Escherichia coli or Salmonella typhimurium.

The filament-hook-basal body complex has been isolated and extensively characterized. The location of the export apparatus has not been
demonstrated. B: An exploded diagram of the flagellum showing the substructures and the proteins from which they are constructed. The FliF
protein is responsible for the M-ring feature, S-ring feature, and collar feature of the substructure shown, which is collectively termed the MS
ring. The location of FliE with respect to the MS ring and the rod—and the order of the FIgB, FIgC, and FIgF proteins within the proximal rod—
is not known. (From Macnab RM: Genetics and biogenesis of bacterial flagella. Annu Rev Genet 1992;26:131. Reproduced with permission from

Annual Review of Genetics, Volume 26, © 1992 by Annual Reviews.)



in gram-positive cells. The complexity of the bacterial flagel-
lum is revealed by genetic studies, which show that over 40
gene products are involved in its assembly and function.

Flagella are made stepwise (see Figure 2-25). First, the
basal body is assembled and inserted into the cell envelope.
Then the hook is added, and finally, the filament is assem-
bled progressively by the addition of flagellin subunits to its
growing tip. The flagellin subunits are extruded through a
hollow central channel in the flagella; when it reaches the
tip, it condenses with its predecessors, and thus the filament
elongates.

B. Motility

Bacterial flagella are semirigid helical rotors to which the
cell imparts a spinning movement. Rotation is driven by the
flow of protons into the cell down the gradient produced
by the primary proton pump (see earlier discussion); in the
absence of a metabolic energy source, it can be driven by a
proton motive force generated by ionophores. Bacteria living
in alkaline environments (alkalophiles) use the energy of the
sodium ion gradient—rather than the proton gradient—to
drive the flagellar motor (Figure 2-26).
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All of the components of the flagellar motor are located
in the cell envelope. Flagella attached to isolated, sealed cell
envelopes rotate normally when the medium contains a suit-
able substrate for respiration or when a proton gradient is
artificially established.

When a peritrichous bacterium swims, its flagella asso-
ciate to form a posterior bundle that drives the cell forward
in a straight line by counterclockwise rotation. At intervals,
the flagella reverse their direction of rotation and momen-
tarily dissociate, causing the cell to tumble until swimming
resumes in a new, randomly determined direction. This
behavior makes possible the property of chemotaxis: A cell
that is moving away from the source of a chemical attrac-
tant tumbles and reorients itself more frequently than one
that is moving toward the attractant, the result being the net
movement of the cell toward the source. The presence of a
chemical attractant (eg, a sugar or an amino acid) is sensed
by specific receptors located in the cell membrane (in many
cases, the same receptor also participates in membrane trans-
port of that molecule). The bacterial cell is too small to be
able to detect the existence of a spatial chemical gradient (e,
a gradient between its two poles); rather, experiments show
that it detects temporal gradients, that is, concentrations that

Filament

Quter membrane

Murein

Periplasmic space

Cell membrane

FIGURE 2-26 structural components within the basal body of the flagellum allow the inner portion of this structure, the rods of the basal
body, and the attached hook-filament complex to rotate. The outer rings remain statically in contact with the inner and outer cell membranes
and cell wall (murein), anchoring the flagellum complex to the bacterial cell envelope. Rotation is driven by the flow of protons through the
motor from the periplasmic space, outside the cell membrane, into the cytoplasm in response to the electric field and proton gradient across
the membrane, which together constitute the proton motive force. A switch determines the direction of rotation, which in turn determines
whether the bacteria swim forward (by counterclockwise rotation of the flagellum) or tumble (caused by clockwise rotation of the flagellum).
(Reproduced with permission from Saier MH Jr: Peter Mitchell and his chemiosmotic theories. ASM News 1997;63:13.)
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decrease with time during which the cell is moving away
from the attractant source and increase with time during
which the cell is moving toward it.

Some compounds act as repellants rather than attrac-
tants. One mechanism by which cells respond to attractants
and repellents involves a cGMP-mediated methylation and
demethylation of specific proteins in the membrane. Whereas
attractants cause a transient inhibition of demethylation of
these proteins, repellents stimulate their demethylation.

The mechanism by which a change in cell behavior is
brought about in response to a change in the environment
is called sensory transduction. Sensory transduction is
responsible not only for chemotaxis but also for aerotaxis
(movement toward the optimal oxygen concentration),
phototaxis (movement of photosynthetic bacteria toward the
light), and electron acceptor taxis (movement of respiratory
bacteria toward alternative electron acceptors, such as nitrate
and fumarate). In these three responses, as in chemotaxis,
net movement is determined by regulation of the tumbling
response.

Pili (Fimbriae)

Many gram-negative bacteria possess rigid surface append-
ages called pili (L “hairs”) or fimbriae (L “fringes”). They
are shorter and finer than flagella; similar to flagella, they
are composed of structural protein subunits termed pilins.
Some pili contain a single type of pilin, others more than
one. Minor proteins termed adhesins are located at the tips
of pili and are responsible for the attachment properties. Two
classes can be distinguished: ordinary pili, which play a role
in the adherence of symbiotic and pathogenic bacteria to
host cells, and sex pili, which are responsible for the attach-
ment of donor and recipient cells in bacterial conjugation (see
Chapter 7). Pili are illustrated in Figure 2-27, in which the
sex pili have been coated with phage particles for which they
serve as specific receptors.

Other
pili

Flagellum

1um

FIGURE 2-27 Pili. Pili on an Escherichia coli cell. The short pili
(fimbriae) mediate adherence; the sex pilus is involved in DNA
transfer. (Courtesy of Dr. Charles Brinton, Jr.)

Motility via pili is completely different from flagel-
lar motion. Pilin molecules are arranged helically to form
a straight cylinder that does not rotate and lacks a complete
basal body. Their tips strongly adhere to surfaces at a distance
from the cells. Pili then depolymerize from the inner end,
thus retracting inside the cell. The result is that the bacterium
moves in the direction of the adhering tip. This kind of sur-
face motility is called twitching and is widespread among
piliated bacteria. Unlike flagella, pili grow from the inside of
the cell outward.

The virulence of certain pathogenic bacteria depends
on the production not only of toxins but also of “colonization
antigens,” which are ordinary pili that provide the cells with
adherent properties. In enteropathogenic E coli strains, both
the enterotoxins and the colonization antigens (pili) are
genetically determined by transmissible plasmids, as dis-
cussed in Chapter 7.

In one group of gram-positive cocci, the streptococci,
fimbriae are the site of the main surface antigen, the M protein.
Lipoteichoic acid, associated with these fimbriae, is responsible
for the adherence of group A streptococci to epithelial cells
of their hosts.

Pili of different bacteria are antigenically distinct and
elicit the formation of antibodies by the host. Antibodies
against the pili of one bacterial species will not prevent the
attachment of another species. Some bacteria (see Chapter
21), such as N gonorrhoeae, are able to make pili of differ-
ent antigenic types (antigenic variation) and thus can still
adhere to cells in the presence of antibodies to their original
type of pili. Similar to capsules, pili inhibit the phagocytic
ability of leukocytes.

Endospores

Members of several bacterial genera are capable of form-
ing endospores (Figure 2-28). The two most common are
gram-positive rods: the obligately aerobic genus Bacillus
and the obligately anaerobic genus Clostridium. The other
bacteria known to form endospores are Thermoactinomyces,
Sporolactobacillus, Sporosarcina, Sporotomaculum, Sporomusa,
and Sporohalobacter spp. These organisms undergo a cycle of
differentiation in response to environmental conditions: The
process, sporulation, is triggered by near depletion of any of
several nutrients (carbon, nitrogen, or phosphorous). Each cell
forms a single internal spore that is liberated when the mother
cell undergoes autolysis. The spore is a resting cell, highly resis-
tant to desiccation, heat, and chemical agents; when returned
to favorable nutritional conditions and activated (see below),
the spore germinates to produce a single vegetative cell.

A. Sporulation

The sporulation process begins when nutritional conditions
become unfavorable, near depletion of the nitrogen or carbon
source (or both) being the most significant factor. Sporulation
occurs massively in cultures that have terminated exponen-
tial growth as a result of this near depletion.
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FIGURE 2-28 sporulating cells of bacillus species. A: Unidentified bacillus from soil. B: Bacillus cereus. C: Bacillus megaterium. (Reproduced
with permission from Robinow CF: Structure. In Gunsalus IC, Stanier RY [editors]. The Bacteria: A Treatise on Structure and Function, Vol 1.

Academic Press, 1960.)

Sporulation involves the production of many new
structures, enzymes, and metabolites along with the dis-
appearance of many vegetative cell components. These
changes represent a true process of differentiation: A series
of genes whose products determine the formation and final
composition of the spore are activated. These changes
involve alterations in the transcriptional specificity of RNA
polymerase, which is determined by the association of the
polymerase core protein with one or another promoter-
specific protein called a sigma factor. During vegetative
growth, a sigma factor designated o* predominates. Then,
during sporulation, five other sigma factors are formed that
cause various spore genes to be expressed at various times
in specific locations.

The sequence of events in sporulation is highly complex:
Differentiation of a vegetative cell of B subtilis into an endospore
takes about 7 hours under laboratory conditions. Different
morphologic and chemical events occur at sequential stages of
the process. Seven different stages have been identified.

Morphologically, sporulation begins with the formation
of an axial filament (Figure 2-29). The process continues with
an infolding of the membrane so as to produce a double-
membrane structure whose facing surfaces correspond to the
cell wall-synthesizing surface of the cell envelope. The grow-
ing points move progressively toward the pole of the cell so as
to engulf the developing spore.

The two spore membranes now engage in the active syn-
thesis of special layers that will form the cell envelope: the
spore wall and the cortex, lying outside the facing mem-
branes. In the newly isolated cytoplasm, or core, many veg-
etative cell enzymes are degraded and are replaced by a set of
unique spore constituents.

B. Properties of Endospores

1. Core—The core is the spore protoplast. It contains a com-
plete nucleus (chromosome), all of the components of the
protein-synthesizing apparatus, and an energy-generating
system based on glycolysis. Cytochromes are lacking even in
aerobic species, the spores of which rely on a shortened elec-
tron transport pathway involving flavoproteins. A number of
vegetative cell enzymes are increased in amount (eg, alanine
racemase), and a number of unique enzymes are formed (eg,
dipicolinic acid synthetase). Spores contain no reduced pyri-
dine nucleotides or ATP. The energy for germination is stored
as 3-phosphoglycerate rather than as ATP.

The heat resistance of spores is partly attributable to their
dehydrated state and in part to the presence in the core of
large amounts (5-15% of the spore dry weight) of calcium
dipicolinate, which is formed from an intermediate of the
lysine biosynthetic pathway (see Figure 6-18). In some way
not yet understood, these properties result in the stabiliza-
tion of the spore enzymes, most of which exhibit normal heat
lability when isolated in soluble form.

2. Spore wall—The innermost layer surrounding the inner
spore membrane is called the spore wall. It contains normal
peptidoglycan and becomes the cell wall of the germinating
vegetative cell.

3. Cortex—The cortex is the thickest layer of the spore enve-
lope. It contains an unusual type of peptidoglycan, with many
fewer cross-links than are found in cell wall peptidoglycan.
Cortex peptidoglycan is extremely sensitive to lysozyme, and
its autolysis plays a role in spore germination.
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FIGURE 2-29 The stages of endospore formation. (Reproduced with permission from Merrick MJ: Streptomyces. In: Parish JH [editor].

Developmental Biology of Procaryotes. Univ California Press, 1979.)

4. Coat—The coat is composed of a keratin-like protein con-
taining many intramolecular disulfide bonds. The imperme-
ability of this layer confers on spores their relative resistance
to antibacterial chemical agents.

5. Exosporium—The exosporium is composed of proteins,
lipids, and carbohydrates. It consists of a paracrystalline
basal layer and a hairlike outer region. The function of the
exosporium is unclear. Spores of some Bacillus species (eg,
B anthracis and B cereus) possess an exosporium, but other
species (eg, B atrophaeus) have spores that lack this structure.

C. Germination

The germination process occurs in three stages: activation,
initiation, and outgrowth.

1. Activation—Most endospores cannot germinate imme-
diately after they have formed. But they can germinate after
they have rested for several days or are first activated in a
nutritionally rich medium by one or another agent that
damages the spore coat. Among the agents that can overcome
spore dormancy are heat, abrasion, acidity, and compounds
containing free sulthydryl groups.



2. Initiation—After activation, a spore will initiate ger-
mination if the environmental conditions are favorable.
Different species have evolved receptors that recognize dif-
ferent effectors as signaling a rich medium: Thus, initiation
is triggered by L-alanine in one species and by adenosine in
another. Binding of the effector activates an autolysin that
rapidly degrades the cortex peptidoglycan. Water is taken up,
calcium dipicolinate is released, and a variety of spore con-
stituents are degraded by hydrolytic enzymes.

3. Outgrowth—Degradation of the cortex and outer layers
results in the emergence of a new vegetative cell consisting of
the spore protoplast with its surrounding wall. A period of
active biosynthesis follows; this period, which terminates in
cell division, is called outgrowth. Outgrowth requires a sup-
ply of all nutrients essential for cell growth.

STAINING

Stains combine chemically with the bacterial protoplasm; if
the cell is not already dead, the staining process itself will kill
it. The process is thus a drastic one and may produce artifacts.

The commonly used stains are salts. Basic stains con-
sist of a colored cation with a colorless anion (eg, methylene
blue* chloride); acidic stains are the reverse (eg, sodium®*
eosinate”). Bacterial cells are rich in nucleic acid, bearing neg-
ative charges as phosphate groups. These combine with the
positively charged basic dyes. Acidic dyes do not stain bacte-
rial cells and hence can be used to stain background material
a contrasting color (see Negative Staining).

The basic dyes stain bacterial cells uniformly unless the
cytoplasmic RNA is destroyed first. Special staining tech-
niques can be used, however, to differentiate flagella, capsules,
cell walls, cell membranes, granules, nucleoids, and spores.

The Gram Stain

An important taxonomic characteristic of bacteria is their
response to Gram stain. The Gram-staining property appears
to be a fundamental one because the Gram reaction is cor-
related with many other morphologic properties in phyloge-
netically related forms (see Chapter 3). An organism that is
potentially gram positive may appear so only under a partic-
ular set of environmental conditions and in a young culture.

The Gram-staining procedure (see Chapter 47 for details)
begins with the application of a basic dye, crystal violet. A
solution of iodine is then applied; all bacteria will be stained
blue at this point in the procedure. The cells are then treated
with alcohol. Gram-positive cells retain the crystal violet-
iodine complex, remaining blue; gram-negative cells are
completely decolorized by alcohol. As a last step, a counter-
stain (eg, the red dye safranin) is applied so that the decolor-
ized gram-negative cells will take on a contrasting color; the
gram-positive cells now appear purple.

The basis of the differential Gram reaction is the struc-
ture of the cell wall, as discussed earlier in this chapter.
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The Acid-Fast Stain

Acid-fast bacteria are those that retain carbolfuchsin (basic
fuchsin dissolved in a phenol-alcohol-water mixture) even
when decolorized with hydrochloric acid in alcohol. A smear
of cells on a slide is flooded with carbolfuchsin and heated on
a steam bath. After this, the discolorization with acid-alcohol
is carried out, and finally a contrasting (blue or green) coun-
terstain is applied (see Chapter 47). Acid-fast bacteria (myco-
bacteria and some of the related actinomycetes) appear red;
others take on the color of the counterstain.

Negative Staining

This procedure involves staining the background with an
acidic dye, leaving the cells contrastingly colorless. The black
dye nigrosin is commonly used. This method is used for cells or
structures that are difficult to stain directly (see Figure 2-23B).

The Flagella Stain

Flagella are too fine (12-30 nm in diameter) to be visible in
the light microscope. However, their presence and arrange-
ment can be demonstrated by treating the cells with an unsta-
ble colloidal suspension of tannic acid salts, causing a heavy
precipitate to form on the cell walls and flagella. In this man-
ner, the apparent diameter of the flagella is increased to such
an extent that subsequent staining with basic fuchsin makes
the flagella visible in the light microscope. Figure 2-30 shows
cells stained by this method.
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FIGURE 2-30 Flagella stain of Pseudomonas species. (Reproduced
with permission from Leifson E: Staining, shape and arrangement of
bacterial flagella. J Bacteriol 1951;62:377.)
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In peritrichous bacteria, the flagella form into bundles
during movement, and such bundles may be thick enough
to be observed on living cells by dark-field or phase contrast
microscopy.

The Capsule Stain

Capsules are usually demonstrated by the negative staining
procedure or a modification of it (see Figure 2-23). One such
“capsule stain” (Welch method) involves treatment with hot
crystal violet solution followed by a rinsing with copper sul-
fate solution. The latter is used to remove excess stain because
the conventional washing with water would dissolve the
capsule. The copper salt also gives color to the background,
with the result that the cell and background appear dark blue
and the capsule a much paler blue.

Staining of Nucleoids

Nucleoids are stainable with the Feulgen stain, which is spe-
cific for DNA (see Figure 2-5).

The Spore Stain

Spores are most simply observed as intracellular refractile
bodies (see Figure 2-28) in unstained cell suspensions or as
colorless areas in cells stained by conventional methods . The
spore wall is relatively impermeable, but dyes can be made
to penetrate it by heating the preparation. The same imper-
meability then serves to prevent decolorization of the spore
by a period of alcohol treatment sufficient to decolorize veg-
etative cells. The latter can finally be counterstained. Spores
are commonly stained with malachite green or carbolfuchsin
(Figure 2-31).

10 um

FIGURE 2-31 Endospore stain. Endospores retain the green
primary stain, malachite green. Counterstaining with safranin
imparts a red color to other cells. (© Jack M. Bostrack/Visuals
Unlimited.)

MORPHOLOGIC CHANGES DURING
GROWTH

Cell Division

Most bacteria divide by binary fission into two equal progeny
cells. In a growing culture of a rod-shaped bacterium such as
E coli, cells elongate and then form a partition that eventu-
ally separates the cell into two daughter cells. The partition is
referred to as a septum and is a result of the inward growth
of the cytoplasmic membrane and cell wall from opposing
directions until the two daughter cells are pinched off. The
chromosomes, which have doubled in number preceding the
division, are distributed equally to the two daughter cells.

Although bacteria lack a mitotic spindle, the septum is
formed in such a way as to separate the two sister chromo-
somes formed by chromosomal replication. This is accom-
plished by the attachment of the chromosome to the cell
membrane. According to one model, completion of a cycle of
DNA replication triggers active membrane synthesis between
the sites of attachment of the two sister chromosomes. The
chromosomes are then pushed apart by the inward growth of
the septum, one copy going to each daughter cell.

Cell Groupings

If the cells remain temporarily attached after division, cer-
tain characteristic groupings result. Depending on the plane
of division and the number of divisions through which the
cells remain attached, the following may occur in the coccal
forms: chains (streptococci), pairs (diplococci), cubical bun-
dles (sarcinae), or flat plates. Rods may form pairs or chains.

After fission of some bacteria, characteristic postdivision
movements occur. For example, a “whipping” motion can
bring the cells into parallel positions; repeated division and
whipping result in the “palisade” arrangement characteristic
of diphtheria bacilli.

CHAPTER SUMMARY

«  Microscopy has played an important role in our under-
standing of cell structure.

«  Eukaryotic cells are characterized by a membrane-bound
nucleus, an endoplasmic reticulum, 80S ribosomes, and
plastids (mitochondria and chloroplasts). The plasma
membrane is characterized by the presence of sterols
(cholesterol). Prokaryotic cells lack a true nucleus and
are haploid. The cytoplasm contains 70S ribosomes, and
they do not have mitochondria and chloroplasts.

«  The major functions of the cell membrane of prokaryotic
cells are (1) selective permeability and transport of
solutes; (2) electron transport and oxidative phosphor-
ylation, in aerobic species; (3) excretion of hydrolytic
enzymes and other proteins; (4) bearing the enzymes
and carrier molecules that function in the biosynthesis
of DNA, cell wall polymers, and membrane lipids; and




(5) bearing the receptors and proteins of the chemotac-
tic and other sensory transduction systems.

o Most bacteria are classified as gram-positive or gram-
negative according to their response to the Gram-staining
procedure. The differences between these two groups are
reflected by fundamental differences in their cell envelopes.

o Gram-positive cell wall consists of a plasma membrane
and thick peptidoglycan layer; the gram-negative cell wall
consists of a plasma membrane, a thin peptidoglycan layer,
and an outer membrane containing lipopolysaccharide
(endotoxin). The space between the plasma membrane
and outer membrane is referred to as the periplasmic space.

e Many bacteria synthesize large amounts of extracellular
polymers. When this polymer forms a condensed, well-
defined layer surrounding the cell that excludes particles
such as India ink, it is referred to as a capsule. Capsules
are an important virulence factor and protect the cell
from phagocytosis.

o Cell surface structures such as pili and flagella are impor-
tant for attachment and motility, respectively.

o  The formation of endospores is a characteristic of the
genera Bacillus and Clostridium and is triggered by near
depletion of nutrients in the environment. Endospores
(spores) are resting cells, highly resistant to desiccation,
heat, and chemical agents; when returned to favorable
nutritional conditions and activated, the spore germi-
nates to produce a vegetative cell.

REVIEW QUESTIONS

1. A 22-year-old man presents with a painless 1-cm ulcer on the
shaft of his penis. Inguinal lymphadenopathy is present. The
patient admits trading drugs for sex and has several sexual
partners. An RPR test result is positive, and syphilis is
suspected; however, a Gram stain of a swab specimen from the
ulcer shows no bacteria. Treponema pallidum, the causative agent
of syphilis, cannot be visualized by light microscopy because

(A) Itistransparent.

(B) It cannot be stained by ordinary stains.

(C) Ithasa diameter of less than 0.2 um.

(D) The wavelength of white light is too long.

(E) Rapid movement of the organism prevents visualization.
2. Chloramphenicol, an antibiotic that inhibits bacterial protein

synthesis, will also affect which of the following eukaryotic

organelles?

(A) Mitochondria
(B) Golgi apparatus
(C) Microtubules
(D) Endoplasmic reticulum
(E) Nuclear membrane
3. Which of the following structures is not part of the bacterial
cell envelope?
(A) Peptidoglycan
(B) Lipopolysaccharide
(C) Capsule
(D) Gas vacuole
(E) S-layer

10.
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. Which of the following transport mechanisms functions with-

out the requirement for energy?
(A) Binding protein dependent
(B) Group translocation

(C) Symport

(D) Uniport

(E) Facilitated diffusion

. Which of the following components is present in gram-negative

bacteria but not in gram-positive bacteria?
(A) Peptidoglycan

(B) Lipid A

(C) Capsule

(D) Flagella

(E) Pili

. Which of the following components is present in gram-positive

bacteria but not in gram-negative bacteria?
(A) Peptidoglycan

(B) Capsule

(C) Flagella

(D) Teichoic acid

(E) Diaminopimelic acid

. Inthe fall 0f 2001, a series of letters containing spores of Bacillus

anthracis were mailed to members of the media and to U.S.
Senate offices. The result was 22 cases of anthrax, with five
deaths. The heat resistance of bacterial spores, such as those
of Bacillus anthracis, is partly attributable to their dehydrated
state and partly to the presence of large amounts of

(A) Diaminopimelic acid

(B) p-Glutamic acid

(C) Calcium dipicolinate

(D) Sulthydryl-containing proteins

(E) Lipid A

. Which of the following terms does NOT describe the bacterial

chromosome?

(A) Haploid

(B) Diploid

(C) Circular

(D) Nucleoid

(E) Feulgen positive

. Lysozyme cleaves the B1—4 linkage between

(A) p-Alanine and the pentaglycine bridge

(B) N-Acetylmuramic acid and p-alanine

(C) Lipid A and KDO

(D) N-Acetylmuramic acid and N-acetylglucosamine

(E) p-Alanine and p-alanine

Mpycoplasma species lack which of the following components?

(A) Ribosomes

(B) Plasma membrane
(C) Both DNA and RNA
(D) Lipids

(E) Peptidoglycan

Answers

1. C 4. E 7. C 10. E
2. A 5 B 8. B

3. D
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Classification of Bacteria

TAXONOMY—THE VOCABULARY OF
MEDICAL MICROBIOLOGY

One has only to peruse the table of contents of this book to
appreciate the diversity of medical pathogens that are associ-
ated with infectious diseases. It has been estimated that we
currently have the capacity to identify fewer than 10% of the
pathogens responsible for causing human disease because
of our inability to culture or target these organisms using
molecular probes. Yet the diversity of even these identifi-
able pathogens is so great that it is important to understand
the subtle differences associated with each infectious agent.
The reason for understanding these subtleties is significant
because each infectious agent has specifically adapted to a
particular mode(s) of transmission, a mechanism(s) to grow
in human hosts (colonization), and a mechanism(s) to cause
disease (pathology). As such, a vocabulary that consistently
communicates the unique characteristics of infectious organ-
isms to students, microbiologists, and health care workers is
critical to avoid the chaos that would ensue without the orga-
nizational restraints of bacterial taxonomy (Gk. taxon =
arrangement; eg, the classification of organisms in an ordered
system that indicates a natural relationship).

Classification, nomenclature, and identification are
three separate but interrelated areas of bacterial taxonomy.
Classification is the categorization of organisms into taxo-
nomic groups. Classification of bacteria requires experimen-
tal and observational techniques; this is because biochemical,
physiologic, genetic, and morphologic properties are often nec-
essary for an adequate description of a taxon. Nomenclature
refers to the naming of an organism by international rules
(established by a recognized group of medical professionals)
according to its characteristics. Identification is practical use
of a classification scheme to (1) isolate and distinguish desir-
able organisms from undesirable ones, (2) verify the authentic-
ity or special properties of a culture in a clinical setting, and
(3) isolate and identify the causative agent of a disease. The lat-
ter may lead to the selection of specific pharmacologic treat-
ments directed toward their eradication, a vaccine mitigating
their pathology, or a public health measure (eg, handwashing
or use of a condom) that prevents their transmission.

CHAUPTER

Identification schemes are not classification schemes,
although there may be some superficial similarity. An iden-
tification scheme for a group of organisms can be devised
only after that group has first been classified (ie, recognized
as being different from other organisms). For example, the
popular literature has reported Escherichia coli as being a
cause of hemolytic uremic syndrome (HUS) in infants. There
are hundreds of different strains that are classified as E coli
but only a few that are associated with HUS. These strains
can be distinguished from the many other E coli strains
by antibody reactivity with their O- and H-antigens, as
described in Chapter 2 (eg, E coli O157:H7). Taxonomy, and
the nomenclature that accompanies it, is an imprecise and
evolving science. Just as our societal vocabulary evolves, so
does the vocabulary of medical microbiology. Any profes-
sional associated with infectious disease should be aware of
the evolving taxonomy of infectious microorganisms.

Taxonomic ranks form the basis for the organization of
bacteria. Linnaean taxonomy is the system most familiar to
biologists. It uses the formal taxonomic ranks of kingdom,
phylum, class, order, family, genus, and species. The lower
ranks are approved by a consensus of experts in the scientific
community (Table 3-1). Of these ranks, the family, genus, and
species are the most useful.

TABLE 3-1 Taxonomic Ranks
Formal Rank Example
Kingdom Prokaryotae
Division Gracilicutes
Class Scotobacteria
Order Eubacteriales
Family Enterobacteriaceae
Genus Escherichia
Species coli
Subtype Escherichia coliO157: H7
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CRITERIA FOR CLASSIFICATION
OF BACTERIA

Growth on Media

Suitable criteria for purposes of bacterial classification include
many of the properties that were described in the preced-
ing chapter. One criterion is growth on bacteriologic media.
In contrast to viruses and most parasites, many bacterial
pathogens can be isolated on solid agar-containing media.
The general cultivation of most bacteria requires media rich
in metabolic nutrients. These media generally include agar,
a carbon source, and an acid hydrolysate or enzymatically
degraded source of biologic material (eg, casein). Because of
the undefined composition of the latter, these types of media
are referred to as complex media.

Clinical samples from normally nonsterile sites (eg, the
throat or the colon) contain multiple species of organisms,
including potential pathogens and resident microbial flora.
Media can be nonselective or selective; the latter are used to
distinguish among the various bacteria in a clinical sample
containing many different organisms.

A. Nonselective Media

Blood agar and chocolate agar are examples of complex, non-
selective media, which support the growth of many different
bacteria. These media are intended to cultivate as many spe-
cies as possible, thus giving rise to numerous types of bacte-
rial colonies.

B. Selective Media

Because of the diversity of microorganisms that typically
reside at some sampling sites (eg, the skin, respiratory tract,
intestines, vagina), selective media are used to eliminate (or
reduce) the large numbers of irrelevant bacteria in these spec-
imens. The basis for selective media is the incorporation of an
inhibitory agent that specifically selects against the growth of
irrelevant bacteria. Examples of such agents are:

o Sodium azide—selects for gram-positive bacteria over
gram-negative bacteria

o Bile salts (sodium deoxycholate)—select for gram-
negative enteric bacteria and inhibit gram-negative
mucosal and most gram-positive bacteria

o  Colistin and nalidixic acid—inhibit the growth of many
gram-negative bacteria

Examples of selective media are MacConkey agar (con-
tains bile) that selects for the Enterobacteriaceae and CNA
blood agar (contains colistin and nalidixic acid) that selects
for Staphylococci and Streptococci.

C. Differential Media

Upon culture, some bacteria produce characteristic pigments,
and others can be differentiated on the basis of their comple-
ment of extracellular enzymes; the activity of these enzymes

often can be detected as zones of clearing surrounding colo-
nies grown in the presence of insoluble substrates (eg, zones of
hemolysis in agar medium containing red blood cells).

Many of the members of the Enterobacteriaceae can
be differentiated on the basis of their ability to metabo-
lize lactose. For example, whereas pathogenic salmonellae
and shigellae do not ferment lactose on a MacConkey plate
form white colonies, lactose-fermenting members of the
Enterobacteriaceae (eg, E coli) form red or pink colonies.

The number of differential media used in today’s clinical
laboratories is far beyond the scope of this chapter. However,
it should be noted that biochemical identification is an impor-
tant means to classify microbial pathogens.

Bacterial Microscopy

Historically, the Gram stain, together with visualization by
light microscopy, has been among the most informative meth-
ods for classifying the eubacteria. This staining technique
broadly divides bacteria on the basis of fundamental differ-
ences in the structure of their cell walls (see Chapter 2). This
typically represents the first step in identifying individual
microbial specimens (eg, are they gram negative or gram posi-
tive?) grown in culture or even directly from patient specimens
(eg, urine specimens).

Biochemical Tests

Tests such as the oxidase test, which uses an artificial electron
acceptor, can be used to distinguish organisms on the basis of
the presence or absence of a respiratory enzyme, cytochrome
C, the lack of which differentiates the Enterobacteriaceae from
other gram-negative rods. Similarly, catalase activity can be
used, for example, to differentiate between the gram-positive
cocci; the species staphylococci are catalase positive whereas
the species streptococci are catalase negative. If the organism is
demonstrated to be catalase positive (Staphylococcus spp.), the
species can be subdivided by a coagulase test into Staphylococcus
aureus (coagulase positive) or Staphylococcus epidermitidis
(coagulase negative) as demonstrated in Figure 3-1.

Ultimately, there are many examples of biochemical tests
that can ascertain the presence of characteristic metabolic
functions and be used to group bacteria into a specific taxon.
A nonexhaustive list of common biochemical tests is given in
Table 3-2.

Immunologic Tests—Serotypes,
Serogroups, and Serovars

The designation “sero” simply indicates the use of antibod-
ies (polyclonal or monoclonal) that react with specific bac-
terial cell surface structures such as lipopolysaccharide
(LPS), flagella, or capsular antigens. The terms “serotype,”
“serogroups,” and “serovars” are, for all practical purposes,
identical—they all use the specificity of these antibodies to
subdivide strains of a particular bacterial species. This has
been described earlier in this chapter as it relates to the rela-
tionship E coli O157:H7 and HUS.
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FIGURE 3-1 Algorithm for differentiating the gram-positive cocci.

Genetic Instability

The value of a taxonomic criterion depends upon the bio-
logic group being compared. Traits shared by all or none of
the members of a group cannot be used to distinguish its
members, but they may define a group (eg, all staphylococci
produce the enzyme catalase). Developments in molecular
biology now make it possible to investigate the relatedness of
genes or genomes by comparing sequences among different
bacteria (see Chapter 7). For these cases, genetic instability
can cause some traits to be highly variable within a biologic
group or even within a specific taxonomic group. For exam-
ple, antibiotic resistance genes or genes encoding enzymes
(eg, lactose utilization) may be carried on plasmids or bac-
teriophages (see Chapter 7), extrachromosomal genetic ele-
ments that may be transferred among unrelated bacteria or
that may be lost from a subset of bacterial strains identical
in all other respects. Many organisms are difficult to culti-
vate, and in these instances, techniques that reveal related-
ness by measurement of nucleic acid hybridization or by DNA
sequence analysis may be of particular value.

CLASSIFICATION SYSTEMS

Keys

Keys organize bacterial traits in a manner that permits effi-
cient identification of organisms. The ideal system should
contain the minimum number of features required for a cor-
rect categorization. Groups are split into smaller subgroups
based on the presence (+) or absence (-) of a diagnostic
character. Continuation of the process with different charac-
teristics guides the investigator to the smallest defined sub-
group containing the analyzed organism. In the early stages
of this process, organisms may be assigned to subgroups on
the basis of characteristics that do not reflect genetic relat-
edness. It would be perfectly reasonable, for example, for a
bacterial key to include a group such as “bacteria forming
red pigments when propagated on a defined medium” even
though this would include such unrelated forms as Serratia
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TABLE 3-2 Common Microbial Biochemical Tests
Used to Differentiate Among Bacteria

1. Carbohydrate breakdown. The ability to produce acidic
metabolic products, fermentatively or oxidatively, from a range
of carbohydrates (eg, glucose, sucrose, and lactose) has been
applied to the identification of most groups of bacteria. Such
tests are crude and imperfect in defining mechanisms, but
have proved useful for taxonomic purposes. More recently,
gas chromatographic identification of specific short-chain fatty
acids produced by fermentation of glucose has proved useful in
classifying many anaerobic bacteria.

2. Catalase production. The enzyme catalase catalyzes the
conversion of hydrogen peroxide to water and oxygen. When
a colony is placed in hydrogen peroxide, liberation of oxygen
as gas bubbles can be seen. The test is particularly useful in
differentiation of staphylococci (positive) from streptococci
(negative), but also has taxonomic application to Gram-negative
bacteria.

3. Citrate utilization. An agar medium that contains sodium
citrate as the sole carbon source may be used to determine
ability to use citrate. Bacteria that grow on this medium are
termed citrate-positive.

4. Coagulase. The enzyme coagulase acts with a plasma
factor to convert fibrinogen to a fibrin clot. It is used to
differentiate Staphylococcus aureus from other, less pathogenic
staphylococci.

5. Decarboxylases and deaminases. The decarboxylation or

deamination of the amino acids lysine, ornithine, and arginine

is detected by the effect of the amino products on the pH of the
reaction mixture or by the formation of colored products. These
tests are used primarily with Gram-negative rods.

Hydrogen sulfide. The ability of some bacteria to produce

H,S from amino acids or other sulfur-containing compounds is

helpful in taxonomic classification. The black color of the sulfide

salts formed with heavy metals such as iron is the usual means
of detection.

7. Indole. The indole reaction tests the ability of the organism
to produce indole, a benzopyrrole, from tryptophan. Indole
is detected by the formation of a red dye after addition of a
benzaldehyde reagent. A spot test can be done in seconds using
isolated colonies.

8. Nitrate reduction. Bacteria may reduce nitrates by several

mechanisms. This ability is demonstrated by detection of the

nitrites and/or nitrogen gas formed in the process.

O-Nitrophenyl-3-p-galactoside (ONPG) breakdown. The

ONPG test is related to lactose fermentation. Organisms that

possess the B-galactoside necessary for lactose fermentation

but lack a permease necessary for lactose to enter the cell are

ONPG-positive and lactose-negative.

10. Oxidase production. The oxidase tests detect the c component
of the cytochrome—-oxidase complex. The reagents used
change from clear to colored when converted from the reduced
to the oxidized state. The oxidase reaction is commonly
demonstrated in a spot test, which can be done quickly from
isolated colonies.

11. Proteinase production. Proteolytic activity is detected by
growing the organism in the presence of substrates such as
gelatin or coagulated egg.

12. Urease production. Urease hydrolyzes urea to yield two
molecules of ammonia and one of CO,. This reaction can be
detected by the increase in medium pH caused by ammonia
production. Urease-positive species vary in the amount of
enzyme produced; bacteria can thus be designated as positive,
weakly positive, or negative.

13. Voges-Proskauer test. The Voges—Proskauer test detects
acetylmethylcarbinol (acetoin), an intermediate product in the
butene glycol pathway of glucose fermentation.

6

9

Copyright © The McGraw-Hill Companies. (Reproduced with permission from
Ryan KJ, Ray CG (editors): Sherris Medical Microbiology, 5th ed. McGraw-Hill, 2010.)
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marcescens (see Chapter 15) and purple photosynthetic bacte-
ria (see Chapter 6). These two disparate bacterial assemblages
occupy distinct niches and depend on entirely different forms
of energy metabolism. Nevertheless, preliminary grouping of
the assemblages would be useful because it would immedi-
ately make it possible for an investigator having to identify a
red-pigmented culture to narrow the range of possibilities to
relatively few groups.

Numerical Taxonomy

Numerical taxonomy (also referred to as phenetics or taxo-
metrics) became widely used in the 1970s. These classifica-
tion schemes use a large number (frequently greater than
100) of unweighted taxonomically useful characteristics.
The Analytical Profile Index (API™) is a method commonly
used to identify a wide range of microorganisms. APIs
consist of a number of plastic strips, each of which has
about 20 miniature compartments containing biochemi-
cal reagents. Almost all cultivatable bacterial groups and
more than 550 different species can be identified using the
results of these API tests. These identification systems have
extensive databases of microbial biochemical reactions. The
numerical clusters derived from these tests identify differ-
ent strains at selected levels of overall similarity (usually
>80% at the species level) on the basis of the frequency with
which they share traits. In addition, numerical classification
provides percentage frequencies of positive character states
for all strains within each cluster. The limitation of this
approach is that it is a static system, which does not allow
for the evolution of bacteria and routine discovery of new
bacterial pathogens (Figure 3-2).

Phylogenetic Classification: Toward
an Understanding of Evolutionary
Relationships Among Bacteria

Phylogenetic classifications are measures between two organ-
isms and imply that they share a common ancestor. The fos-
sil record has made such inferences relatively easy to draw
for many representatives of plants and animals. However, no
such record exists for bacteria, and in the absence of molecu-
lar evidence, the distinction between convergent and diver-
gent evolution for bacterial traits can be difficult to establish.
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The genetic properties of bacteria allow genes to be
exchanged among distantly related organisms. Furthermore,
multiplication of bacteria is almost entirely vegetative, and
their mechanisms of genetic exchange rarely involve recombi-
nation among large portions of their genomes (see Chapter 7).
Therefore, the concept of a species—the fundamental unit
of eukaryotic phylogeny—has an entirely different meaning
when applied to bacteria. A eukaryotic species is a biologic
group capable of interbreeding, with the ultimate intent to
produce variable offspring. Because bacteria replicate clon-
ally by binary fission, they do not require a complementary
set of chromosomes in order to reproduce. Consequently, the
definition of a bacterial species is necessarily pragmatic and is
operationally defined. For the purposes of categorizing bac-
teria, a species is a genomically coherent group of individual
isolates or strains sharing a high degree of similarity in many
independent features when comparably tested under highly
standardized conditions. The decision to circumscribe clus-
ters of organisms within a bacterial species is made by the
taxonomist, who may choose to subdivide the group into bio-
types and to cluster species within genera. Broader groupings
such as families may be proposed. The formal ranks used in
the taxonomy of bacteria are listed in Table 3-1. For practi-
cal purposes, only the ranks of the family, genus, and species
are commonly used. There is considerable genetic diver-
sity among bacteria. Chemical characterization of bacterial
genomic DNA reveals a wide range of nucleotide base com-
positions among different bacterial strains. The guanine +
cytosine (G + C) content of closely related bacteria is simi-
lar, indicating that genetic relatedness of DNA from similar
organisms can be used as a measure of taxonomic related-
ness. The parameter of DNA-DNA similarity based on the
difference in thermal denaturation midpoint has been a gross
method for species delineation.

A more precise method is DNA sequencing. This
method has become a routine procedure, and comparison
of the DNA sequences of divergent genes can give a mea-
sure of their relatedness. Genes for different functions, such
as those encoding surface antigens to escape immune sur-
veillance, diverge at different rates relative to “housekeep-
ing” genes such as those that encode cytochromes. Thus,
DNA sequence differences among rapidly diverging genes
can be used to ascertain the genetic distance of closely
related groups of bacteria, and sequence differences among
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FIGURE 3-2 API™ test demonstrating how bacteria can be differentiated using a series of biochemical tests. Each small compartment contains
a dehydrated powder that can be inoculated from a bacterial culture. After incubation, the colorimetric changes can be scored numerically to
produce a number that matches to a specific bacterial species and genus. (Courtesy of bioMerieux, Inc.)



TABLE 3-3 Major Categories and Groups of Bacteria That Cause Disease in Humans as Part of an Identification

Scheme Described in Bergey’s Manual of Determinative Bacteriology, 9th Ed.

Bergey’s Manual of Systematic Bacteriology

Gram-negative eubacteria that have cell walls
Group 1: The spirochetes

Group 2: Aerobic/microaerophilic, motile helical/vibroid gram-negative bacteria

Group 3: Nonmotile (or rarely motile) curved bacteria
Group 4: Gram-negative aerobic/microaerophilic rods and cocci

Group 5: Facultatively anaerobic gram-negative rods

Group 6: Gram-negative, anaerobic, straight, curved, and helical rods

Group 7: Dissimilatory sulfate- or sulfur-reducing bacteria
Group 8: Anaerobic gram-negative cocci
Group 9: The rickettsiae and chlamydiae

Group 10: Anoxygenic phototrophic bacteria

Group 11: Oxygenic phototrophic bacteria

Group 12: Aerobic chemolithotrophic bacteria and assorted organisms
Group 13: Budding or appendaged bacteria

Group 14: Sheathed bacteria

Group 15: Nonphotosynthetic, nonfruiting gliding bacteria

Group 16: Fruiting gliding bacteria: the myxobacteria

. Gram-positive bacteria that have cell walls

Group 17: Gram-positive cocci

Group 18: Endospore-forming gram-positive rods and cocci
Group 19: Regular, nonsporing gram-positive rods
Group 20: Irregular, nonsporing gram-positive rods

Group 21: The mycobacteria
Groups 22-29: Actinomycetes

Cell wall-less eubacteria: The mycoplasmas or mollicutes
Group 30: Mycoplasmas

. Archaebacteria

Group 31: The methanogens

Group 32: Archaeal sulfate reducers

Group 33: Extremely halophilic archaebacteria

Group 34: Cell wall-less archaebacteria

Group 35: Extremely thermophilic and hyperthermophilic sulfur metabolizers

Treponema
Borrelia
Leptospira
Campylobacter
Helicobacter
Spirillum
None
Alcaligenes
Bordetella
Brucella
Francisella
Legionella
Moraxella
Neisseria
Pseudomonas
Rochalimaea
Bacteroides (some species)
Escherichia (and related coliform bacteria)
Klebsiella
Proteus
Providencia
Salmonella
Shigella
Yersinia

Vibrio
Haemophilus
Pasteurella
Bacteroides
Fusobacterium
Prevotella
None

None
Rickettsia
Coxiella
Chlamydia
None

None

None

None

None
Capnocytophaga
None

Enterococcus
Peptostreptococcus
Staphylococcus
Streptococcus
Bacillus
Clostridium
Erysipelothrix
Listeria
Actinomyces
Corynebacterium
Mobiluncus
Mpycobacterium
Nocardia
Streptomyces
Rhodococcus

Mycoplasma
Ureaplasma

None
None
None
None
None
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FIGURE 3-3 A phylogenetic tree based on rRNA data, showing the separation of bacteria, archaea, and eukaryotes families. The groups of
the major known pathogenic bacteria are designated in grey. The only group of pathogenic bacteria that does not cluster in this shaded area is

the Bacteroides group.

housekeeping genes can be used to measure the relatedness
of widely divergent groups of bacteria.

Ribosomal RNA

Ribosomes have an essential role in protein synthesis for
all organisms. Genetic sequence encodings both ribosomal
RNAs (rRNA) and proteins (both of which are required to
comprise a functional ribosome) have been highly conserved
throughout evolution and have diverged more slowly than
other chromosomal genes. Comparison of the nucleotide
sequence of 16S ribosomal RNA from a range of prokaryotic
sources revealed evolutionary relationships among widely
divergent organisms and has led to the elucidation of a new
kingdom, the Archaebacteria. The phylogenetic tree based
on ribosomal RNA (rRNA) data, showing the separation of
bacteria, archaea, and eukaryote families, is depicted in
Figure 3-3, which shows the three major domains of bio-
logical life as they are currently understood. From this dia-
gram, two kingdoms, the Eubacteria (true bacteria) and the
Archaebacteria, are distinct from the Eukaryotic branch.

DESCRIPTION OF THE MAJOR
CATEGORIES AND GROUPS OF BACTERIA

Bergey’s Manual of Systematic
Bacteriology

The definitive work on the taxonomic organization of bacteria is
the latest edition of Bergey’s Manual of Systematic Bacteriology.
First published in 1923, this publication taxonomically

classifies, in the form of a key, known bacteria that have or have
not been cultured or well-described. A companion volume,
Bergey’s Manual of Determinative Bacteriology, serves as an aid
in the identification of bacteria that have been described and
cultured. The major bacteria that cause infectious diseases, as
categorized in Bergey’s Manual, are listed in Table 3-3. Because
it is likely that emerging information concerning phylogenetic
relationships will lead to further modifications in the organi-
zation of bacterial groups within Bergey’s Manual, its designa-
tions must be regarded as a work in progress.

As discussed in Chapter 2, there are two different groups
of prokaryotic organisms, eubacteria and archaebacteria.
Both are small unicellular organisms that replicate asexually.
Eubacteria refer to classic bacteria as science has historically
understood them. They lack a true nucleus, have characteris-
tic lipids that make up their membranes, possess a peptido-
glycan cell wall, and have a protein and nucleic acid synthesis
machinery that can be selectively inhibited by antimicrobial
agents. In contrast, archaebacteria do not have a classic pepti-
doglycan cell wall and have many characteristics (eg, protein
synthesis and nucleic acid replication machinery) that are
similar to those of eukaryotic cells (Table 3-4).

The Eubacteria

A. Gram-Negative Eubacteria

This is a heterogeneous group of bacteria that have a com-
plex (gram-negative type) cell envelope consisting of an outer
membrane, a periplasmic space containing a thin peptido-
glycan layer, and a cytoplasmic membrane. The cell shape
(Figure 3-4) may be spherical, oval, straight or curved rods,
helical, or filamentous; some of these forms may be sheathed
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TABLE 3-4 Key Characteristics Shared by Archaebacteria and Eukaryotic Cells That are Absent from Eubacteria

Archaebacteria,

Characteristic Eubacteria Eukaryotes

Elongation factor-2 (EF-2) contains the amino acid diphthamide and is therefore No Yes
ADP-ribosylable by diphtheria toxin

The methionyl initiator tRNA is not formylated No Yes

Some tRNA genes contain introns No Yes in eukaryotes

Protein synthesis is inhibited by anisomycin but not by chloramphenicol No Yes

DNA-dependent RNA polymerases are multicomponent enzymes insensitive to the No Yes
antibiotics rifampin and streptomycin

DNA-dependent RNA polymerases are multicomponent enzymes and are No Yes

insensitive to the antibiotics rifampin and streptolydigin

or encapsulated. Reproduction is by binary fission, but some
groups reproduce by budding. Fruiting bodies and myxo-
spores may be formed by the myxobacteria. Motility, if
present, occurs by means of flagella or by gliding motility.
Members of this category may be phototrophic or nonphoto-
trophic (see Chapter 5) bacteria and include aerobic, anaero-
bic, facultatively anaerobic, and microaerophilic species.

B. Gram-Positive Eubacteria

These bacteria have a cell wall profile of the gram-positive
type; cells generally, but not always, stain gram positive. The
cell envelope of gram-positive organisms consists of a thick
cell wall that determines cellular shape and a cytoplasmic
membrane. These cells may be encapsulated and can exhibit
flagellar-mediated motility. Cells may be spherical, rods,
or filaments; the rods and filaments may be nonbranching
or may show true branching. Reproduction is generally by
binary fission. Some bacteria in this category produce spores
(eg, Bacillus and Clostridium spp.) as resting forms that are
highly resistant to disinfection. The gram-positive eubacteria
are generally chemosynthetic heterotrophs (see Chapter 5)

and include aerobic, anaerobic, and facultatively anaerobic
species. The groups within this category include simple aspo-
rogenous and sporogenous bacteria as well as the structurally
complex actinomycetes and their relatives.

C. Eubacteria Lacking Cell Walls

These are microorganisms that lack cell walls (commonly
called mycoplasmas and making up the class Mollicutes)
and do not synthesize the precursors of peptidoglycan. They
are enclosed by a unit membrane, the plasma membrane
(Figure 3-5). They resemble the L-forms that can be gener-
ated from many species of bacteria (notably gram-positive
eubacteria); unlike L-forms, however, mycoplasmas never
revert to the walled state, and there are no antigenic relation-
ships between mycoplasmas and eubacterial L-forms.

Six genera have been designated as mycoplasmas on the
basis of their habitat; however, only two genera contain ani-
mal pathogens. Mycoplasmas are highly pleomorphic organ-
isms and range in size from vesicle-like forms to very small
(0.2 pm), filterable forms (meaning that they are too small
to be captured on filters that routinely trap most bacteria).
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FIGURE 3-4 The cell shapes that occur among unicellular true bacteria. A: Coccus. B: Rod. C: Spiral. (Phase contrast, 1500X.) (Reproduced
with permission from Stanier RY, Doudoroff M, Adelberg EA: The Microbial World, 3rd ed. Copyright © 1970. By permission of Prentice-Hall, Inc.,

Englewood Cliffs, NJ.)
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FIGURE 3-5 Electron micrograph of cells of a member of the
mycoplasma group, the agent of bronchopneumonia in the rat
(1960X). (Reproduced with permission from Klieneberger-Nobel E,
Cuckow FW: A study of organisms of the pleuropneumonia group by
electron microscopy. J Gen Microbiol 1955;12:99.)

Reproduction may be by budding, fragmentation, or binary
fission, singly or in combination. Most species require a
complex medium for growth and tend to form characteristic
“fried egg” colonies on a solid medium. A unique character-
istic of the Mollicutes is that some genera require cholesterol
for growth; unesterified cholesterol is a unique component
of the membranes of both sterol-requiring and non-sterol-
requiring species if present in the medium.

The Archaebacteria

These organisms are predominantly inhabitants of extreme
terrestrial and aquatic environments (high salt, high temper-
ature, anaerobic) and are often referred to as “extremeophiles”;
some are symbionts in the digestive tract of humans and ani-
mals. The archaebacteria consist of aerobic, anaerobic, and
facultatively anaerobic organisms that are chemolithotrophs,
heterotrophs, or facultative heterotrophs. Some species are
mesophiles, but others are capable of growing at tempera-
tures above 100°C. These hyperthermophilic archaebacteria
are uniquely adapted for growth at high temperatures. With
few exceptions, enzymes isolated from these organisms are
intrinsically more thermostable than their counterparts from
mesophilic organisms. Some of these thermostable enzymes,
such as the DNA polymerase from Thermus aquaticus (Taq
polymerase), are important components of DNA amplifica-
tion methods such as the polymerase chain reaction (PCR).
Archaebacteria can be distinguished from eubacteria in
part by their lack of a peptidoglycan cell wall, possession of
isoprenoid diether or diglycerol tetraether lipids, and charac-
teristic ribosomal RNA sequences. Archaebacteria also share

some molecular features with eubacteria (Table 3-4). Cells may
have a diversity of shapes, including spherical, spiral, and plate
or rod shaped; unicellular and multicellular forms in filaments
or aggregates also occur. Multiplication occurs by binary fis-
sion, budding, constriction, fragmentation, or other unknown
mechanisms.

SUBTYPING AND ITS APPLICATION

Under certain circumstances (eg, an epidemic), it is important
to distinguish among strains of a given species or to identify
a particular strain. This is called subtyping and is accom-
plished by examining bacterial isolates for characteristics
that allow discrimination below the species level. Classically,
subtyping has been accomplished by biotyping, serotyp-
ing, antimicrobial susceptibility testing, and bacteriophage
typing. For example, more than 130 serogroups of Vibrio chol-
erae have been identified on the basis of antigenic differences
in the O-polysaccharide of their LPS; however, only the Ol and
0139 serogroups are associated with epidemic and pandemic
cholera. Within these serogroups, only strains that produce a
particular bundle-forming pilus and cholera toxin are viru-
lent and cause the disease cholera. By contrast, nontoxigenic
V cholerae strains, which are not associated with epidemic
cholera, have been isolated from environmental specimens,
from food, and from patients with sporadic diarrhea.

Serologic Typing
Clonality with respect to isolates of microorganisms from a
common source outbreak (point source spread) is an impor-
tant concept in the epidemiology of infectious diseases.
Etiologic agents associated with these outbreaks are generally
clonal; in other words, they are the progeny of a single cell
and thus, for all practical purposes, are genetically identical.
Thus, subtyping plays an important role in discriminating
among these particular microorganisms. Recent advances in
biotechnology have dramatically improved our ability to sub-
type microorganisms. Hybridoma technology has resulted
in the development of monoclonal antibodies against cell
surface antigens, which have been used to create highly stan-
dardized antibody-based subtyping systems that describe
bacterial serotypes. This is an important tool for defining the
epidemiologic spread of a bacterial infection.

Other organisms cannot be identified as unique serotypes.
For example, some pathogens (eg, Neisseria gonorrhoeae) are
transmitted as an inoculum composed of quasispecies (mean-
ing that there is extensive antigenic variation among the
bacteria present in the inoculum). In these cases, groups of
hybridomas that recognize variants of the original organisms
are used to categorize serovariants or serovars.

Genotyping

Genotyping multilocus enzyme electrophoresis (MLEE),
which has been a standard method for investigating
eukaryotic population genetics, has also been used to study
the genetic diversity and clonal structure of pathogenic



microorganisms. MLEE involves the determination of the
mobilities of a set of soluble enzymes (usually 15-25 enzymes)
by starch gel electrophoresis. Because the rate of migration
of a protein during electrophoresis and its net electrostatic
charge are determined by its amino acid sequence, mobil-
ity variants (referred to as electromorphs or allozymes) of
an enzyme reflect amino acid substitutions in the protein
sequence, which reflect changes in the DNA sequence encod-
ing the protein. The enzyme-encoding structural genes of
E coli exhibit extensive genetic diversity; however, by using
MLEE, investigators at the Centers for Disease Control and
Prevention were able to ascertain that the HUS pathogen
E coli serotype O157:H7 are descended from a clone that is
widely distributed in North America.

Chemical Fingerprinting

The characterization or identification of isolates has been
improved by applying physical methods to prokaryotic cells,
such as Fourier transform infrared spectroscopy (FTIR),
pyrolysis/mass spectrometry, and matrix-assisted laser
desorption/ionization with time-of-flight (Maldi/Tof) or
spray ionization mass spectrometry. The equipment required
for these powerful techniques is expensive and is not rou-
tinely available to clinical laboratories.

NUCLEIC ACID-BASED TAXONOMY

Since 1975, developments in nucleic acid isolation, ampli-
fication, and sequencing spurred the evolution of nucleic
acid-based subtyping systems. These include plasmid profile
analysis; restriction endonuclease analysis; ribotyping; pulsed
field gel electrophoresis; PCR amplification and restriction
endonuclease digestion of specific genes; arbitrarily primed
PCR; and nucleic acid sequence analysis.

Plasmid Analysis

Plasmid profile analysis was the first and the simplest nucleic
acid-based technique applied to epidemiologic studies.
Plasmids, which are extrachromosomal genetic elements
(see Chapter 7), are isolated from each bacterium and then
separated by agarose gel electrophoresis to determine their
number and size. However, plasmids of identical size with
different sequences can exist in many bacteria. Thus, digest-
ing the plasmids with restriction endonucleases and then
comparing the number and size of the resulting restriction
fragments often provides additional useful information.
Plasmid analysis has been shown to be most useful for exam-
ining outbreaks that are restricted in time and place (eg, an
outbreak in a hospital), particularly when they are combined
with other identification methods.

Restriction Endonucleases Analysis

The use of restriction enzymes to cleave DNA into discrete
fragments is one of the most basic procedures in molecular
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biology. Restriction endonucleases recognize short DNA
sequences (restriction sequence), and they cleave double-
stranded DNA within or adjacent to this sequence. Restriction
sequences range from four to more than 12 bases in length
and occur throughout the bacterial chromosome. Restriction
enzymes that recognize short sequences (eg, four base pairs)
occur more frequently than those that recognize longer
sequences (eg, 12 base pairs). Thus, enzymes that recognize
short DNA sequences produce more fragments than enzymes
that recognize infrequently occurring long DNA sequences.
Several subtyping methods use restriction endonuclease-
digested DNA. The basic method involves digesting DNA with
an enzyme that recognizes a frequently occurring restriction
site and separating the fragments, which generally range from
0.5 to 50 kb in length, by agarose gel electrophoresis fol-
lowed by visualization under ultraviolet light after staining
with ethidium bromide. One of the major limitations of this
technique is the difficulty in interpreting the complex profiles
consisting of hundreds of bands that may be unresolved and
overlapping. The use of restriction endonucleases that cut at
infrequently occurring restriction sites has circumvented this
problem. Digestion of DNA with these enzymes generally
results in five to 20 fragments ranging from approximately
10-800 kb in length. Separation of these large DNA frag-
ments is accomplished by a technique called pulsed field gel
electrophoresis (PFGE), which requires specialized equip-
ment. Theoretically, all bacterial isolates can be typed by this
method. Its advantage is that the restriction profile consists of
a finite number of well-resolved bands representing the entire
bacterial chromosome in a single gel.

Southern Blot Analysis

This analysis was named after its inventor, Edwin Mellor
Southern, and has been used as a subtyping method to iden-
tify isolates associated with outbreaks. For this analysis, DNA
preparations from bacterial isolates are subjected to restric-
tion endonuclease digestion. After agarose gel electrophore-
sis, the separated restriction fragments are transferred to a
nitrocellulose or nylon membrane. These double-stranded
DNA fragments are first converted into single-stranded lin-
ear sequences. Using a labeled fragment of DNA as a probe,
it is possible to identify the restriction fragments contain-
ing sequences (loci) that are homologous to the probe by
complementation to the bound single-stranded fragments
(Figure 3-6). Restriction fragment length polymorphisms
(RFLPs) refer to variations in both the number of loci that are
homologous to the probe and the location of restriction sites
that are within or flanking those loci.

Ribotyping

This method uses Southern blot analysis to detect polymor-
phisms of rRNA genes, which are present in all bacteria.
Because ribosomal sequences are highly conserved, they can
be detected with a common probe prepared from the 16S
and 23S rRNA of a eubacterium E coli. Many organisms have
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FIGURE 3-6 Southern blot procedure showing how specific loci on separated DNA fragments can be detected with a labeled DNA probe. This
procedure in essence allows for the discrimination of DNA at three levels: (1) at the level of restriction enzyme recognition, (2) by the size of the
DNA fragment, and (3) by the hybridization of a DNA probe to a specific locus defined by a specific band at a specific position of the membrane.

multiple copies (five to seven) of these genes, resulting in pat-
terns with a sufficient number of bands to provide good dis-
criminatory power; however, ribotyping are of limited value
for some microorganisms, such as mycobacteria, which have
only a single copy of these genes.

Repetitive Sequences

In the current genomic era of molecular medicine, hundreds
of microbial genomes have now been sequenced. With this era

have come bioinformatical tools to mine this wealth of DNA
sequence information to identify novel targets for pathogen
subtyping, such as the repetitive sequences that have been
found in different species (see Chapter 7). These repetitive
sequences have been termed satellite DNA and have repeat-
ing units that range from 10 to 100 bp. They are commonly
referred to as variable number tandem repeats (VNTRs).
VNTRs have been found in regions controlling gene expres-
sion and within open reading frames. The repeat unit and the
number of copies repeated side by side define each VNTR



locus. A genotyping approach using PCR, referred to as
multiple-locus VNTR analysis (MLVA), takes advantage
of the levels of diversity generated by both repeat unit size
variation and copy number among a number of characterized
loci. It has proved especially useful in subtyping monomor-
phic species such as Bacillus anthracis, Yersinia pestis, and
Francisella tularensis.

Microbial Forensics

Genotyping methods are progressing toward the identifica-
tion of single nucleotide polymorphisms (SNPs) in both open
reading frames and intergenic regions to address a diverse
range of epidemiologic and evolutionary questions. The field
of microbial forensics has developed in the wake of bioterrorist
attacks with spores of Bacillus anthracis (anthrax) in the fall
of 2001. Microbial forensics was part of the criminal investi-
gation used to identify the precise strain and substrain of the
microorganism used in this biocrime.

NONCULTURE METHODS FOR THE
IDENTIFICATION OF PATHOGENIC
MICROORGANISMS

Attempts to estimate total numbers of eubacteria, archae-
bacteria, and viruses are problematic because of difficulties
such as detection in and recovery from the environment,
our incomplete knowledge of obligate microbial associa-
tions, and the problem of the species concept in these groups.
Nevertheless, estimates indicate that the numbers of uncul-
tured microbial taxa greatly exceed those of the cultured
organisms (Table 3-5). However, more recent estimates
suggest that the number of bacterial species in the world is
between 107 and 10°. Until very recently, microbial identifica-
tion required the isolation of pure cultures followed by test-
ing for multiple physiologic and biochemical traits. Clinicians
have long been aware of human diseases that are associated
with visible but nonculturable microorganisms. Scientists are
now using a PCR-assisted approach using rRNA to identify

TABLE 3-5 Known and Estimated Numbers of
Biologic Species®

Known Estimated Total Percentage of
Group Species Species Known Species
Viruses 5000 130,000 4
Bacteria 4760 40,000 12
Fungi 69,000 1,500,000 5
Algae 40,000 60,000 67
Protozoa 30,800 100,000 31

*Modified with permission of Annual Reviews, Inc., from Bull AT et al: Biodiversity
as a source of innovation in biotechnology. Ann Rev Microbiol 1992;46:219.
Permission conveyed through Copyright Clearance Center, Inc.
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pathogenic microorganisms in situ. The first phase of this
approach involves the extraction of DNA from a suitable
specimen, the use of standard molecular techniques to obtain
a clone library, the retrieval of rRNA sequence informa-
tion, and a comparative analysis of the retrieved sequences.
This yields information on the identity or relatedness of
the sequences in comparison with the available data base.
In the second phase, proof that the sequences are from cells
in the original specimen is obtained by in situ hybridiza-
tion using sequence-specific probes. This approach has
been used in the identification of pathogenic microorgan-
isms. For example, a previously uncharacterized pathogen
has been identified as the Whipple-disease-associated rod-
shaped bacterium now designated Tropheryma whipplei.
This rRNA approach has also been used to identify the etio-
logic agent of bacillary angiomatosis as Bartonella henselae
and to show that the opportunistic pathogen Pneumocystis
jiroveci is a member of the fungi. Undoubtedly, these and
other techniques will identify additional etiologic agents in
the future.

OBJECTIVES

1. Understand how the vocabulary of taxonomy is critical to
communicating the science of infectious diseases.

2. Know the taxonomic ranks.

3. Appreciate the growth, biochemical, and genetic charac-
teristics that are used in differentiating bacteria.

4. Understand the differences between the Eubacteria,
Archaebacteria, and Eukaryotes.

5. Be conversant in the different tools for nucleic acid-based
taxonomy.

REVIEW QUESTIONS

1. Eubacteria that lack cell walls and do not synthesize the precur-
sors of peptidoglycan are called
(A) Gram-negative bacteria
(B) Viruses
(C) Mycoplasmas
(D) Serovar variant
(E) Bacilli

2. Archaebacteria can be distinguished from eubacteria by their
lack of
(A) DNA
(B) RNA
(C) Ribosomes
(D) Peptidoglycan
(E) Nucleus

3. A 16-year-old cystic fibrosis patient is admitted to the hospital. A
sputum culture yields Burkholderia cepacia. Subsequently, there
are two other patients with B. cepacia bacteremia, and the or-
ganism is cultured from the sputum of four additional patients.
During this nosocomial outbreak of B. cepacia, 50 environmen-
tal and seven patient isolates are being subtyped to identify the
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source of the outbreak. Which of the following techniques would
be most useful in this endeavor?

(A) Culture
(B) Ribotyping
(C) 16S rRNA sequencing
(D) Antimicrobial susceptibility testing
(E) Nucleic acid sequencing

4. An unculturable gram-positive microorganism has been visual-
ized in tissue specimens obtained from patients with a previously
undescribed disease. Which of the following techniques would
be most useful in identifying this organism?

(A) Serology
(B) PCR amplification and sequencing of rRNA genes
(C) Multilocus enzyme electrophoresis
(D) SDS-polyacrylamide gel electrophoresis
(E) Pulsed field gel electrophoresis
5. The DNA polymerase from Thermus aquaticus is an important
component of DNA amplification methods such as the poly-
merase chain reaction. This organism is capable of growing at
temperatures above 100°C. Organisms that are capable of growth
at these temperatures are referred to as
(A) Mesophiles
(B) Psychrophiles
(C) Halophiles
(D) Thermophiles
(E) Chemolithotrophs

Answers
1. C 3. E 5. D
2. D 4. B
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The Growth, Survival, and
Death of Microorganisms

SURVIVAL OF MICROORGANISMS IN THE
NATURAL ENVIRONMENT

The population of microorganisms in the biosphere remains
roughly constant because the growth of microorganisms is in turn
balanced by the death of these organisms. The survival of any
microbial group, within a specific niche, is ultimately influenced
by successful competition for nutrients and by maintenance of
a pool of living cells, often composed of host cells and a consor-
tia of different microorganisms. Consequently, understanding
competition for nutritional resources within a given microenvi-
ronment is essential to understanding the growth, survival, and
evolution of bacterial species (also known as physiology).

Much of our understanding of microbial physiology has
come from the study of isolated cultures grown under opti-
mal conditions in laboratories (nutrient excess); these obser-
vations form the basis for this section. To the contrary, most
microorganisms compete in the natural environment under
nutritional stress. Furthermore, it should be recognized that
a vacant microbial niche in the environment will soon be
filled with another consortiae of bacteria. It is somewhat of
a conundrum that public health procedures stress the elimi-
nation of microorganisms, yet by clearing their niche, these
spaces can be filled with other bacterial species. In the end,
understanding the complex interactions that ensure the
survival of a specific bacterium in a microbially diverse bio-
sphere is a matter of physiologic efficiency.

THE MEANING OF GROWTH

Growth is the orderly increase in the sum of all the components
of an organism. The increase in size that results when a cell takes
up water or deposits lipid or polysaccharide is not true growth.
Cell multiplication is a consequence of cell division of unicel-
lular organisms, growth leads to an increase in the number of
single bacteria making up a population, referred to as a culture.

The Measurement of Microbial
Concentrations

Microbial concentrations can be measured in terms of cell
concentration (the number of viable cells per unit volume of
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culture) or of biomass concentration (dry weight of cells per
unit volume of culture). These two parameters are not always
equivalent because the average dry weight of the cell varies
at different stages in the history of a culture. Nor are they of
equal significance: In studies of microbial genetics and the
inactivation of microbes, cell concentration is the significant
quantity; in studies on microbial biochemistry or nutrition,
biomass concentration is the significant quantity.

A. Cell Concentration

The viable cell count (Table 4-1) is typically considered the
measure of cell concentration. For most purposes, the turbid-
ity of a culture, measured by photoelectric means, is related
to the viable count in the form of a standard curve. As an
alternative a rough visual estimate is sometimes possible:
For example, a barely turbid suspension of Escherichia coli
contains about 107 cells per milliliter, and a fairly turbid sus-
pension contains about 10° cells per milliliter. In using tur-
bidimetric measurements, the correlation between turbidity
and viable count can vary during the growth and death of a
culture; cells may lose viability without producing a loss in
turbidity of the culture.

B. Biomass Density

In principle, biomass can be measured directly by determining
the dry weight of a microbial culture after it has been washed
with distilled water. In practice, this procedure is cumber-
some, and the investigator customarily prepares a standard
curve that correlates dry weight with turbidity. Alternatively,
the concentration of biomass can be estimated indirectly by
measuring an important cellular component such as protein
or by determining the volume occupied by cells that have
settled out of suspension.

EXPONENTIAL GROWTH
The Growth Rate Constant

The growth rate of cells unlimited by nutrient is first order:
The rate of growth (measured in grams of biomass produced

55
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TABLE 4-1 Example of a Viable Count
Dilution Plate Count®
Undiluted Too many to count

107" Too many to count
1072 510
10°2 72
10 6

10 1

Each count is the average of three replicate plates.

per hour) is the product of time (t), the growth rate constant
(k), and the biomass concentration B:
9B _ip (1)
dt
Rearrangement of equation (1) demonstrates that the
growth rate constant is the rate at which cells are producing
more cells:

k=24 @
dB
A growth rate constant of 4.3 h™, one of the highest
recorded, means that each gram of cells produces 4.3 g of cells
per hour during this period of growth. Slowly growing organ-
isms may have growth rate constants as low as 0.02 h™'. With
this growth rate constant, each gram of cells in the culture
produces 0.02 g of cells per hour.
Integration of equation (1) yields

B B
InB—1 =2.3log,, B—l =k(t,— t,) ©)

0 0

The natural logarithm of the ratio of B, (the biomass at
time 1 [t]) to B, (the biomass at time zero [t ]) is equal to
the product of the growth rate constant (k) and the differ-
ence in time (f, - ). Growth obeying equation (3) is termed
exponential because biomass increases exponentially with
respect to time. Linear correlations of exponential growth are
produced by plotting the logarithm of biomass concentration
(B) as a function of time (¢).

Calculation of the Growth Rate Constant
and Prediction of the Amount of Growth

Bacteria reproduce by binary fission, and the average time
required for the population, or the biomass, to double is
known as the generation time or doubling time (¢,). Usually
the ¢, is determined by plotting the amount of growth on
a semi-logarithmic scale as a function of time; the time
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FIGURE 4-1 Exponential growth. The biomass (B) doubles with
each doubling time (t).

required for doubling the biomass is ¢, (Figure 4-1). The
growth rate constant can be calculated from the doubling
time by substituting the value 2 for B /B, and t, for ¢, - t in
equation (3), which yields

In2=kt,
k= II1_2 4)
ty

A rapid doubling time corresponds to a high growth
rate constant. For example, a doubling time of 10 minutes
(0.17 hour) corresponds to a growth rate constant of 4.1 h™.
The relatively long doubling time of 35 hours indicates a
growth rate constant of 0.02 h™".

The calculated growth rate constant can be used either to
determine the amount of growth that will occur in a specified
period of time or to calculate the amount of time required for
a specified amount of growth.

The amount of growth within a specified period of time
can be predicted on the basis of the following rearrangement
of equation (3):

log,, B _kt-t) (5)
B, 23

It is possible to determine the amount of growth that
would occur if a culture with a growth rate constant of 4.1 h™
grew exponentially for 5 hours:

B, _4.1h™ x5h ©)

g 23

1
og B,

In this example, the increase in biomass is 10~% a single
bacterial cell with a dry weight of 2 x 107" g would give rise to
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0.2 mg of biomass, a quantity that would densely populate a
5-mL culture. Clearly, this rate of growth cannot be sustained
for a long period of time. Another 5 hours of growth at this
rate would produce 200 kg dry weight of biomass, or roughly
1 ton of cells.

Another rearrangement of equation (3) allows calcula-
tion of the amount of time required for a specified amount
of growth to take place. In equation (7), shown below, N, cell
concentration, is substituted for B, biomass concentration, to
permit calculation of the time required for a specified increase
in cell number.

_ 2.3log,,(N,/N,) (7)
=ty ==

Using equation (7), it is possible, for example, to deter-
mine the time required for a slowly growing organism with
a growth rate constant of 0.02 h™' to grow from a single cell
into a barely turbid cell suspension with a concentration of
107 cells per milliliter.

23 X7

=237 ®)
0.02h

17 o
Solution of equation (8) reveals that about 800 hours—
slightly more than a month—would be required for this
amount of growth to occur. The survival of slowly growing
organisms implies that the race for biologic survival is not
always to the swift—these species flourish that compete suc-
cessfully for nutrients and avoid annihilation by predators
and other environmental hazards.

THE GROWTH CURVE

If a fixed volume of liquid medium is inoculated with
microbial cells taken from a culture that has previously
been grown to saturation and the number of viable cells per
milliliter is determined periodically and plotted, a curve of
the type shown in Figure 4-2 is usually obtained. The phases

Stationary
phase

Death or

Log or logarithmic
exponential decline phase
growth

phase

Lag
phase

Log cell concentration

Time

FIGURE 4-2 A bacterial growth curve.
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TABLE 4-2 Phases of the Microbial Growth Curve

Phase Growth Rate
Lag Zero
Exponential Constant
Maximum stationary Zero

Decline Negative (death)

of the bacterial growth curve shown in Figure 4-2 are reflec-
tions of the events in a population of cells, not in individual
cells. This type of culture is referred to as a batch culture.
The typical growth curve may be discussed in terms of four
phases (Table 4-2). Batch culture is a closed system with finite
resources; this is very different from the environment of the
human host.

The Lag Phase

The lag phase represents a period during which cells, depleted
of metabolites and enzymes as the result of the unfavorable
conditions that existed at the end of their previous culture
history, adapt to their new environment. Enzymes and inter-
mediates are formed and accumulate until they are present in
concentrations that permit growth to resume.

If the cells are taken from an entirely different medium,
it often happens that they are genetically incapable of growth
in the new medium. In such cases, a long lag in growth may
occur, representing the period necessary for a few mutants in
the inoculum to multiply sufficiently for a net increase in cell
number to be apparent.

The Exponential Phase

During the exponential phase, the cells are in a steady state.
New cell material is being synthesized at a constant rate, but
the new material is itself catalytic, and the mass increases
in an exponential manner. This continues until one of two
things happens: either one or more nutrients in the medium
become exhausted or toxic metabolic products accumulate
and inhibit growth. For aerobic organisms, the nutrient that
becomes limiting is usually oxygen. When the cell concen-
tration exceeds about 1 x 10’/mL (in the case of bacteria),
the growth rate decreases unless oxygen is forced into the
medium by agitation or by bubbling in air. When the bacterial
concentration reaches 4-5 x 10°/mL, the rate of oxygen dif-
fusion cannot meet the demand even in an aerated medium,
and growth is progressively slowed.

The Maximum Stationary Phase

Eventually, the exhaustion of nutrients or the accumulation of
toxic products causes growth to cease completely. In most cases,
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however, cell turnover takes place in the stationary phase:
There is a slow loss of cells through death, which is balanced
by the formation of new cells through growth and divi-
sion. When this occurs, the total cell count slowly increases,
although the viable count stays constant.

The Phase of Decline: The Death Phase

After a period of time in the stationary phase, which varies
with the organism and with the culture conditions, the death
rate increases until it reaches a steady level. The mathemat-
ics of steady-state death is discussed below. In most cases,
the rate of cell death is much slower than that of exponen-
tial growth. Frequently, after the majority of cells have died,
the death rate decreases drastically, so that a small number
of survivors may persist for months or even years. This per-
sistence may in some cases reflect cell turnover, a few cells
growing at the expense of nutrients released from cells that
die and lyse.

A phenomenon, in which cells are called viable but not
culturable (VBNC), is thought to be the result of a genetic
response triggered in starving, stationary phase cells. Just as
some bacteria form spores as a survival mechanism, others
are able to become dormant without changes in morphology.
When the appropriate conditions are available (eg, passage
through an animal), VNBC microbes resume growth.

MAINTENANCE OF CELLS IN THE
EXPONENTIAL PHASE

Cells can be maintained in the exponential phase by trans-
ferring them repeatedly into fresh medium of identical com-
position while they are still growing exponentially. This is
referred to as continuous culture; the most common type of
continuous culture device used is a chemostat. Continuous
culture is more similar to conditions that organisms encoun-
ter in the real world (eg, the human body), where nutrients
are constantly being replaced.

The Chemostat

This device consists of a culture vessel equipped with an over-
flow siphon and a mechanism for dripping in fresh medium
from a reservoir at a regulated rate. The medium in the cul-
ture vessel is stirred by a stream of sterile air; each drop of
fresh medium that enters causes a drop of culture to siphon
out.

The medium is prepared so that one nutrient limits
growth yield. The vessel is inoculated, and the cells grow until
the limiting nutrient is exhausted; fresh medium from the
reservoir is then allowed to flow in at such a rate that the cells
use up the limiting nutrient as fast as it is supplied. Under
these conditions, the cell concentration remains constant,
and the growth rate is directly proportionate to the flow rate
of the medium.

Biofilms

It has been increasingly recognized that many infections
are caused by bacteria that do not grow individually (or
planktonically); rather, they exist in intimate and complex
communities communicating among themselves. It is routine
to debride our teeth every day to remove the film of bacteria
that grow up while we sleep. Similarly, biofilms are associated
with Pseudomonas aeruginosa lung infections and Legionella
pneumophila colonization of hospital water systems, among
many others. This growth pattern begins by a single bacte-
rium nucleating a surface followed by replicating themselves
or recruiting other bacteria into a forming colony.

The recognition of this growth pattern has been increas-
ingly appreciated. The conceptual strategy of biofilm forma-
tion is logical: (1) By forming layer upon layer of bacterial
growth, the initial bacterium are less susceptible to immune
clearance, and (2) penetration by antitherapeutics is shielded
by external growth. The ability to study biofilms in the labo-
ratory and in vivo is an evolving science.

DEFINITION AND MEASUREMENT
OF DEATH

The Meaning of Death

For a microbial cell, death means the irreversible loss of the
ability to reproduce (grow and divide). The empirical test of
death is the culture of cells on solid media: A cell is consid-
ered dead if it fails to give rise to a colony on any medium.
Obviously, then, the reliability of the test depends on the
choice of medium and conditions: A culture in which 99% of
the cells appear “dead” in terms of ability to form colonies on
one medium may prove to be 100% viable if tested on another
medium. Furthermore, the detection of a few viable cells in a
large clinical specimen may not be possible by directly plat-
ing a sample because the sample fluid itself may be inhibitory
to microbial growth. In such cases, the sample may have to be
diluted first into liquid medium, permitting the outgrowth of
viable cells before plating.

The conditions of incubation in the first hour after treat-
ment are also critical in the determination of “killing.” For
example, if bacterial cells are irradiated with ultraviolet light
and plated immediately on any medium, it may appear that
99.99% of the cells have been killed. If such irradiated cells are
first incubated in a suitable buffer for 20 minutes, however,
plating will indicate only 10% killing. In other words, irradia-
tion determines that a cell will “die” if plated immediately but
will live if allowed to repair radiation damage before plating.
A microbial cell that is not physically disrupted is thus “dead”
only in terms of the conditions used to test viability.

The Measurement of Death

When dealing with microorganisms, one does not customar-
ily measure the death of an individual cell but the death of
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a population. This is a statistical problem: Under any condi-
tion that may lead to cell death, the probability of a given
cell’s dying is constant per unit time. For example, if a con-
dition is used that causes 90% of the cells to die in the first
10 minutes, the probability of any one cell dying in a 10-min-
ute interval is 0.9. Thus, it may be expected that 90% of the
surviving cells will die in each succeeding 10-minute inter-
val, and a death curve similar to those shown in Figure 4-3
will be obtained.

The number of cells dying in each time interval is thus a
function of the number of survivors present, so that death of
a population proceeds as an exponential process according to
the general formula:

S=S,e™ 9)

where S, is the number of survivors at time zero and
S is the number of survivors at any later time f. As in the case
of exponential growth, —k represents the rate of exponential
death when the fraction In (S/S) is plotted against time.

The one-hit curve shown in Figure 4-3A is typical of the
kinetics of inactivation observed with many antimicrobial
agents. The fact that it is a straight line from time zero (dose
zero)—rather than exhibiting an initial shoulder—means
that a single “hit” by the inactivating agent is sufficient to
kill the cell (ie, only a single target must be damaged for the
entire cell to be inactivated). Such a target might be the chro-
mosome of a haploid bacterium or the cell membrane; con-
versely, it could not be an enzyme or other cell constituent
that is present in multiple copies.

A cell that contains several copies of the target to be
inactivated exhibits a multihit curve of the type shown in
Figure 4-3B. Extrapolation of the straight-line portion of the
curve to the ordinate permits an estimate of the number of
targets (eg, 4 in Figure 4-3B).

Sterilization

In practice, we speak of “sterilization” as the process of kill-
ing all of the organisms in a preparation. From the above
considerations, however, we see that no set of conditions is
guaranteed to sterilize a preparation. Consider Figure 4-3, for
example. At 60 minutes, there is one organism (10°) left per
milliliter. At 70 minutes, there would be 107; at 80 minutes
1073 and so on. By 10~ organisms per milliliter, we mean that
in a total volume of 100 mL, one organism would survive.
How long, then, does it take to “sterilize” the culture? All we
can say is that after any given time of treatment, the probabil-
ity of having any surviving organisms in 1 mL is that given by
the curve in Figure 4-3. After 2 hours, in the above example,
the probability is 1 x 107°. This would usually be considered
a safe sterilization time, but a 1000-L lot may still contain a
single viable organism.

Note that such calculations depend on the curve’s
remaining unchanged in slope over the entire time range.
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FIGURE 4-3 Death curve of a suspension of 10 viable
microorganisms per milliliter. A: Single-hit curve. B: Multihit curve.
The straight-line portion extrapolates to 6.5, corresponding to

4 x 10° cells. The number of targets is thus 4 x 109, or four per cell.

Unfortunately, it is very common for the curve to bend
upward after a certain period as a result of the population
being heterogeneous with respect to sensitivity to the inac-
tivation agent. Extrapolations are dangerous and can lead
to errors such as those encountered in early preparations of
sterile polio vaccine.
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The Effect of Drug Concentration

When antimicrobial substances (drugs) are used to inactivate
microbial cells, it is commonly observed that the concentra-
tion of drug used is related to the time required to kill a given
fraction of the population by the following expression:

C"'t=K (10)

In this equation, C is the drug concentration, ¢ is the time
required to kill a given fraction of the cells, and n and K are
constants.

This expression says that, for example, if n = 6 (as it is
for phenol), then doubling the concentration of the drug will
reduce the time required to achieve the same extent of inacti-
vation 64-fold. That the effectiveness of a drug varies with the
sixth power of the concentration suggests that six molecules
of the drug are required to inactivate a cell, although there is
no direct chemical evidence for this conclusion.

To determine the value of #n for any drug, inactivation
curves are obtained for each of several concentrations, and
the time required at each concentration to inactivate a fixed
fraction of the population is determined. For example, let
the first concentration used be C, and the time required to
inactivate 99% of the cells be ¢,. Similarly, let C, and ¢, be the
second concentration and time required to inactivate 99%
of the cells. From equation (10), we see that:

C't,=Ct, (11)
Solving for n gives:

= logt,—logt, (12)
logC, —logC,

Thus, n can be determined by measuring the slope
of the line that results when log t is plotted against log C
(Figure 4-4). If n is experimentally determined in this man-
ner, K can be determined by substituting observed values
for C, t, and » in equation (10).

ANTIMICROBIAL AGENTS

Definitions

The following terms are commonly used in connection with
antimicrobial agents and their uses.

A. Biocide

A chemical or physical agent, usually broad spectrum, that
inactivates microorganisms (Table 4-3). Chemical biocides
include hydrogen peroxide, alcohols, bleach, cycloheximide,
and phenols, and physical biocides include heat and radia-
tion. Biocides are generally broad spectrum, in contrast to
anti-infectives, which have a narrower range of antimicrobial
activity.

2.4 —

Logyg t (in minutes)

0 | | |

1.00 1.10 1.20 1.30
Logyq C (in parts per 1000)

FIGURE 4-4 Relationship between drug concentration and time
required to kill a given fraction of a cell population.

B. Bacteriostatic

A specific term referring to the property by which a biocide
is able to inhibit bacterial multiplication; upon removal of the
agent, multiplication resumes. (The terms “fungistatic” and
“sporostatic” refer to biocides that inhibit the growth of fungi
and spores, respectively.)

C. Bactericidal

A specific term referring to the property by which a biocide
is able to kill bacteria. Bactericidal action differs from bac-
teriostasis only in being irreversible (ie, the “killed” organ-
ism can no longer reproduce even after being removed from
contact with the agent). In some cases, the agent causes lysis
(dissolution) of the cells; in other cases, the cells remain
intact and may even continue to be metabolically active. (The
terms “fungicidal,” “sporicidal,” and “virucidal” refer to the
property whereby biocides are able to kill fungi, spores, and
viruses, respectively.)

D. Sterilization

A defined process used to render a surface or product free
from viable organisms, including bacterial spores.

E. Disinfectants

Products or biocides used to reduce the number of viable
microorganisms, or bioburden, on or in a product or surface
to a level previously specified as appropriate for its intended
further handling or use. Disinfectants are not necessar-
ily sporicidal but are sporostatic, inhibiting germination or
outgrowth.



TABLE 4-3 Some Common Biocides Used for Antisepsis, Disinfection, Preservation, and Other Purposes

Agent Formula Uses
Alcohols Antisepsis, disinfection, preservation
Ethanol CH,—CHOH
Isopropanol CH,
CH CHOH
Aldehydes Disinfection, sterilization, preservation
H H

Glutaraldehyde

Formaldehyde

Biguanides
Chlorhexidine

Bisphenols
Triclosan

Hexachlorophene

Halogen-releasing agents
Chlorine compounds

lodine compounds

Heavy metal derivatives
Silver compounds

Mercury compounds

Organic acids
Benzoic acid

Propionic acid

Peroxygens
Hydrogen peroxide

Ozone
Peracetic acid

Phenols and cresols
Phenol

Cresol

Quaternary ammonium
compounds

\ \
0 = CCH,CH,CH,C =0

H\ —
L E=0

cl @ N(HCN),H(CH,)sN(HCN),H @ ¢]
Il Il

NH NH

Cl OH
OH OH
Cl CH, Cl
Cl Cl
(] Cl

—OCl-, HOC|, Cl,

-1,

Ag
Hg

©/ COOH

CH,—CH,—COOH

272
03
CH,COOOH
OH
OH
CHj
-
R’ RS
AN 7
N -
7 AN X
rR2 R

Antisepsis, antiplaque activity,
preservation, disinfection

Antisepsis, antiplaque activity

Deodorant, preservation

Disinfection, antisepsis

Preservation, antisepsis
Disinfection

Preservation

Sodium or calcium salt used for
preservation

Disinfection, sterilization

Disinfection, preservation

Disinfection, antisepsis, preservation

(continued)
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TABLE 4-3 Some Common Biocides Used for Antisepsis, Disinfection, Preservation, and Other Purposes

(continued)
Agent Formula Uses
Cetrimide Disinfection, antisepsis, preservation

HsC  CHs

N 7/
N Br~

7/ N

HSC COH2n+1

Benzalkonium chloride

{)-cH,  cHg
AN e

+

N ClI~
7/ AN
H3C COH2n+1
Vapor phase o Sterilization, disinfection
Ethylene oxide VARN
H,C — CH,
Formaldehyde
|
H—C=0
Hydrogen peroxide H,0,

F. Septic
Characterized by the presence of pathogenic microbes in
living tissues or associated fluids.

G. Antiseptic

A biocide or product that destroys or inhibits the growth of
microorganisms in or on living tissue (eg, skin) or biologic
fluids (eg, mucosal secretions).

H. Aseptic

Free of, or using methods to keep free of, microorganisms.

I. Preservation
The prevention of multiplication of microorganisms in for-
mulated products, including pharmaceuticals and foods.

J. Antibiotics

Naturally occurring and synthetically derived organic com-
pounds that inhibit or destroy selective bacteria, generally at
low concentrations.

Modes of Action

A.Damage to DNA

A number of physical and chemical agents act by damag-
ing DNA; these include ionizing radiations, ultraviolet light,
and DNA-reactive chemicals. Among the last category are

alkylating agents and other compounds that react covalently
with purine and pyrimidine bases to form DNA adducts or
interstrand cross-links. Radiation damage DNA in several
ways: Ultraviolet light, for example, induces cross-linking
between adjacent pyrimidines on one or the other of the two
polynucleotide strands, forming pyrimidine dimers; ioniz-
ing radiations produce breaks in single and double strands.
Radiation-induced and chemically-induced DNA lesions
kill the cell mainly by interfering with DNA replication. See
Chapter 7 for a discussion of DNA repair systems.

B. Protein Denaturation

Proteins exist in a folded, three-dimensional state deter-
mined primarily by intramolecular noncovalent interactions
such as ionic, hydrophobic, and hydrogen bonds or covalent
disulfide linkages. This state is called the tertiary structure of
the protein; it is readily disrupted by a number of physical (eg,
heat) or chemical (eg, alcohol) agents, causing the protein to
become nonfunctional. The disruption of the tertiary struc-
ture of a protein is called protein denaturation.

C. Disruption of the Cell Membrane or Wall

The cell membrane acts as a selective barrier, allowing some
solutes to pass through and excluding others. Many com-
pounds are actively transported through the membrane,
becoming concentrated within the cell. The membrane is also
the site of enzymes involved in the biosynthesis of compo-
nents of the cell envelope. Substances that concentrate at the
cell surface may alter the physical and chemical properties of
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the membrane, preventing its normal functions and therefore
killing or inhibiting the cell.

The cell wall acts as a corseting structure (best charac-
terized as a fishing net), protecting the cell against osmotic
lysis. Thus, agents that destroy the wall (eg, lysozyme, which
cleaves the sugar linkages) or prevent its normal synthesis
(eg, penicillin, which interrupts peptidyl crosslinkages) may
bring about lysis of the cell.

D. Disruption of Free Sulfhydryl Groups

Enzymes containing cysteine have side chains terminat-
ing in sulfhydryl groups. In addition to these, coenzymes
such as coenzyme A and dihydrolipoate contain free sulf-
hydryl groups. Such enzymes and coenzymes cannot func-
tion unless the sulthydryl groups remain free and reduced.
Oxidizing agents thus interfere with metabolism by form-
ing disulfide linkages between neighboring sulthydryl
groups:

R—SH+HS—R— 3R—S—S—R

Many metals such as mercuric ion likewise interfere by
combining with sulthydryls. There are sulthydryl-containing
enzymes in the cell, so oxidizing agents and heavy metals do
widespread damage.

E. Chemical Antagonism

The interference by a chemical agent with the normal reac-
tion between a specific enzyme and its substrate is known
as chemical antagonism. The antagonist acts by combining
with some part of the holoenzyme (the protein apoenzyme,
the mineral activator, or the coenzyme), thereby preventing
attachment of the normal substrate. (Substrate is used here in
the broad sense to include cases in which the inhibitor com-
bines with the apoenzyme, thereby preventing attachment to
it of coenzyme.)

An antagonist combines with an enzyme because of
its chemical affinity for an essential site on that enzyme.
Enzymes perform their catalytic function by virtue of their
affinity for their natural substrates; hence any compound
structurally resembling a substrate in essential aspects may
also have an affinity for the enzyme. If this affinity is great
enough, the “analog” will displace the normal substrate and
prevent the proper reaction from taking place.

Many holoenzymes include a mineral ion as a bridge
either between enzyme and coenzyme or between enzyme
and substrate. Chemicals that combine readily with these
minerals will again prevent attachment of coenzyme or sub-
strate (eg, carbon monoxide and cyanide combine with the
iron atom in heme-containing enzymes and prevent their
function in respiration).

Chemical antagonists can be conveniently discussed
under two headings: (a) antagonists of energy-yielding pro-
cesses and (b) antagonists of biosynthetic processes. The for-
mer include poisons of respiratory enzymes (carbon monoxide,
cyanide) and of oxidative phosphorylation (dinitrophenol);
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the latter include analogs of the building blocks of proteins
(amino acids) and of nucleic acids (nucleotides). In some
cases, the analog simply prevents incorporation of the normal
metabolite (eg, 5-methyltryptophan prevents incorporation
of tryptophan into protein), and in other cases, the analog
replaces the normal metabolite in the macromolecule, caus-
ing it to be nonfunctional. The incorporation of p-fluorophe-
nylalanine in place of phenylalanine in proteins is an example
of the latter type of antagonism.

Reversal of Antibacterial Action

In the section on definitions, the point was made that bacte-
riostatic action is, by definition, reversible. Reversal can be
brought about in several ways.

A. Removal of Agent

When cells that are inhibited by the presence of a bacterio-
static agent are removed by flushing the surface or centrifuga-
tion that removes bacteria from the bacteriostatic substance
they will resume normal multiplication.

B. Reversal by Substrate

When a chemical antagonist of the analog type binds revers-
ibly with the enzyme, it is possible to displace it by adding a
high concentration of the normal substrate. Such cases are
termed “competitive inhibition.” The ratio of inhibitor con-
centration to concentration of substrate reversing the inhibi-
tion is called the antimicrobial index; it is usually very high
(100-10,000), indicating a much greater affinity of enzyme for
the analog over its normal substrate.

C. Inactivation of Agent

An agent can often be inactivated by adding to the medium a
substance that combines with it, preventing its combination
with cellular constituents. For example, mercuric ion can be
inactivated by addition to the medium of sulthydryl com-
pounds such as thioglycolic acid.

D. Protection Against Lysis

Osmotic lysis can be prevented by making the medium
isotonic for naked bacterial protoplasts. Concentrations
of 10-20% sucrose are required. Under such conditions,
penicillin-induced protoplasts (ie, the living material of a
bacterial cell, including the protoplasm and plasma mem-
brane after the cell wall has been removed) remain viable
and continue to grow as L-forms.

Resistance to Antibacterial Agents

The ability of bacteria to become resistant to antibacterial
agents is an important factor in their control. The mechanisms
by which resistance is acquired are discussed in Chapters 7:
Microbial Genetics and 28: Antimicrobial Chemotherapy.
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Physical Agents
A. Heat

Application of heat is the simplest means of sterilizing mate-
rials, provided the material is itself resistant to heat damage.
A temperature of 100°C will kill all but spore forms of eubac-
teria within 2-3 minutes in laboratory-scale cultures; a tem-
perature of 121°C for 15 minutes is used to kill spores. Steam
is generally used, both because bacteria are more quickly
killed when moist and because steam provides a means for
distributing heat to all parts of the sterilizing vessel. At sea
level, steam must be kept at a pressure of 15 1b/sq inches (psi)
in excess of atmospheric pressure to obtain a temperature
of 121°C; autoclaves or pressure cookers are used for this
purpose. At higher altitudes, the pressure would need to be
higher than 15 psi to reach 121°C. For sterilizing materials
that must remain dry, circulating hot air electric ovens are
available; because heat is less effective on dry material, it is
customary to apply a temperature of 160-170°C for 1 hour
or more. Under these conditions (ie, excessive temperatures
applied for long periods of time), heat acts by denaturing cell
proteins and nucleic acids and by disrupting cell membranes.

B. Radiation

Ultraviolet light and ionizing radiations have various appli-
cations as sterilizing agents. Their modes of action have
been discussed above.

Chemical Agents

The chemical structures and uses of biocides are shown in
Table 4-3.

A. Alcohols

Ethyl alcohol, isopropyl alcohol, and n-propanol exhibit
rapid, broad-spectrum antimicrobial activity against veg-
etative bacteria, viruses, and fungi but are not sporicidal.
Activity is optimal when they are diluted to a concentration
of 60% to 90% with water.

B. Aldehydes

Glutaraldehyde is used for low-temperature disinfection and
sterilization of endoscopes and surgical equipment. It is nor-
mally used as a 2% solution to achieve sporicidal activity.
Formaldehyde is bactericidal, sporicidal, and virucidal.

C. Biguanides

Chlorhexidine is widely used in handwashing and oral prod-
ucts and as a disinfectant and preservative. The Mycobacteria,
because of their unique waxy cell envelope, are generally
highly resistant to these compounds.

D. Bisphenols

The bisphenols are widely used in antiseptic soaps and hand
rinses. In general, they are broad spectrum but have little

activity against Pseudomonas aeruginosa and molds. Triclosan
and hexachlorophene are bactericidal and sporostatic.

E. Halogen-Releasing Agents

The most important types of chlorine-releasing agents are
sodium hypochlorite, chlorine dioxide, and sodium dichlo-
roisocyanurate, which are oxidizing agents that destroy the
cellular activity of proteins. Hypochlorous acid is the active
compound responsible for the bactericidal and virucidal
effect of these compounds. At higher concentrations, this
group is sporicidal. Iodine is rapidly bactericidal, fungicidal,
tuberculocidal, virucidal, and sporicidal. Iodophors (eg,
povidone-iodine) are complexes of iodine and a solubilizing
agent or carrier, which acts as a reservoir of the active L.

F. Heavy Metal Derivatives

Silver (Ag") sulfadiazine, a combination of two antibacterial
agents, Ag" and sulfadiazine, has a broad spectrum of activ-
ity. Binding to cell components such as DNA may be respon-
sible for its inhibitory properties.

G. Organic Acids

Organic acids are used as preservatives in the pharmaceuti-
cal and food industries. Benzoic acid is fungistatic; propionic
acid is both bacteriostatic and fungistatic.

H. Peroxygens

Hydrogen peroxide has broad-spectrum activity against
viruses, bacteria, yeasts, and bacterial spores. Sporicidal
activity requires higher concentrations (10-30%) of H,0O, and
longer contact times.

l. Phenols

Phenol and many phenolic compounds have antiseptic, disin-
fectant, or preservative properties.

J. Quaternary Ammonium Compounds

These compounds have two regions in their molecular struc-
tures, one a water-repelling (hydrophobic) group and the
other a water-attracting (hydrophilic) group. Cationic deter-
gents, as exemplified by quaternary ammonium compounds
(QACs), are useful antiseptics and disinfectants. QACs have
been used for a variety of clinical purposes (eg, preoperative
disinfection of unbroken skin) as well as for cleaning hard
surfaces. They are sporostatic; they inhibit the outgrowth of
spores but not the actual germination process. QACs are also
mycobacteriostatic and have an effect on lipid-enveloped but
not lipid-nonenveloped viruses.

K. Vapor-Phase Sterilants

Heat-sensitive medical devices and surgical supplies can be
effectively sterilized by vapor-phase systems using ethylene
oxide, formaldehyde, hydrogen peroxide, or peracetic acid.
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OBJECTIVES

1. Understand the differences between growth in a closed
system (liquid culture), growth in continuous culture,
and growth within a biofilm.

2. Appreciate the differences between bacteriostatic and
bacteriocidal concepts.

3. Know the conditions
sterilization.

4. Be aware of the mechanism of action of the common
disinfective agents.

required for antimicrobial

REVIEW QUESTIONS

1. A 23-year-old woman has 10 Escherichia coli inoculated into
her bladder while having sex. These E coli have a generation
time of 20 minutes. After a lag of 20 minutes, the E coli enter
the logarithmic phase of growth. After 3 hours of logarithmic
growth, the total number of cells is
(A) 2560
(B) 5012
(©) 90
(D) 1028
(E) 1,000,000

2. A 73-year-old woman is admitted to the hospital for intrave-
nous treatment of an abscess caused by Staphylococcus aureus.
Subsequent to her treatment and discharge from the hospital, it
is necessary to disinfect the hospital room. One thousand of the
S aureus cells are exposed to a disinfectant. After 10 minutes,
90% of the cells are killed. How many cells remain viable after
20 minutes?

(A) 500
(B) 100
© 10
(D) 1
(E) 0

3. The action of which of the following agents or processes on

bacteria can be reversed?

(A) A disinfectant

(B) A bactericidal agent

(C) A bacteriostatic agent

(D) Autoclaving at 121°C for 15 minutes
(E) Dry heat at 160-170°C for 1 hour

4. The growth rate of bacteria during the exponential phase of
growth is
(A) Zero
(B) Increasing
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(C) Constant
(D) Decreasing
(E) Negative
5. The growth rate of bacteria during the maximum stationary
phase of growth is
(A) Zero
(B) Increasing
(C) Constant
(D) Decreasing
(E) Negative

Answers
1.A 3.C 5.A
2.C 4.C
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CHAUPTER

Cultivation of Microorganisms

Cultivation is the process of propagating organisms by pro-
viding the proper environmental conditions. Growing micro-
organisms are making replicas of themselves, and they require
the elements present in their chemical composition. Nutrients
must provide these elements in metabolically accessible form.
In addition, organisms require metabolic energy to synthe-
size macromolecules and maintain essential chemical gradi-
ents across their membranes. Factors that must be controlled
during growth include the nutrients, pH, temperature, aera-
tion, salt concentration, and ionic strength of the medium.

REQUIREMENTS FOR GROWTH

Most of the dry weight of microorganisms is organic matter
containing the elements carbon, hydrogen, nitrogen, oxygen,
phosphorus, and sulfur. In addition, inorganic ions such as
potassium, sodium, iron, magnesium, calcium, and chloride
are required to facilitate enzymatic catalysis and to maintain
chemical gradients across the cell membrane.

For the most part, the organic matter is in macromol-
ecules formed by anhydride bonds between building blocks.
Synthesis of the anhydride bonds requires chemical energy,
which is provided by the two phosphodiester bonds in ATP
(adenosine triphosphate; see Chapter 6). Additional energy
required to maintain a relatively constant cytoplasmic com-
position during growth in a range of extracellular chemi-
cal environments is derived from the proton motive force.
The proton motive force is the potential energy that can be
derived by passage of a proton across a membrane. In eukary-
otes, the membrane may be part of the mitochondrion or the
chloroplast. In prokaryotes, the membrane is the cytoplasmic
membrane of the cell.

The proton motive force is an electrochemical gradient
with two components, a difference in pH (hydrogen ion con-
centration) and a difference in ionic charge. The charge on
the outside of the bacterial membrane is more positive than
the charge on the inside, and the difference in charge contrib-
utes to the free energy released when a proton enters the cyto-
plasm from outside the membrane. Metabolic processes that
generate the proton motive force are discussed in Chapter 6.
The free energy may be used to move the cell, to maintain

ionic or molecular gradients across the membrane, to synthe-
size anhydride bonds in ATP, or for a combination of these
purposes. Alternatively, cells given a source of ATP may use
its anhydride bond energy to create a proton motive force that
in turn may be used to move the cell and to maintain chemi-
cal gradients.

To grow, an organism requires all of the elements in its
organic matter and the full complement of ions required for
energetics and catalysis. In addition, there must be a source of
energy to establish the proton motive force and to allow macro-
molecular synthesis. Microorganisms vary widely in their
nutritional demands and their sources of metabolic energy.

SOURCES OF METABOLIC ENERGY

The three major mechanisms for generating metabolic energy
are fermentation, respiration, and photosynthesis. At least one
of these mechanisms must be used if an organism is to grow.

Fermentation

The formation of ATP in fermentation is not coupled to the
transfer of electrons. Fermentation is characterized by sub-
strate phosphorylation, an enzymatic process in which a
pyrophosphate bond is donated directly to ADP (adenosine
diphosphate) by a phosphorylated metabolic intermediate.
The phosphorylated intermediates are formed by metabolic
rearrangement of a fermentable substrate such as glucose, lac-
tose, or arginine. Because fermentations are not accompanied
by a change in the overall oxidation-reduction state of the fer-
mentable substrate, the elemental composition of the products
of fermentation must be identical to those of the substrates.
For example, fermentation of a molecule of glucose (C.H,,0,)
by the Embden-Meyerhof pathway (see Chapter 6) yields a net
gain of two pyrophosphate bonds in ATP and produces two
molecules of lactic acid (C,H,O,).

Respiration

Respiration is analogous to the coupling of an energy-
dependent process to the discharge of a battery. Chemical
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reduction of an oxidant (electron acceptor) through a spe-
cific series of electron carriers in the membrane establishes
the proton motive force across the bacterial membrane. The
reductant (electron donor) may be organic or inorganic (eg,
lactic acid serves as a reductant for some organisms, and
hydrogen gas is a reductant for other organisms). Gaseous
oxygen (O,) often is used as an oxidant, but alternative oxi-
dants that are used by some organisms include carbon diox-
ide (CO,), sulfate (SO?"), and nitrate (NO;).

Photosynthesis

Photosynthesis is similar to respiration in that the reduction of
an oxidant via a specific series of electron carriers establishes
the proton motive force. The difference in the two processes is
that in photosynthesis, the reductant and oxidant are created
photochemically by light energy absorbed by pigments in the
membrane; thus, photosynthesis can continue only as long as
there is a source of light energy. Plants and some bacteria are
able to invest a substantial amount of light energy in mak-
ing water a reductant for carbon dioxide. Oxygen is evolved
in this process, and organic matter is produced. Respiration,
the energetically favorable oxidation of organic matter by an
electron acceptor such as oxygen, can provide photosynthetic
organisms with energy in the absence of light.

NUTRITION

Nutrients in growth media must contain all the elements
necessary for the biologic synthesis of new organisms. In the
following discussion, nutrients are classified according to the
elements they supply.

Carbon Source

As already mentioned, plants and some bacteria are able to use
photosynthetic energy to reduce carbon dioxide at the expense
of water. These organisms belong to the group of autotrophs,
creatures that do not require organic nutrients for growth.
Other autotrophs are the chemolithotrophs, organisms that
use an inorganic substrate such as hydrogen or thiosulfate as a
reductant and carbon dioxide as a carbon source.

Heterotrophs require organic carbon for growth, and
the organic carbon must be in a form that can be assimilated.
Naphthalene, for example, can provide all of the carbon and
energy required for respiratory heterotrophic growth, but
very few organisms possess the metabolic pathway necessary
for naphthalene assimilation. Glucose, on the other hand,
can support the fermentative or respiratory growth of many
organisms. It is important that growth substrates be supplied
at levels appropriate for the microbial strain that is being
grown: Levels that will support the growth of one organism
may inhibit the growth of another organism.

Carbon dioxide is required for a number of biosynthetic
reactions. Many respiratory organisms produce more than

enough carbon dioxide to meet this requirement, but others
require a source of carbon dioxide in their growth medium.

Nitrogen Source

Nitrogen is a major component of proteins, nucleic acids, and
other compounds, accounting for approximately 5% of the dry
weight of a typical bacterial cell. Inorganic dinitrogen (N,) is
very prevalent, comprising 80% of the earth’s atmosphere. It
is also a very stable compound, primarily because of the high
activation energy required to break the nitrogen-nitrogen
triple bond. However, nitrogen may be supplied in a number
of different forms, and microorganisms vary in their abilities
to assimilate nitrogen (Table 5-1). The end product of all path-
ways for nitrogen assimilation is the most reduced form of the
element, ammonia (NH,). When NH, is available, it diffuses
into most bacteria through transmembrane channels as dis-
solved gaseous NH, rather than ionic ammonium ion (NH_*).

The ability to assimilate N, reductively via NH,, which
is called nitrogen fixation, is a property unique to prokary-
otes, and relatively few bacteria are capable of breaking the
nitrogen-nitrogen triple bond. This process (see Chapter 6)
requires a large amount of metabolic energy and is readily
inactivated by oxygen. The capacity for nitrogen fixation is
found in widely divergent bacteria that have evolved quite dif-
ferent biochemical strategies to protect their nitrogen-fixing
enzymes from oxygen.

Most microorganisms can use NH, as a sole nitrogen
source, and many organisms possess the ability to pro-
duce NH, from amines (R—NH,) or from amino acids
(RCHNH,COOH), generally intracellularly. Production of
NH, from the deamination of amino acids is called ammoni-
fication. Ammonia is introduced into organic matter by bio-
chemical pathways involving glutamate and glutamine. These
pathways are discussed in Chapter 6.

Many microorganisms possess the ability to assimilate
nitrate (NO,) and nitrite (NO,") reductively by conversion
of these ions into NH,. These processes are termed assimila-
tory nitrate reduction and assimilatory nitrite reduction,
respectively. These pathways for assimilation differ from
pathways used for dissimilation of nitrate and nitrite. The
dissimilatory pathways are used by organisms that use these

TABLE 5-1 Sources of Nitrogen in Microbial Nutrition
Compound Valence of N
NO, +5
NO, +3
N, 0
NH,’ -3
R-NH,? -3

°R, organic radical.



ions as terminal electron acceptors in respiration. Some auto-
trophic bacteria (eg, Nitrosomonas, Nitrobacter spp.) are able
to convert NH, to gaseous N, under anaerobic conditions;
this process is known as denitrification. Our understanding
of the nitrogen cycle continues to evolve. In the mid-1990s,
the anammox reaction was discovered. The reaction

NH," +NO,” —N, +2H,0

in which ammonia is oxidized by nitrite is a microbial pro-
cess that occurs in anoxic waters of the ocean and is a major
pathway by which nitrogen is returned to the atmosphere.

Sulfur Source

Similar to nitrogen, sulfur is a component of many organic
cell substances. It forms part of the structure of several coen-
zymes and is found in the cysteinyl and methionyl side chains
of proteins. Sulfur in its elemental form cannot be used by
plants or animals. However, some autotrophic bacteria can
oxidize it to sulfate (SO,*). Most microorganisms can use
sulfate as a sulfur source, reducing the sulfate to the level of
hydrogen sulfide (H,S). Some microorganisms can assimilate
H,S directly from the growth medium, but this compound
can be toxic to many organisms.

Phosphorus Source

Phosphate (PO,*") is required as a component of ATP; nucleic
acids; and such coenzymes as NAD, NADP, and flavins. In
addition, many metabolites, lipids (phospholipids, lipid A),
cell wall components (teichoic acid), some capsular polysac-
charides, and some proteins are phosphorylated. Phosphate is
always assimilated as free inorganic phosphate (P).

Mineral Sources

Numerous minerals are required for enzyme function.
Magnesium ion (Mg?**) and ferrous ion (Fe?*) are also found
in porphyrin derivatives: magnesium in the chlorophyll mol-
ecule, and iron as part of the coenzymes of the cytochromes
and peroxidases. Mg?" and K* are both essential for the func-
tion and integrity of ribosomes. Ca** is required as a constitu-
ent of gram-positive cell walls, although it is dispensable for
gram-negative bacteria. Many marine organisms require Na*
for growth. In formulating a medium for the cultivation of
most microorganisms, it is necessary to provide sources of
potassium, magnesium, calcium, and iron, usually as their
ions (K*, Mg*, Ca**, and Fe?*). Many other minerals (eg, Mn*',
Mo?*, Co*, Cu*', and Zn?*') are required; these frequently can
be provided in tap water or as contaminants of other medium
ingredients.

The uptake of iron, which forms insoluble hydroxides at
neutral pH, is facilitated in many bacteria and fungi by their
production of siderophores—compounds that chelate iron
and promote its transport as a soluble complex. These include
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hydroxamates (-CONH,OH) called sideramines, and deriva-
tives of catechol (eg, 2,3-dihydroxy-benzoylserine). Plasmid-
determined siderophores play a major role in the invasiveness
of some bacterial pathogens (see Chapter 7). Siderophore-
and nonsiderophore-dependent mechanisms of iron uptake
by bacteria are discussed in Chapter 9.

Growth Factors

A growth factor is an organic compound that a cell must con-
tain to grow but that it is unable to synthesize. Many micro-
organisms, when provided with the nutrients listed above, are
able to synthesize all of the building blocks for macromol-
ecules (Figure 5-1), which are amino acids; purines, pyrimi-
dines, and pentoses (the metabolic precursors of nucleic
acids); additional carbohydrates (precursors of polysaccha-
rides); and fatty acids and isoprenoid compounds. In addi-
tion, free-living organisms must be able to synthesize the
complex vitamins that serve as precursors of coenzymes.

Each of these essential compounds is synthesized by a
discrete sequence of enzymatic reactions; each enzyme is pro-
duced under the control of a specific gene. When an organism
undergoes a gene mutation resulting in failure of one of these
enzymes to function, the chain is broken, and the end prod-
uct is no longer produced. The organism must then obtain
that compound from the environment: The compound has
become a growth factor for the organism. This type of muta-
tion can be readily induced in the laboratory.

Different microbial species vary widely in their growth
factor requirements. The compounds involved are found in
and are essential to all organisms; the differences in require-
ments reflect differences in synthetic abilities. Some species
require no growth factors, but others—such as some of the
lactobacilli—have lost, during evolution, the ability to syn-
thesize as many as 30-40 essential compounds and hence
require them in the medium.

ENVIRONMENTAL FACTORS
AFFECTING GROWTH

A suitable growth medium must contain all the nutrients
required by the organism to be cultivated, and such factors as
pH, temperature, and aeration must be carefully controlled. A
liquid medium is used; the medium can be gelled for special
purposes by adding agar or silica gel. Agar, a polysaccharide
extract of a marine alga, is uniquely suitable for microbial cul-
tivation because it is resistant to microbial action and because
it dissolves at 100°C but does not gel until cooled below 45°C;
cells can be suspended in the medium at 45°C and the medium
quickly cooled to a gel without harming them.

Nutrients

On the previous pages, the function of each type of nutrient is
described, and a list of suitable substances presented. In general,
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H,O .
) Percent Dry Weight
Building blocks Macromolecules in Typical Cell
H,O
Amino acids 4 Proteins 50
H,O
Mononucleotides 4 Nucleic acids 20
H,O
Monosaccharides 1 Polysaccharides 10
H,0 Isoprenoid
precursors \
Acetate Lipids 10
DeH, @
H.0 Acceptors H,0
2 Fatty acids

FIGURE 5-1 Macromolecular synthesis. Polymerization of building blocks into macromolecules is achieved largely by the introduction of
anhydride bonds. Formation of fatty acids from acetate requires several steps of biochemical reduction using organic hydrogen donors (D < H,).

the following must be provided: (1) hydrogen donors and accep-
tors, about 2 g/L; (2) carbon source, about 1 g/L; (3) nitrogen
source, about 1 g/L; (4) minerals: sulfur and phosphorus,
about 50 mg/L of each, and trace elements, 0.1-1 mg/L of each;
(5) growth factors: amino acids, purines, and pyrimidines,
about 50 mg/L of each, and vitamins, 0.1-1 mg/L of each.

For studies of microbial metabolism, it is usually neces-
sary to prepare a completely synthetic medium in which the
exact characteristics and concentration of every ingredient
are known. Otherwise, it is much cheaper and simpler to use
natural materials such as yeast extract, protein digest, or sim-
ilar substances. Most free-living microbes grow well on yeast
extract; parasitic forms may require special substances found
only in blood or in extracts of animal tissues. Nevertheless,
some parasitic microbes (eg, Treponema pallidum) cannot be
grown in vitro or grow inside eukaryotic cells (eg, Chlamydia
trachomatis).

For many organisms, a single compound (eg, an amino
acid) may serve as energy source, carbon source, and nitro-
gen source; others require a separate compound for each. If
natural materials for nonsynthetic media are deficient in any
particular nutrient, they must be supplemented.

Hydrogen lon Concentration (pH)

Most organisms have a fairly narrow optimal pH range. The
optimal pH must be empirically determined for each species.
Most organisms (neutralophiles) grow best at a pH of 6.0-
8.0, although some forms (acidophiles) have optima as low as
pH 3.0, and others (alkaliphiles) have optima as high as pH 10.5.

Microorganisms regulate their internal pH over a wide
range of external pH values by pumping protons in or out of
their cells. Acidophiles maintain an internal pH of about 6.5
over an external range of 1.0-5.0, neutralophiles maintain an
internal pH of about 7.5 over an external range of 5.5-8.5,
and alkaliphiles maintain an internal pH of about 9.5 over an
external range of 9.0-11.0. Internal pH is regulated by a set
of proton transport systems in the cytoplasmic membrane,
including a primary, ATP-driven proton pump and an Na*/H*
exchanger. A K'/H" exchange system has also been proposed
to contribute to internal pH regulation in neutralophiles.

Temperature

Different microbial species vary widely in their optimal tempera-
ture ranges for growth (Figure 5-2): Psychrophilic forms grow
best at low temperatures (—5-15°C) and are usually found in
such environments as the Arctic and Antarctic regions; psychro-
trophs have a temperature optimum between 20°C and 30°C but
grow well at lower temperatures. They are an important cause of
food spoilage. Mesophilic forms grow best at 30-37°C, and most
thermophilic forms grow best at 50-60°C. Some organisms are
hyperthermophilic and can grow at well above the temperature
of boiling water, which exists under high pressure in the depths
of the ocean. Most organisms are mesophilic; 30°C is optimal for
many free-living forms, and the body temperature of the host is
optimal for symbionts of warm-blooded animals.

The upper end of the temperature range tolerated by any
given species correlates well with the general thermal sta-
bility of that species’ proteins as measured in cell extracts.
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FIGURE 5-2 Temperature requirements for growth. Prokaryotes
are commonly divided into five groups based on their optimum
growth temperatures. Note that the optimum temperature, the
point at which the growth rate is highest, is near the upper limit of
the range. (Reproduced with permission from Nester EW, Anderson
DG, Roberts CE, Nester MT [editors]: Microbiology: A Human
Perspective, 6th ed. McGraw-Hill, 2009, p. 91. © The McGraw-Hill
Companies, Inc.)

Microorganisms share with plants and animals the heat-shock
response, a transient synthesis of a set of “heat-shock proteins,”
when exposed to a sudden rise in temperature above the growth
optimum. These proteins appear to be unusually heat resistant
and to stabilize the heat-sensitive proteins of the cell.

The relationship of growth rate to temperature for any
given microorganism is seen in a typical Arrhenius plot
(Figure 5-3). Arrhenius showed that the logarithm of the
velocity of any chemical reaction (log k) is a linear function of
the reciprocal of the temperature (1/T); because cell growth is the
result of a set of chemical reactions, it might be expected to show
this relationship. Figure 5-3 shows this to be the case over the
normal range of temperatures for a given species; log k decreases
linearly with 1/T. Above and below the normal range, how-
ever, log k drops rapidly, so that maximum and minimum
temperature values are defined.

Beyond their effects on growth rate, extremes of tempera-
ture kill microorganisms. Extreme heat is used to sterilize prep-
arations (see Chapter 4); extreme cold also kills microbial cells,
although it cannot be used safely for sterilization. Bacteria
also exhibit a phenomenon called cold shock, which is the
killing of cells by rapid—as opposed to slow—cooling. For
example, the rapid cooling of Escherichia coli from 37°C to
5°C can kill 90% of the cells. A number of compounds protect
cells from either freezing or cold shock; glycerol and dimethyl
sulfoxide are most commonly used.

Aeration

The role of oxygen as hydrogen acceptor is discussed in
Chapter 6. Many organisms are obligate aerobes, specifically
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FIGURE 5-3 General form of an Arrhenius plot of bacterial
growth. (Reproduced with permission from Ingraham JL: Growth of
psychrophilic bacteria. J Bacteriol 1958;76(1):75-80.)

requiring oxygen as hydrogen acceptor; some are facultative
anaerobes, able to live aerobically or anaerobically; some are
obligate anaerobes requiring a substance other than oxygen
as hydrogen acceptor and are sensitive to oxygen inhibition;
some are microaerophiles, which require small amounts of
oxygen (2%-10%) for aerobic respiration (higher concentra-
tions are inhibitory); and others are aerotolerant anaerobes,
which are indifferent to oxygen. They can grow in its presence,
but they do not use it as a hydrogen acceptor (Figure 5-4).

The natural by-products of aerobic metabolism are the
reactive compounds hydrogen peroxide (H,0,) and superox-
ide (O,"). In the presence of iron, these two species can gener-
ate hydroxyl radicals (¢«OH), which can damage any biologic
macromolecule:

Fe’*/Fe?*

O,/+H.0, O,+OH +.0H

Many aerobes and aerotolerant anaerobes are protected
from these products by the presence of superoxide dismutase,
an enzyme that catalyzes the reaction

20,/ +2H"—>0,+H,0,

and by the presence of catalase, an enzyme that catalyzes the
reaction

2H,0, »2H,0+0,
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anaerobe
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Enzymes in Cells for O, Detoxification
Catalase: 2H,0, —> 2H,0 + O, Catalase,
Superoxide dismutase: Syperox'de
dismutase

205" + 2H*—> O, + Hy0,

Obligate anaerobe

Neither catalase
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e
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FIGURE 5-4 Oxygen (0,) requirements of prokaryotes. (Reproduced with permission from Nester EW, Anderson DG, Roberts CE, Nester MT
[editors]: Microbiology: A Human Perspective, 6th ed. McGraw-Hill, 2009, p. 92. © The McGraw-Hill Companies, Inc.)

Some fermentative organisms (eg, Lactobacillus plan-
tarum) are aerotolerant but do not contain catalase or super-
oxide dismutase. Oxygen is not reduced, and therefore H,O,
and O, are not produced. All strict anaerobes lack both
superoxide dismutase and catalase. Some anaerobic organ-
isms (eg, Peptococcus anaerobius) have considerable tolerance
to oxygen as a result of their ability to produce high levels
of an enzyme (NADH oxidase) that reduces oxygen to water
according to the reaction

NADH + H* + .0, —>NAD" + HO

Hydrogen peroxide owes much of its toxicity to the
damage it causes to DNA. DNA repair-deficient mutants are
exceptionally sensitive to hydrogen peroxide; the recA gene
product, which functions in both genetic recombination and
repair, has been shown to be more important than either cata-
lase or superoxide dismutase in protecting E coli cells against
hydrogen peroxide toxicity.

The supply of air to cultures of aerobes is a major technical
problem. Vessels are usually shaken mechanically to introduce
oxygen into the medium or air is forced through the medium
by pressure. The diffusion of oxygen often becomes the limit-
ing factor in growing aerobic bacteria; when a cell concentra-
tion of 4-5 x 10°/mL is reached, the rate of diffusion of oxygen
to the cells sharply limits the rate of further growth.

Obligate anaerobes, on the other hand, present the prob-
lem of oxygen exclusion. Many methods are available for this:
Reducing agents such as sodium thioglycolate can be added
to liquid cultures, tubes of agar can be sealed with a layer of
petrolatum and paraffin, the culture vessel can be placed in
a container from which the oxygen is removed by evacuation
or by chemical means, or the organism can be handled within
an anaerobic glove box.

lonic Strength and Osmotic Pressure

To a lesser extent, such factors as osmotic pressure and salt
concentration may have to be controlled. For most organisms,

the properties of ordinary media are satisfactory; however,
for marine forms and organisms adapted to growth in strong
sugar solutions, for example, these factors must be consid-
ered. Organisms requiring high salt concentrations are called
halophilic; those requiring high osmotic pressures are called
osmophilic.

Most bacteria are able to tolerate a wide range of exter-
nal osmotic pressures and ionic strengths because of their
ability to regulate internal osmolality and ion concentration.
Osmolality is regulated by the active transport of K* ions into
the cell; internal ionic strength is kept constant by a compen-
sating excretion of the positively charged organic polyamine
putrescine. Because putrescine carries several positive charges
per molecule, a large drop in ionic strength is effected at only
a small cost in osmotic strength.

CULTIVATION METHODS

Two problems will be considered: the choice of a suitable
medium and the isolation of a bacterial organism in pure
culture.

The Medium

The technique used and the type of medium selected depend
on the nature of the investigation. In general, three situations
may be encountered: (1) One may need to raise a crop of cells
of a particular species that is on hand, (2) one may need to
determine the numbers and types of organisms present in a
given material, or (3) one may wish to isolate a particular type
of microorganism from a natural source.

A. Growing Cells of a Given Species

Microorganisms observed microscopically to be growing in a
natural environment may prove exceedingly difficult to grow
in pure culture in an artificial medium. Certain parasitic
forms have never been cultivated outside the host. In gen-
eral, however, a suitable medium can be devised by carefully



reproducing the conditions found in the organism’s natural
environment. The pH, temperature, and aeration are easy to
duplicate; the nutrients present the major problem. The con-
tribution made by the living environment is important and
difficult to analyze; a parasite may require an extract of the
host tissue, and a free-living form may require a substance
excreted by a microorganism with which it is associated in
nature. Considerable experimentation may be necessary to
determine the requirements of the organism, and success
depends on providing a suitable source of each category of
nutrient listed at the beginning of this chapter. The cultiva-
tion of obligate parasites such as chlamydiae is discussed in
Chapter 27.

B. Microbiologic Examination of Natural Materials

A given natural material may contain many different micro-
environments, each providing a niche for a different species.
Plating a sample of the material under one set of conditions
will allow a selected group of forms to produce colonies but
will cause many other types to be overlooked. For this rea-
son, it is customary to plate out samples of the material using
as many different media and conditions of incubation as is
practicable. Six to eight different culture conditions are not
an unreasonable number if most of the forms present are to
be discovered.

Because every type of organism present must have a
chance to grow, solid media are used, and crowding of colo-
nies is avoided. Otherwise, competition will prevent some
types from forming colonies.

C.Isolation of a Particular Type of Microorganism
A small sample of soil, if handled properly, will yield a dif-
ferent type of organism for every microenvironment present.
For fertile soil (moist, aerated, rich in minerals and organic
matter), this means that hundreds or even thousands of types
can be isolated. This is done by selecting for the desired type.
One gram of soil, for example, is inoculated into a flask of
liquid medium that has been made up for the purpose of
favoring one type of organism, such as aerobic nitrogen fixers
(Azotobacter). In this case, the medium contains no combined
nitrogen and is incubated aerobically. If cells of Azotobacter
are present in the soil, they will grow well in this medium;
forms unable to fix nitrogen will grow only to the extent that
the soil has introduced contaminating fixed nitrogen into
the medium. When the culture is fully grown, therefore, the
percentage of Azotobacter in the total population will have
increased greatly; the method is thus called enrichment
culture. Transfer of a sample of this culture to fresh medium
will result in further enrichment of Azotobacter; after several
serial transfers, the culture can be plated out on a solidified
enrichment medium and colonies of Azotobacter isolated.
Liquid medium is used to permit competition and
hence optimal selection even when the desired type is rep-
resented in the soil as only a few cells in a population of
millions. Advantage can be taken of “natural enrichment.”
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For example, in looking for kerosene oxidizers, oil-laden soil
is chosen because it is already an enrichment environment
for such forms.

Enrichment culture, then, is a procedure whereby the
medium is prepared so as to duplicate the natural envi-
ronment (“niche”) of the desired microorganism, thereby
selecting for it. An important principle involved in such
selection is the following: The organism selected for will be
the type whose nutritional requirements are barely satisfied.
Azotobacter, for example, grows best in a medium containing
organic nitrogen, but its minimum requirement is the pres-
ence of N, hence, it is selected for in a medium containing N,
as the sole nitrogen source. If organic nitrogen is added to the
medium, the conditions no longer select for Azotobacter but
rather for a form for which organic nitrogen is the minimum
requirement.

When searching for a particular type of organism that is
part of a mixed population, selective or differential media
are used. Selective media inhibit the growth of organisms
other than the one being sought. For example, Thayer-Martin
agar is used to isolate Neisseria gonorrhoeae, the cause of gon-
orrhea, from clinical specimens. Differential media contain
a substance(s) that certain bacteria change in a recognizable
way. For example, colonies of E colihave a characteristic irides-
cent sheen on agar containing the dyes eosin and methylene
blue (EMB agar). EMB agar containing a high concentration
of one sugar will also cause organisms that ferment that sugar
to form reddish colonies. Differential media are used for such
purposes as recognizing the presence of enteric bacteria in
water or milk and the presence of certain pathogens in clini-
cal specimens.

Table 5-2 presents examples of enrichment culture con-
ditions and the types of bacteria they will select. However,
despite our best efforts, many environments contain numer-
ous uncultured bacteria.

Isolation of Microorganisms in
Pure Culture

To study the properties of a given organism, it is necessary to
handle it in pure culture free of all other types of organisms.
To do this, a single cell must be isolated from all other cells
and cultivated in such a manner that its collective progeny
also remain isolated. Several methods are available.

A. Plating

Unlike cells in a liquid medium, cells in or on a gelled
medium are immobilized. Therefore, if few enough cells are
placed in or on a gelled medium, each cell will grow into an
isolated colony. The ideal gelling agent for most microbio-
logic media is agar, an acidic polysaccharide extracted from
certain red algae. A 1.5-2% suspension in water dissolves
at 100°C, forming a clear solution that gels at 45°C. Thus, a
sterile agar solution can be cooled to 50°C, bacteria or other
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TABLE 5-2 Some Enrichment Cultures

Predominant Organism

Nitrogen Source Carbon Source Atmosphere Illumination Initially Enriched
N, Co, Aerobic or anaerobic Dark None
Light Cyanobacteria
Alcohol, fatty acids, etc Anaerobic Dark None
Air Dark Azotobacter
Glucose Anaerobic Dark Clostridium pasteurianum
Air Dark Azotobacter
NaNO, Co, Aerobic or anaerobic Dark None
Light Green algae and cyanobacteria
Alcohol, fatty acids, etc Anaerobic Dark Denitrifiers
Air Dark Aerobes
Glucose Anaerobic Dark Fermenters
Air Dark Aerobes
NH,CI Co, Anaerobic Dark None
Aerobic Dark Nitrosomonas
Aerobic or anaerobic Light Green algae and cyanobacteria
Alcohol, fatty acids, etc Anaerobic Dark Sulfate or carbonate reducers
Aerobic Dark Aerobes
Glucose Anaerobic Dark Fermenters
Aerobic Dark Aerobes

Note: Constituents of all media: MgSO,, K,HPO,, FeCl,, CaCl,, CaCO,, and trace elements.

microbial cells added, and then the solution quickly cooled
below 45°C to form a gel. (Although most microbial cells are
killed at 50°C, the time course of the killing process is suffi-
ciently slow at this temperature to permit this procedure; see
Figure 4-3.) Once gelled, agar will not again liquefy until it is
heated above 80°C, so that any temperature suitable for the
incubation of a microbial culture can subsequently be used.
In the pour-plate method, a suspension of cells is mixed with
melted agar at 50°C and poured into a Petri dish. When the
agar solidifies, the cells are immobilized in the agar and grow
into colonies. If the cell suspension is sufficiently dilute, the
colonies will be well separated, so that each has a high proba-
bility of being derived from a single cell (Figure 5-5). To make
certain of this, however, it is necessary to pick a colony of the
desired type, suspend it in water, and replate. Repeating this
procedure several times ensures that a pure culture will be
obtained.

Alternatively, the original suspension can be streaked on
an agar plate with a wire loop (streak-plate technique). As
the streaking continues, fewer and fewer cells are left on the
loop, and finally the loop may deposit single cells on the agar
(Figure 5-6). The plate is incubated, and any well-isolated

colony is then removed, resuspended in water, and again
streaked on agar. If a suspension (and not just a bit of growth
from a colony or slant) is streaked, this method is just as reli-
able as and much faster than the pour-plate method.

In the spread plate technique, a small volume of dilute
microbial suspension containing ca 30-300 cells is trans-
ferred to the center of an agar plate and spread evenly over
the surface with a sterile bent-glass rod. The dispersed cells
develop into isolated colonies. Because the number of colo-
nies should equal the number of viable organisms in a sample,
spread plates can be used to count the microbial population.

B. Dilution

A much less reliable method is that of extinction dilution. The
suspension is serially diluted, and samples of each dilution are
plated. If only a few samples of a particular dilution exhibit
growth, it is presumed that some of the colonies started from
single cells. This method is not used unless plating is for some
reason impossible. An undesirable feature of this method is
that it can only be used to isolate the predominant type of
organism in a mixed population.
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FIGURE 5-5 The pour-plate technique. The original sample is diluted several times to thin out the population sufficiently. The most diluted
samples are then mixed with warm agar and poured into Petri dishes. Isolated cells grow into colonies and are used to establish pure cultures.
The surface colonies are circular; subsurface colonies are lenticular (lens shaped). (Reproduced with permission from Willey JM, Sherwood LM,
Woolverton CJ: Prescott, Harley, & Klein’s Microbiology, 7th ed, McGraw-Hill, 2008. © The McGraw-Hill Companies, Inc.)

Note: This method only works if the spreading
tool (usually an inoculating loop) is resterilized

after each of steps 1-4.

A Steps in a Streak Plate

FIGURE 5-6 Streak-plate technique. A: A typical streaking pattern. (Reproduced with permission from Willey JM, Sherwood CJ, Woolverton

CJ: Prescott, Harley, & Klein’s Microbiology, 7th ed, McCgraw-Hill, 2008. © The McGraw-Hill Companies, Inc.) B: An example of a streak plate.

(Reproduced with permission from Kathy Park Talaro.)

CHAPTER SUMMARY

mineral sources.

nitrogen source, sulfur source, phosphorous source, and

o An organism requires all of the elements in its organic =~ o  Growth factors are organic compounds that a cell must
matter and the full complement of ions required for ener- have to grow but that it is unable to synthesize.
getics in order to grow. Nutrients are classified according ~ «  There must be a source of energy present to establish

to the elements they provide, including carbon source,

a proton motive force and to allow macromolecular
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synthesis. The three major mechanisms for generating
metabolic energy are fermentation, respiration, and
photosynthesis.

Environmental factors such as pH, temperature, and
aeration are important for growth. Most human patho-
gens are neutralophiles (grow best at pH of 6.0-8.0) and
mesophilic (grow best at 30-37°C).

Organisms vary widely in their ability to use oxygen as a
hydrogen acceptor and to their ability to inactivate toxic
by-products of aerobic metabolism. They may be grouped
as obligate aerobes, facultative anaerobes, obligate anaer-
obes, microaerophiles, and aerotolerant anaerobes.
Microbiologic media can be formulated to permit the
growth of a particular type of microorganism present
in low numbers (enrichment culture), identify specific
types of microorganisms (differential medium), or iso-
late a specific organism from a mixed population (selec-
tive medium).

REVIEW QUESTIONS

1.

Most microorganisms pathogenic for humans grow best in the
laboratory when cultures are incubated at

(A) 15-20°C

(B) 20-30°C

(C) 30-37°C

(D) 38-50°C

(E) 50-55°C

. The process by which microorganisms form ATP during the

fermentation of glucose is characterized by

(A) Coupling of ATP production with the transfer of electrons
(B) Denitrification

(C) The reduction of oxygen

(D) Substrate phosphorylation

(E) Anaerobic respiration

. Which of the following culture techniques and media would

enumerate the greatest number of microbial species in a soil
sample?

(A) Enrichment culture

(B) A plate of selective medium

(C) A plate of differential medium

(D) A tube of nutrient broth

(E) A number of different media and conditions of incubation

. Polymerization of building blocks (eg, amino acids) into mac-

romolecules (eg, proteins) is achieved largely by
(A) Dehydration

(B) Reduction

(C) Oxidation

(D) Assimilation

(E) Hydrolysis

. A strain of E coli undergoes a mutation such that it can no longer

grow in a defined medium consisting of glucose, mineral salts,
and ammonium chloride. However, it is capable of growth in this
medium if methionine is added. The methionine is referred to as

(A) Aninorganic salt

(B) A sulfur source
(C) A growth factor

10.

(D) An energy source
(E) A nitrogen source

. Which of the following is NOT a mechanism for generating

metabolic energy by microorganisms?
(A) Fermentation

(B) Protein synthesis

(C) Respiration

(D) Photosynthesis

(E) CandD

. Which of the following terms best describes a microorganisms

that grows at 20°C?
(A) Neutralophile
(B) Psychrotroph
(C) Mesophile
(D) Osmophile
(E) Thermophile

. The ability to assimilate N, reductively via NH, is called

(A) Ammonification

(B) Anammox

(C) Assimilatory nitrate reduction
(D) Deamination

(E) Nitrogen fixation

. Which of the following is NOT assimilated by eukaryotic cells?

(A) Glucose

(B) Lactate

(C) Sulfate (SO})

(D) Nitrogen (N,)

(E) Phosphate (PO;")

Bacteria that are obligate intracellular pathogens of humans
(eg, Chlamydia trachomatis) are considered to be
(A) Autotrophs

(B) Photosynthetic

(C) Chemolithotrophs

(D) Hyperthermophiles

(E) Heterotrophs

Answers

1.C
2.D
3.E

4. A
5.C
6.B

7.B
8.E
9.D

10. E
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Microbial Metabolism

ROLE OF METABOLISM IN BIOSYNTHESIS
AND GROWTH

Microbial growth requires the polymerization of biochemical
building blocks into proteins, nucleic acids, polysaccharides,
and lipids. The building blocks must come preformed in the
growth medium or must be synthesized by the growing cells.
Additional biosynthetic demands are placed by the require-
ment for coenzymes that participate in enzymatic catalysis.
Biosynthetic polymerization reactions demand the trans-
fer of anhydride bonds from adenosine triphosphate (ATP).
Growth demands a source of metabolic energy for the syn-
thesis of anhydride bonds and for the maintenance of trans-
membrane gradients of ions and metabolites.

Metabolism has two components, catabolism and ana-
bolism (Figure 6-1). Catabolism encompasses processes
that harvest energy released from the breakdown of compounds
(eg, glucose), and using that energy to synthesize ATP. In
contrast, anabolism, or biosynthesis, includes processes that
utilize the energy stored in ATP to synthesize and assemble
the subunits, or building blocks, of macromolecules that
make up the cell. The sequence of building blocks within a
macromolecule is determined in one of two ways. In nucleic
acids and proteins, it is template-directed: DNA serves as
the template for its own synthesis and for the synthesis of the
various types of RNA; messenger RNA serves as the template
for the synthesis of proteins. In carbohydrates and lipids, on
the other hand, the arrangement of building blocks is deter-
mined entirely by enzyme specificities. Once the macromol-
ecules have been synthesized, they self-assemble to form the
supramolecular structures of the cell, eg, ribosomes, mem-
branes, cell wall, flagella, and pili.

The rate of macromolecular synthesis and the activity
of metabolic pathways must be regulated so that biosynthe-
sis is balanced. All of the components required for macro-
molecular synthesis must be present for orderly growth, and
control must be exerted so that the resources of the cell are
not expended on products that do not contribute to growth
or survival.

This chapter contains a review of microbial metabolism
and its regulation. Microorganisms represent extremes of evo-
lutionary divergence, and a vast array of metabolic pathways

CHAUPTER

is found within the group. For example, any of more than half
a dozen different metabolic pathways may be used for assimi-
lation of a relatively simple compound, benzoate, and a single
pathway for benzoate assimilation may be regulated by any
of more than half a dozen control mechanisms. Our goal is
to illustrate the principles that underlie metabolic pathways
and their regulation. The primary principle that determines
metabolic pathways is that they are achieved by organizing
relatively few biochemical type reactions in a specific order.
Many biosynthetic pathways can be deduced by examin-
ing the chemical structures of the starting material, the
end product, and perhaps one or two metabolic intermedi-
ates. The primary principle underlying metabolic regulation
is that enzymes tend to be called into play only when their
catalytic activity is demanded. The activity of an enzyme may
be changed by varying either the amount of enzyme or the
amount of substrate. In some cases, the activity of enzymes
may be altered by the binding of specific effectors, metabo-
lites that modulate enzyme activity.

FOCAL METABOLITES AND
THEIR INTERCONVERSION

Glucose 6-Phosphate and Carbohydrate
Interconversions

The biosynthetic origins of building blocks and coenzymes
can be traced to relatively few precursors, called focal
metabolites. Figures 6-2-6-5 illustrate how the respective
focal metabolites glucose 6-phosphate (G6PD), phosphoenol-
pyruvate, oxaloacetate, and a-ketoglutarate give rise to most
biosynthetic end products.

Figure 6-2 illustrates how G6PD is converted to a range
of biosynthetic end products via phosphate esters of carbo-
hydrates with different chain lengths. Carbohydrates pos-
sess the empirical formula (CH,O) , and the primary objec-
tive of carbohydrate metabolism is to change n, the length of
the carbon chain. Mechanisms by which the chain lengths
of carbohydrate phosphates are interconverted are summa-
rized in Figure 6-6. In one case, oxidative reactions are used
to remove a single carbon from G6PD, producing the pentose
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CATABOLISM

Energy source
(glucose)

ANABOLISM

Cell structures
(cell wall, membrane,
ribosomes, surface
structures)

W

Macromolecules
(proteins, nucleic acids)

Subunits
(amino acids,
nucleotides)

Precursors

Waste products Nutrients
(acids, carbon (source of nitrogen,
dioxide) sulfur, etc.)

FIGURE 6-1 The relationship between catabolism and
anabolism. Catabolism encompasses processes that harvest energy
released during disassembly of compounds, using it to synthesize
adenosine triphosphate (ATP); it also provides precursor metabolites
used in biosynthesis. Anabolism, or biosynthesis, includes

processes that utilize ATP and precursor metabolites to synthesize
and assemble subunits of macromolecules that make up the cell.
(Reproduced with permission from Nester EW, Anderson DG,
Roberts CE, Nester MT [editors]: Microbiology: A Human Perspective,
6th ed. McGraw-Hill, 2009, p. 127. © The McGraw-Hill Companies, Inc.)

derivative ribulose 5-phosphate. Isomerase and epimerase
reactions interconvert the most common biochemical forms
of the pentoses: ribulose 5-phosphate, ribose 5-phosphate,
and xylulose 5-phosphate. Transketolases transfer a two-
carbon fragment from a donor to an acceptor molecule. These
reactions allow pentoses to form or to be formed from carbo-
hydrates of varying chain lengths. As shown in Figure 6-6,
two pentose 5-phosphates (1 = 5) are interconvertible with
triose 3-phosphate (n = 3) and heptose 7-phosphate (n = 7);
pentose 5-phosphate (1 = 5) and tetrose 4-phosphate (n = 4)
are interconvertible with triose 3-phosphate (n = 3) and
hexose 6-phosphate (n = 6).

The six-carbon hexose chain of fructose 6-phosphate
can be converted to two three-carbon triose derivatives by
the consecutive action of a kinase and an aldolase on fructose
6-phosphate. Alternatively, aldolases, acting in conjunction
with phosphatases, can be used to lengthen carbohydrate
molecules: Triose phosphates give rise to fructose 6-phosphate;
a triose phosphate and tetrose 4-phosphate form heptose
7-phosphate. The final form of carbohydrate chain length

interconversion is the transaldolase reaction, which inter-
converts heptose 7-phosphate and triose 3-phosphate with
tetrose 4-phosphate and hexose 6-phosphate.

The coordination of different carbohydrate rearrangement
reactions to achieve an overall metabolic goal is illustrated by
the hexose monophosphate shunt (Figure 6-7). This metabolic
cycle is used by Cyanobacteria for the reduction of NAD*
(nicotinamide adenine dinucleotide) to NADH (reduced
nicotinamide adenine dinucleotide), which serves as a reduc-
tant for respiration in the dark. Many organisms use the hex-
ose monophosphate shunt to reduce NADP* (nicotinamide
adenine dinucleotide phosphate) to NADPH (reduced nico-
tinamide adenine dinucleotide phosphate), which is used for
biosynthetic reduction reactions. The first steps in the hexose
monophosphate shunt are the oxidative reactions that shorten
six hexose 6-phosphates (abbreviated as six C, in Figure 6-7)
to six pentose 5-phosphates (abbreviated six C,). Carbohydrate
rearrangement reactions convert the six C, molecules to five C,
molecules so that the oxidative cycle may continue.

Clearly, all reactions for interconversion of carbohy-
drate chain lengths are not called into play at the same time.
Selection of specific sets of enzymes, essentially the deter-
mination of the metabolic pathway taken, is dictated by the
source of carbon and the biosynthetic demands of the cell.
For example, a cell given triose phosphate as a source of car-
bohydrate will use the aldolase-phosphatase combination
to form fructose 6-phosphate; the kinase that acts on fruc-
tose 6-phosphate in its conversion to triose phosphate would
not be expected to be active under these circumstances. If
demands for pentose 5-phosphate are high, as in the case of
photosynthetic carbon dioxide assimilation, transketolases
that can give rise to pentose 5-phosphates are very active.

In sum, G6PD can be regarded as a focal metabolite
because it serves both as a direct precursor for metabolic
building blocks and as a source of carbohydrates of varying
length that are used for biosynthetic purposes. G6PD itself
may be generated from other phosphorylated carbohydrates
by selection of pathways from a set of reactions for chain
length interconversion. The reactions chosen are determined
by the genetic potential of the cell, the primary carbon source,
and the biosynthetic demands of the organism. Metabolic
regulation is required to ensure that reactions that meet the
requirements of the organism are selected.

Formation and Utilization of
Phosphoenolpyruvate

Triose phosphates, formed by the interconversion of carbohy-
drate phosphoesters, are converted to phosphoenolpyruvate
by the series of reactions shown in Figure 6-8. Oxidation of
glyceraldehyde 3-phosphate by NAD* is accompanied by the
formation of the acid anhydride bond on the one carbon of
1,3-diphosphoglycerate. This phosphate anhydride is trans-
ferred in a substrate phosphorylation to adenosine diphos-
phate (ADP), yielding an energy-rich bond in ATP. Another
energy-rich phosphate bond is formed by dehydration of
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Focal metabolite

Intermediates

End products

Hexose phosphates

Polysaccharides

Nucleic acids

Pentose phosphates Histidine
Tryptophan
Glucose 6-phosphate Tetrose phosphate ——> Chorismate Phenylalanine
Tyrosine
Triose phosphates Lipids
Glycine
3-Phosphoglycerate ———> Serine Cysteine
Tryptophan

FIGURE 6-2 Biosynthetic end products formed from glucose 6-phosphate. Carbohydrate phosphate esters of varying chain length serve as
intermediates in the biosynthetic pathways.

Focal metabolite Intermediates End products
Triose phosphates Glycine
3-Phosphoglycerate  ——> Serine Cysteine

Tryptophan
Chorismate Phenylalanine
Tyrosine
Phosphoenolpyruvate Polysaccharides
Alanine
Pyruvate < Valine
l Isoleucine
Acetyl-CoA Lipids

FIGURE 6-3 Biosynthetic end products formed from phosphoenolpyruvate.

2-phosphoglycerate to phosphoenolpyruvate; via another  is an oxidative process, and in the absence of an exogenous
substrate phosphorylation, phosphoenolpyruvate can donate  electron acceptor, the NADH generated by oxidation of glyc-
the energy-rich bond to ADP, yielding ATP and pyruvate.  eraldehyde 3-phosphate must be oxidized to NAD* by pyru-
Thus, two energy-rich bonds in ATP can be obtained by the  vate or by metabolites derived from pyruvate. The products
metabolic conversion of triose phosphate to pyruvate. This ~ formed as a result of this process vary and, as described later
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Focal metabolite

End products

Oxaloacetate Aspartate

Asparagine

Threonine ——> lIsoleucine

Methionine

Coenzymes
Pyrimidines <

Nucleic acids

FIGURE 6-4 Biosynthetic end products formed from oxaloacetate. The end products aspartate, threonine, and pyrimidines serve as

intermediates in the synthesis of additional compounds.

Focal metabolite

Intermediates

End products

 _’ Lysine

o-Ketoglutarate

Glutamate —> Glutamine

—

Glutamic semialdehyde \ Arginine
Proline

FIGURE 6-5 Biosynthetic end products formed from o-ketoglutarate.

in this chapter, can be used in the identification of clinically
significant bacteria.

Formation of phosphoenolpyruvate from pyruvate
requires a substantial amount of metabolic energy, and two
anhydride ATP bonds invariably are invested in the process.
Some organisms—Escherichia coli, for example—directly
phosphorylate pyruvate with ATP, yielding adenosine mono-
phosphate (AMP) and inorganic phosphate (P,). Other organ-
isms use two metabolic steps: One ATP pyrophosphate bond
is invested in the carboxylation of pyruvate to oxaloacetate,
and a second pyrophosphate bond (often carried by guano-
sine triphosphate [GTP] rather than ATP) is used to generate
phosphoenolpyruvate from oxaloacetate.

Formation and Utilization of Oxaloacetate

As already described, many organisms form oxaloacetate
by the ATP-dependent carboxylation of pyruvate. Other
organisms, such as E coli, which form phosphoenolpyruvate
directly from pyruvate, synthesize oxaloacetate by carboxyl-
ation of phosphoenolpyruvate.

Succinyl-CoA is a required biosynthetic precursor for
the synthesis of porphyrins and other essential compounds.
Some organisms form succinyl-CoA by reduction of oxalo-
acetate via malate and fumarate. These reactions represent a
reversal of the metabolic flow observed in the conventional
tricarboxylic acid cycle (see Figure 6-11).

Formation of o-Ketoglutarate
From Pyruvate

Conversion of pyruvate to o-ketoglutarate requires a meta-
bolic pathway that diverges and then converges (Figure 6-9).
In one branch, oxaloacetate is formed by carboxylation of
pyruvate or phosphoenolpyruvate. In the other branch, pyru-
vate is oxidized to acetyl-CoA. It is noteworthy that, regard-
less of the enzymatic mechanism used for the formation of
oxaloacetate, acetyl-CoA is required as a positive metabolic
effector for this process. Thus, the synthesis of oxaloacetate is
balanced with the production of acetyl-CoA. Condensation
of oxaloacetate with acetyl-CoA yields citrate. Isomerization
of the citrate molecule produces isocitrate, which is oxida-
tively decarboxylated to oi-ketoglutarate.

ASSIMILATORY PATHWAYS
Growth With Acetate

Acetate is metabolized via acetyl-CoA, and many organisms
possess the ability to form acetyl-CoA (Figure 6-10). Acetyl-
CoA is used in the biosynthesis of ci-ketoglutarate, and in most
respiratory organisms, the acetyl fragment in acetyl-CoA is
oxidized completely to carbon dioxide via the tricarboxylic
acid cycle (Figure 6-11). The ability to use acetate as a net source
of carbon, however, is limited to relatively few microorganisms
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NAD* NADH+H* NAD* NADH+H*

N

Glucose 6-phosphate
(Ce)

Transketolases

Xylulose 5-phosphate

Ribulose 5-phosphate
(Cs)

N/
<

co,

Glyceraldehyde 3-phosphate

(Cs) T T (Cy

Ribose 5-phosphate
(Cs)

Xylulose 5-phosphate

Sedoheptulose 7-phosphate
()

Glyceraldehyde 3-phosphate

(Cs) >—< (Cy)

Erythrose 4-phosphate
(Cy)

Kinase, Aldolase

ADP ATP

Fructose 6-phosphate
(Ce)

Dihydroxyacetone phosphate

! ‘ (Cy)
Fructose 6-phosphate Fructose 1,6-diphosphate

(Ce)

Aldolase, Phosphatase

Dihydroxyacetone phosphate H,O Phosphate
(Cy) , ‘
—> Fructose 1,6-diphosphate Fructose 6-phosphate

Glyceraldehyde 3-phosphate
(Cy)

Dihydroxyacetone phosphate
3)

Erythrose 4-phosphate
(Cy)
Transaldolase

Sedoheptulose 7-phosphate
(C)

Glyceraldehyde 3-phosphate
(Cy)

Glyceraldehyde 3-phosphate
(Cy)

(Ce)

H,O Phosphate

—> Sedoheptulose 1,7-diphosphate LL» Sedoheptulose 7-phosphate

(C)

Erythrose 4-phosphate
(C)

Fructose 6-phosphate
(Co)

FIGURE 6-6 Biochemical mechanisms for changing the length of carbohydrate molecules. The general empirical formula for carbohydrate
phosphate esters, (C H, O )-N-phosphate, is abbreviated (C ) to emphasize changes in chain length.

n 2n"n

and plants. Net synthesis of biosynthetic precursors from ace-
tate is achieved by coupling reactions of the tricarboxylic acid
cycle with two additional reactions catalyzed by isocitrate lyase
and malate synthase. As shown in Figure 6-12, these reactions

allow the net oxidative conversion of two acetyl moieties from
acetyl-CoA to one molecule of succinate. Succinate may be
used for biosynthetic purposes after its conversion to oxaloac-
etate, o-ketoglutarate, phosphoenolpyruvate, or G6PD.
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Net reaction

+ H,0
Glucose 6-phosphate + 12NAD* ————> 6CO, + 12NADH + Phosphate

~ 2Cg 2C, 2G4
Trans- Trans-
. . ketolase aldolase
6NAD 6NAD
6NADH 6NADH
6Cq / < 6C; < 2C; 2C, 2C, 2Cq
Trans-
6CO, ketolase H,0
Phosphate
.
2C 2C C
5 3 Aldolase, ©
phosphatase

FIGURE 6-7 The hexose monophosphate shunt. Oxidative reactions (see Figure 6-6) reduce NAD* (nicotinamide adenine dinucleotide
phosphate) and produce CO,, resulting in the shortening of the six hexose phosphates (abbreviated C)) to six pentose phosphates (abbreviated
C,). Carbohydrate rearrangements (see Figure 6-6) convert the pentose phosphates to hexose phosphates so that the oxidative cycle may

continue.

OXIDATION
+ +

CH,OH cHo  NAD® NADH+H

| |

C=0 <———=  HCOH

| |

CH,0PO,% CH,0POZ% P

Triose phosphates

SUBSTRATE
PHOSPHORYLATION

co,” ATP ADP

I A—L
Cc=0

|

CH,4

Pyruvate

1,3-Diphosphoglycerate

Phosphoenolpyruvate

SUBSTRATE
PHOSPHORYLATION
I
COPOSZ— ADP ATP CO2—
| E i‘ |
HCOH HCOH
| |
CH,0PO,2 CH,0PO,*

3-Phosphoglycerate

— HZO —
% 2
ﬁopoaz- ; H(I)OPOSZ‘
CH, CH,OH

2-Phosphoglycerate

FIGURE 6-8 Formation of phosphoenolpyruvate and pyruvate from triose phosphate. The figure draws attention to two sites of substrate
phosphorylation and to the oxidative step that results in the reduction of NAD* (nicotinamide adenine dinucleotide phosphate) to NADH
(nicotinamide adenine dinucleotide hydride). Repetition of this energy-yielding pathway demands a mechanism for oxidizing NADH to NAD".
Fermentative organisms achieve this goal by using pyruvate or metabolites derived from pyruvate as oxidants.

Growth With Carbon Dioxide:
The Calvin Cycle

Similar to plants and algae, a number of microbial species
can use carbon dioxide as a sole source of carbon. In almost
all of these organisms, the primary route of carbon assimi-
lation is via the Calvin cycle, in which carbon dioxide and
ribulose diphosphate combine to form two molecules of
3-phosphoglycerate (Figure 6-13A). 3-Phosphoglycerate is

phosphorylated to 1,3-diphosphoglycerate, and this com-
pound is reduced to the triose derivative, glyceraldehyde
3-phosphate. Carbohydrate rearrangement reactions (see
Figure 6-6) allow triose phosphate to be converted to the pen-
tose derivative ribulose 5-phosphate, which is phosphorylated
to regenerate the acceptor molecule, ribulose 1,5-diphosphate
(Figure 6-13B). Additional reduced carbon, formed by the
reductive assimilation of carbon dioxide, is converted to focal
metabolites for biosynthetic pathways.
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Nap* HSCOA  CO  NapH.H*
CO,~
|
Cc=0 (e}
| I
CH,4 CH4CSCoA
Pyruvate Acetyl-CoA
H,O HSCoA H,O
CH,CO,~ CHCO,~
| Z‘ |
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| _ _
C 0 o= C002 CH,CO, CH,CO,
Acetyl-CoA Citrate Aconitate
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Pyruvate for activity Oxaloacetate
H,O
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AMP CH, €0,
+ +
Phosphoenol- 0=0C0, CO, 0=CCo, NADH+H" NAD HOCHCO,™
pyruvate | 5 | E { |
CH, CHCO,~ CHCO,~
| | |
CH,CO,~ CH,CO,~ CHCO,~
o-Ketoglutarate Oxalosuccinate Isocitrate

FIGURE 6-9 Conversion of pyruvate to o-ketoglutarate. Pyruvate is converted to a-ketoglutarate by a branched biosynthetic pathway.

In one branch, pyruvate is oxidized to acetyl-CoA; in the other, pyruvate is carboxylated to oxaloacetate.

?02 NAD*
CHj

Pyruvate

NADH+H*

HSCoA PP, o

Il
CHZCO,~ N CH,CSCoA
Acetate / \‘ Acetyl-CoA

ATP  AMP
B-OXIDATION
O
HSCoA PP, I
Ha(CH,CH,),CSCoA
CH3(CH,CH,),CO,~ % Fatty acyl-CoA
Fatty acids ATP AMP

FIGURE 6-10 Biochemical sources of acetyl-CoA. AMP, adenosine monophosphate; ATP, adenosine triphosphate.
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O
Il
CH4CSCoA
. H,O
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CH,CO,~ _
0=0C0," HSCoA CCO,
| H.O Citrate _  H0
CH,CO,~ 2 CH,CO,
Aconitate
NADH+H* Oxaloacetate
. HOCHCO,~
NAD |
CHCO,~
- |
HOCIDHCO2 CH,CO,~
CH,CO,~ Isocitrate
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Net reaction NAD
Acetyl-CoA + 3NAD" + Enz(FAD) + GDP + P, + 2H,0 —
H,0 HSCOoA +2C0, + 3NADH + 3H" + Enz(FADH,) + GTP NADH+H"*
o= (IDCOZ‘
ﬁHCOZ CI;H co,”
CHCO, CH,CO,~
Fumarate Oxalosuccinate
Enz(FADH,) o= (IDCOZ‘
CH,CO,~ CIHz co
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n2(FAD) 7 CH,co,  HSCoA HSCoA  CH,CO, 2
Succinate e} CO, o-Ketoglutarate
I
CH,CSCoA
|
GTP CH,CO,~ NAD"
GD

i DH
Succinyl-CoA |-_l|-+

FIGURE 6-11 The tricarboxylic acid cycle. There are four oxidative steps, three giving rise to NADH (nicotinamide adenine dinucleotide
hydride) and one giving rise to a reduced flavoprotein, Enz(FADH,). The cycle can continue only if electron acceptors are available to oxidize the
NADH and reduced flavoprotein. GDP, guanosine diphosphate; GTP, guanosine triphosphate.

Cells that can use carbon dioxide as a sole source of
carbon are termed autotrophic, and the demands for this
pattern of carbon assimilation can be summarized briefly
as follows: In addition to the primary assimilatory reaction
giving rise to 3-phosphoglycerate, there must be a mechanism for
regenerating the acceptor molecule, ribulose 1,5-diphosphate.
This process demands the energy-dependent reduction of 3-
phosphoglycerate to the level of carbohydrate. Thus, autotro-
phy requires carbon dioxide, ATP, NADPH, and a specific set
of enzymes.

Depolymerases

Many potential growth substrates occur as building blocks
within the structure of biologic polymers. These large molecules

are not readily transported across the cell membrane and
often are affixed to even larger cellular structures. Many
microorganisms elaborate extracellular depolymerases that
hydrolyze proteins, nucleic acids, polysaccharides, and lipids.
The pattern of depolymerase activities can be useful in the
identification of microorganisms.

Oxygenases

Many compounds in the environment are relatively resis-
tant to enzymatic modification, and utilization of these
compounds as growth substrates demands a special class of
enzymes, oxygenases. These enzymes directly use the potent
oxidant molecular oxygen as a substrate in reactions that con-
vert a relatively intractable compound to a form in which it
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FIGURE 6-12 The glyoxylate cycle. Note that the reactions that convert malate to isocitrate are shared with the tricarboxylic acid cycle (see
Figure 6-11). Metabolic divergence at the level of isocitrate and the action of two enzymes, isocitrate lyase and malate synthase, modify the
tricarboxylic acid cycle so that it reductively converts two molecules of acetyl-CoA to succinate.

can be assimilated by thermodynamically favored reactions.
The action of oxygenases is illustrated in Figure 6-14, which
shows the role of two different oxygenases in the utilization
of benzoate.

Reductive Pathways

Some microorganisms live in extremely reducing environ-
ments that favor chemical reactions that would not occur
in organisms using oxygen as an electron acceptor. In these
organisms, powerful reductants can be used to drive reac-
tions that allow the assimilation of relatively intractable com-
pounds. An example is the reductive assimilation of benzoate,
a process in which the aromatic ring is reduced and opened to
form the dicarboxylic acid pimelate. Further metabolic reac-
tions convert pimelate to focal metabolites.

Nitrogen Assimilation

The reductive assimilation of molecular nitrogen, also referred
to as nitrogen fixation, is required for continuation of life on
our planet. Nitrogen fixation is accomplished by a variety
of bacteria and Cyanobacteria using a multicomponent
nitrogenase enzyme complex. Despite the variety of organisms
capable of fixing nitrogen, the nitrogenase complex is similar
in most of them (Figure 6-15). Nitrogenase is a complex of two
enzymes—one enzyme (dinitrogenase reductase) contains iron
and the other (dinitrogenase) contains iron and molybdenum.
Together, these enzymes catalyze the following reaction:

N, + 6H" + 6e™ + 12ATP —>2NH, + 12ADP + 12P,

Because of the high activation energy of breaking the
very strong triple bond that joins two nitrogen atoms, this
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FIGURE 6-13 The Calvin cycle. A: Reductive assimilation of CO,. Adenosine triphosphate (ATP) and NADPH (nicotinamide adenine
dinucleotide phosphate) are used to reductively convert pentose 5-phosphate (C;) to two molecules of triose phosphate (C,). B: The Calvin
cycle is completed by carbohydrate rearrangement reactions (Figure 6-6) that allow the net synthesis of carbohydrate and the regeneration of
pentose phosphate so that the cycle may continue. ADP, adenosine diphosphate.

reductive assimilation of nitrogen demands a substantial
amount of metabolic energy. Somewhere between 20 and
24 molecules of ATP are hydrolyzed as a single N, molecule
is reduced to two molecules of NH.,.

Additional physiologic demands are placed by the fact
that nitrogenase is readily inactivated by oxygen. Aerobic

organisms that use nitrogenase have developed elaborate
mechanisms to protect the enzyme against inactivation.
Some form specialized cells in which nitrogen fixation takes
place, and others have developed elaborate electron transport
chains to protect nitrogenase against inactivation by oxygen.
The most significant of these bacteria in agriculture are the
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FIGURE 6-14 The role of oxygenases in aerobic utilization of benzoate as a carbon source. Molecular oxygen participates directly in the

reactions that disrupt the aromaticity of benzoate and catechol.
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FIGURE 6-15 Reduction of N, to two molecules of NH,. In addition to reductant, the nitrogenase reaction requires a substantial amount of
metabolic energy. The number of adenosine triphosphate (ATP) molecules required for reduction of a single nitrogen molecule to ammonia is
uncertain; the value appears to lie between 12 and 16. The overall reaction requires 8NADH* (nicotinamide adenine dinucleotide phosphate)
H*. Six of these are used to reduce N, to 2NH,, and two are used to form H,. The uptake hydrogenase returns H, to the system, thus conserving
energy. (Redrawn and reproduced, with permission, from Moat AG, Foster JW: Microbial Physiology, 4th ed. Wiley-Liss, 2002. Reprinted by

permission of John Wiley & Sons, Inc.)

Rhizobiaceae, organisms that fix nitrogen symbiotically in
the root nodules of leguminous plants.

The capacity to use ammonia as a nitrogen source is
widely distributed among organisms. The primary portal of
entry of nitrogen into carbon metabolism is glutamate, which
is formed by reductive amination of o-ketoglutarate. As
shown in Figure 6-16, there are two biochemical mechanisms
by which this can be achieved. One, the single-step reduc-
tion catalyzed by glutamate dehydrogenase (Figure 6-16A) is
effective in environments in which there is an ample supply of
ammonia. The other, a two-step process in which glutamine
is an intermediate (Figure 6-16B), is used in environments

in which ammonia is in short supply. The latter mechanism
allows cells to invest the free energy formed by hydrolysis
of a pyrophosphate bond in ATP into the assimilation of
ammonia from the environment.

The amide nitrogen of glutamine, an intermediate in
the two-step assimilation of ammonia into glutamate (see
Figure 6-16B), is also transferred directly into organic nitrogen
appearing in the structures of purines, pyrimidines, arginine,
tryptophan, and glucosamine. The activity and synthesis of
glutamine synthase are regulated by the ammonia supply and
by the availability of metabolites containing nitrogen derived
directly from the amide nitrogen of glutamine.
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FIGURE 6-16 Mechanisms for the assimilation of NH,. A: When the NH, concentration is high, cells are able to assimilate the compound via
the glutamate dehydrogenase reaction. B: When, as most often is the case, the NH, concentration is low, cells couple the glutamine synthase
and glutamate synthase reactions to invest the energy produced by hydrolysis of a pyrophosphate bond into ammonia assimilation.

Most of the organic nitrogen in cells is derived from
the o-amino group of glutamate, and the primary mechanism
by which the nitrogen is transferred is transamination.
The usual acceptor in these reactions is an o.-keto acid, which
is transformed to the corresponding o-amino acid. o-
Ketoglutarate, the other product of the transamination reac-
tion, may be converted to glutamate by reductive amina-
tion (see Figure 6-16).

BIOSYNTHETIC PATHWAYS

Tracing the Structures of Biosynthetic
Precursors: Glutamate and Aspartate

In many cases, the carbon skeleton of a metabolic
end product may be traced to its biosynthetic origins.
Glutamine, an obvious example, clearly is derived from
glutamate (Figure 6-17). The glutamate skeleton in the
structures of arginine and proline (see Figure 6-17) is less

obvious but readily discernible. Similarly, the carbon skel-
eton of aspartate, directly derived from the focal metabo-
lite oxaloacetate, is evident in the structures of asparagine,
threonine, methionine, and pyrimidines (Figure 6-18).
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| |
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C=0 NH H
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NH,
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FIGURE 6-17 Amino acids formed from glutamate.
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FIGURE 6-18 Biosynthetic end products formed from aspartate.

In some cases, different carbon skeletons combine in a bio-
synthetic pathway. For example, aspartate semialdehyde
and pyruvate combine to form the metabolic precursors of
lysine, diaminopimelic acid, and dipicolinic acid (Figure 6-19).
The latter two compounds are found only in prokaryotes.
Diaminopimelic acid is a component of peptidoglycan in the
cell wall, and dipicolinic acid represents a major component of
endospores.

Synthesis of Cell Wall Peptidoglycan

The structure of peptidoglycan is shown in Figure 2-16; the
pathway by which it is synthesized is shown in simplified
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form in Figure 6-20A. The synthesis of peptidoglycan begins
with the stepwise synthesis in the cytoplasm of UDP-
N-acetylmuramicacid-pentapeptide. N-Acetylglucosamineis
first attached to uridine diphosphate (UDP) and then con-
verted to UDP-N-acetylmuramic acid by condensation with
phosphoenolpyruvate and reduction. The amino acids of the
pentapeptide are sequentially added, each addition catalyzed
by a different enzyme and each involving the split of ATP to
ADP + P

The UDP-N-acetylmuramic acid-pentapeptide is attached
to bactoprenol (a lipid of the cell membrane) and receives a
molecule of N-acetylglucosamine from UDP. Some bacteria
(eg, Staphylococcus aureus) form a pentaglycine derivative in
a series of reactions using glycyl-tRNA as the donor; the com-
pleted disaccharide is polymerized to an oligomeric intermediate
before being transferred to the growing end of a glycopeptide
polymer in the cell wall.

Final cross-linking (Figure 6-20B) is accomplished by a
transpeptidation reaction in which the free amino group of a
pentaglycine residue displaces the terminal D-alanine residue
of a neighboring pentapeptide. Transpeptidation is catalyzed
by one of a set of enzymes called penicillin-binding proteins
(PBPs). PBPs bind penicillin and other B-lactam antibiotics
covalently, partly because of a structural similarity between
these antibiotics and the pentapeptide precursor. Some PBPs
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FIGURE 6-19 Biosynthetic end products formed from aspartate semialdehyde and pyruvate.
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(Reproduced with permission from Willey JM, Sherwood LM, Woolverton CJ: Prescott, Harley, & Klein’s Microbiology, 7th ed, McGraw-Hill, 2008.
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have transpeptidase or carboxypeptidase activities, their
relative rates perhaps controlling the degree of cross-linking
in peptidoglycan (a factor important in cell septation).

The biosynthetic pathway is of particular importance in
medicine because it provides a basis for the selective antibac-
terial action of several chemotherapeutic agents. Unlike their
host cells, bacteria are not isotonic with the body fluids. Their
contents are under high osmotic pressure, and their viability
depends on the integrity of the peptidoglycan lattice in the
cell wall being maintained throughout the growth cycle. Any
compound that inhibits any step in the biosynthesis of pep-
tidoglycan causes the wall of the growing bacterial cell to be
weakened and the cell to lyse. The sites of action of several
antibiotics are shown in Figure 6-20A and B.

Synthesis of Cell Envelope
Lipopolysaccharide

The general structure of the antigenic lipopolysaccharide of
gram-negative cell envelopes is shown in Figure 2-20. The
biosynthesis of the repeating end-group, which gives the cell
envelope its antigenic specificity, is shown in Figure 6-21. Note
the resemblance to peptidoglycan synthesis: In both cases, a
series of subunits is assembled on a lipid carrier in the membrane
and then transferred to open ends of the growing polymer.

Synthesis of Extracellular Capsular Polymers

The capsular polymers, a few examples of which are listed
in Table 2-1, are enzymatically synthesized from activated

GDP
BP- ®-®-gal-rha-man
GDP-man

BP- ®-®-gal-rha

TDP

TDP-rha

BP-(®)-(P)-gal
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subunits. No membrane-bound lipid carriers have been
implicated in this process. The presence of a capsule is often
environmentally determined: Dextrans and levans, for exam-
ple, can only be synthesized using the disaccharide sucrose
(fructose-glucose) as the source of the appropriate subunit,
and their synthesis thus depends on the presence of sucrose
in the medium.

Synthesis of Reserve Food Granules

When nutrients are present in excess of the requirements
for growth, bacteria convert certain of them to intracellular
reserve food granules. The principal ones are starch, glyco-
gen, poly-B-hydroxybutyrate, and volutin, which consists
mainly of inorganic polyphosphate (see Chapter 2). The
type of granule formed is species specific. The granules are
degraded when exogenous nutrients are depleted.

PATTERNS OF MICROBIAL
ENERGY-YIELDING METABOLISM

As described in Chapter 5, there are two major metabolic
mechanisms for generating the energy-rich acid pyrophos-
phate bonds in ATP: substrate phosphorylation (the direct
transfer of a phosphate anhydride bond from an organic
donor to ADP) and phosphorylation of ADP by inorganic
phosphate. The latter reaction is energetically unfavorable and
must be driven by a transmembrane electrochemical gradient,
the proton motive force. In respiration, the electrochemical

BP-(®)-(P)-(gal-rha-man),_,

or-®-®
BP- ®-®-(gal-rha-man)n

Core
polysaccharide

Core
polysaccharide-
(gal-rha-man),

= ®®

um& BP-® /(
Py

UDP-gal

FIGURE 6-21 synthesis of the repeating unit of the polysaccharide side chain of Salmonella newington and its transfer to the
lipopolysaccharide core. BP, bactroprenol; GDP, guanosine diphosphate; TDP, thymidine diphosphate; UDP, uridine diphosphate;

UMP, uridine monophosphate.
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gradient is created from externally supplied reductant and
oxidant. Energy released by transfer of electrons from the
reductant to the oxidant through membrane-bound carriers
is coupled to the formation of the transmembrane electro-
chemical gradient. In photosynthesis, light energy generates
membrane-associated reductants and oxidants; the proton
motive force is generated as these electron carriers returns to
the ground state. These processes are discussed below.

Pathways of Fermentation

A. Strategies for Substrate Phosphorylation

In the absence of respiration or photosynthesis, cells are
entirely dependent on substrate phosphorylation for their
energy: Generation of ATP must be coupled to chemical
rearrangement of organic compounds. Many compounds can
serve as fermentable growth substrates, and many pathways
for their fermentation have evolved. These pathways have the
following three general stages: (1) Conversion of the ferment-
able compound to the phosphate donor for substrate phos-
phorylation. This stage often contains metabolic reactions
in which NAD* is reduced to NADH. (2) Phosphorylation
of ADP by the energy-rich phosphate donor. (3) Metabolic
steps that bring the products of the fermentation into chemi-
cal balance with the starting materials. The most frequent
requirement in the last stage is a mechanism for oxidation of
NADH, generated in the first stage of fermentation, to NAD*
so that the fermentation may proceed. In the following sec-
tions, examples of each of the three stages of fermentation are
considered.

B. Fermentation of Glucose

The diversity of fermentative pathways is illustrated by con-
sideration of some of the mechanisms used by microorgan-
isms to achieve substrate phosphorylation at the expense
of glucose. In principle, the phosphorylation of ADP to
ATP can be coupled to either of two chemically balanced
transformations:

Glucose —— 2 Lactic acid
(CH.O) (C.HO)

67712 76 3776 73

or

Glucose —— 2 Ethanol + 2 Carbon dioxide
(CH_,0,) (C,HO) (CO,)

The biochemical mechanisms by which these transfor-
mations are achieved vary considerably.

In general, the fermentation of glucose is initiated by
its phosphorylation to G6PD. There are two mechanisms by
which this can be achieved: (1) Extracellular glucose may be
transported across the cytoplasmic membrane into the cell
and then phosphorylated by ATP to yield G6PD and ADP.
(2) In many microorganisms, extracellular glucose is phos-
phorylated as it is being transported across the cytoplasmic

membrane by an enzyme system in the cytoplasmic mem-
brane that phosphorylates extracellular glucose at the expense
of phosphoenolpyruvate, producing intracellular G6PD and
pyruvate. The latter process is an example of vectorial metab-
olism, a set of biochemical reactions in which both the struc-
ture and the location of a substrate are altered. It should be
noted that the choice of ATP or phosphoenolpyruvate as a
phosphorylating agent does not alter the ATP yield of fermen-
tation because phosphoenolpyruvate is used as a source of
ATP in the later stages of fermentation (see Figure 6-8).

C. The Embden-Meyerhof Pathway

This pathway (Figure 6-22), a commonly encountered mecha-
nism for the fermentation of glucose, uses a kinase and an
aldolase (see Figure 6-6) to transform the hexose (C) phos-
phate to two molecules of triose (C,) phosphate. Four sub-
strate phosphorylation reactions accompany the conversion
of the triose phosphate to two molecules of pyruvate. Thus,
taking into account the two ATP pyrophosphate bonds
required to form triose phosphate from glucose, the Embden-
Meyerhof pathway produces a net yield of two ATP pyrophos-
phate bonds. Formation of pyruvate from triose phosphate
is an oxidative process, and the NADH formed in the first
metabolic step (Figure 6-22) must be converted to NAD* for
the fermentation to proceed; two of the simpler mechanisms
for achieving this goal are illustrated in Figure 6-23. Direct
reduction of pyruvate by NADH produces lactate as the end
product of fermentation and thus results in acidification of
the medium. Alternatively, pyruvate may be decarboxyl-
ated to acetaldehyde, which is then used to oxidize NADH,
resulting in production of the neutral product ethanol. The
pathway taken is determined by the evolutionary history of
the organism and, in some microorganisms, by the growth
conditions.

D. The Entner-Doudoroff and Heterolactate
Fermentations

Alternative pathways for glucose fermentation include some
specialized enzyme reactions, and these are shown in
Figure 6-24. The Entner-Doudoroff pathway diverges from
other pathways of carbohydrate metabolism by a dehydration
of 6-phosphogluconate followed by an aldolase reaction that
produces pyruvate and triose phosphate (Figure 6-24A).
The heterolactate fermentation and some other fermen-
tative pathways depend upon a phosphoketolase reaction
(Figure 6-24B) that phosphorolytically cleaves a ketose-
phosphate to produce acetyl phosphate and triose phos-
phate. The acid anhydride acetyl phosphate may be used to
synthesize ATP or may allow the oxidation of two NADH
molecules to NAD* as it is reduced to ethanol.

The overall outlines of the respective Entner-Doudoroff
and heterolactate pathways are shown in Figures 6-25 and
6-26. The pathways yield only a single molecule of triose phos-
phatefrom glucose, and the energyyieldis correspondingly low:
Unlike the Embden-Meyerhof pathway, the Entner-Doudoroft
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FIGURE 6-22 The Embden-Meyerhof pathway. This is one of three glycolytic pathways used to catabolize glucose to pyruvate and it can
function during aerobic respiration, anaerobic respiration, and fermentation. When used during a respiratory process, the electrons accepted
by NAD* (nicotinamide adenine dinucleotide phosphate) are transferred to an electron transport chain and are ultimately accepted by an
exogenous electron acceptor. When used during fermentation, the electrons accepted by NAD* are donated to an endogenous electron
acceptor (eg, pyruvate). The Embden-Meyerhof pathway is also an important amphibolic pathway because it generates several precursor

metabolites (shown in blue). ADP, adenosine diphosphate; ATP, adenosine
permission from Willey JM, Sherwood LM, Woolverton CJ: Prescott, Harley,

and heterolactate pathways yield only a single net substrate
phosphorylation of ADP per molecule of glucose fermented.
Why have the alternative pathways for glucose fermentation
been selected in the natural environment? In answering this
question, two facts should be kept in mind. First, in direct
growth competition between two microbial species, the
rate of substrate utilization can be more important than the
amount of growth. Second, glucose is but one of many car-
bohydrates encountered by microorganisms in their natural

triphosphate. (© The McGraw-Hill Companies, Inc. Reproduced with
& Klein’s Microbiology, 7th ed, McGraw-Hill, 2008.)

environment. Pentoses, for example, can be fermented quite
efficiently by the heterolactate pathway.

E. Additional Variations in Carbohydrate
Fermentations
Pathways for carbohydrate fermentation can accommodate

many more substrates than described here, and the end
products may be far more diverse than suggested thus far.



94 SECTIONI Fundamentals of Microbiology

CO,~
|
c=0
|
CHy
Pyruvate
CO,
NADH+H*
H
NAD™ |
Cc=0
|
CH,4
_ Acetaldehyde
CO, .
| NADH+H
CHOH
oy NAD"
3
Lactate
CH,OH
|
CH,4
Ethanol

FIGURE 6-23 Two biochemical mechanisms by which pyruvate
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Left: Direct formation of lactate, which results in net production of
lactic acid from glucose. Right: Formation of the neutral products
carbon dioxide and ethanol.

HCOH H,0

HOCH )

|
H(I)OH H?OH

HCIIOH HCOH
CH,0POZ2"

6-Phosphogluconate

CH,OH
c=0
HOéH
HéOH
CI:H20P032‘

Xylulose 5-phosphate

|
CH,0PO,%

2-Keto-3-deoxy-
6-phosphogluconate

For example, there are numerous mechanisms for oxidation
of NADH at the expense of pyruvate. One such pathway is
the reductive formation of succinate. Many clinically signifi-
cant bacteria form pyruvate from glucose via the Embden-
Meyerhof pathway, and they may be distinguished on the
basis of reduction products formed from pyruvate, reflecting
the enzymatic constitution of different species. The major
products of fermentation, listed in Table 6-1, form the basis
for many diagnostic tests.

F. Fermentation of Other Substrates

Carbohydrates are by no means the only fermentable sub-
strates. Metabolism of amino acids, purines, and pyrimidines
may allow substrate phosphorylations to occur. For example,
arginine may serve as an energy source by giving rise to
carbamoyl phosphate, which can be used to phosphorylate
ADP to ATP. Some organisms ferment pairs of amino acids,
using one as an electron donor and the other as an electron
acceptor.

Patterns of Respiration

Respiration requires a closed membrane. In bacteria, the
membrane is the cell membrane. Electrons are passed from a
chemical reductant to a chemical oxidant through a specific
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FIGURE 6-24 Reactions associated with specific pathways of carbohydrate fermentation. A: Dehydratase and aldolase reactions used in
the Entner-Doudoroff pathway. B: The phosphoketolase reaction. This reaction, found in several pathways for fermentation of carbohydrates,
generates the mixed acid anhydride acetyl phosphate, which can be used for substrate phosphorylation of adenosine diphosphate (ADP).
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FIGURE 6-25 The Entner-Doudoroff pathway. ADP, adenosine
diphosphate; ATP, adenosine triphosphate.

set of electron carriers within the membrane, and as a result,
the proton motive force is established (Figure 6-27); return
of protons across the membrane is coupled to the synthesis
of ATP. As suggested in Figure 6-27, the biologic reductant
for respiration frequently is NADH, and the oxidant often is
oxygen.

Tremendous microbial diversity is exhibited in the
sources of reductant used to generate NADH, and many
microorganisms can use electron acceptors other than
oxygen. Organic growth substrates are converted to focal
metabolites that may reduce NAD* to NADH either by the
hexose monophosphate shunt (see Figure 6-7) or by the tri-
carboxylic acid cycle (see Figure 6-11). Additional reductant

CHAPTER 6 Microbial Metabolism 95

Glucose

|~ ATP
e aop

Glucose 6-phosphate

NAD* .
/_ (See Figures
\ 6-5 and 6-6)
NADH+H*

NAD*
/_
Cco, N NaDHH

Pentose 5-phosphate

| (See Figure 6-23B)
y \

(0] Triose phosphate

[l
CH,COPO,*

— NAD*
Acetyl phosphate
. \ NADH+H*
— NADH+H
— ADP
\ NAD* (See Figure 6-7)
. \ ATP
— NADH+H
\ NAD*
CH;CH,OH
Ethanol /— ADP
\ ATP
Pyruvate
— NADH+H*
\* NAD*
Lactate

FIGURE 6-26 The heterolactic fermentation of glucose.
ADP, adenosine diphosphate; ATP, adenosine triphosphate.

may be generated during the breakdown of some growth sub-
strates, such as fatty acids (see Figure 6-10).

Some bacteria, called chemolithotrophs, are able to use
inorganic reductants for respiration. These energy sources
include hydrogen, ferrous iron, and several reduced forms
of sulfur and nitrogen. ATP derived from respiration and
NADPH generated from the reductants can be used to drive
the Calvin cycle (see Figure 6-13).

Compounds and ions other than O, may be used as
terminal oxidants in respiration. This ability, the capacity
for anaerobic respiration, is a widespread microbial trait.
Suitable electron acceptors include nitrate, sulfate, and car-
bon dioxide. Respiratory metabolism dependent on carbon
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TABLE 6-1

Microbial Fermentations Based on the Embden-Meyerhof Pathway

Fermentation Organisms

Products

Ethanol Some fungi (notably some yeasts)

Lactate (homofermentation) Streptococcus

Some species of Lactobacillus

Lactate (heterofermentation)

Enterobacter, Aeromonas, Bacillus polymyxa

Ethanol, CO,

Lactate (accounting for at least 90% of the energy
source carbon)

Ethanol, acetoin, 2,3-butylene glycol, CO,, lactate,
acetate, formate (total acids =21 mol?)

Propionate, acetate, succinate, CO2

Propionate Clostridium propionicum, Propionibacterium,
Corynebacterium diphtheriae
Some species of Neisseria, Veillonella, Micromonospora
Mixed acid Escherichia, Salmonella, Shigella, Proteus

Butanol-butyrate
Some species of Clostridium

Butyribacterium, Zymosarcina maxima

Lactate, acetate, formate, succinate, H,, CO,, ethanol
(total acids = 159 mol?)

Butanol, butyrate, acetone, isopropanol, acetate,
ethanol, H,, CO,

2Per 100 mol of glucose fermented.

dioxide as an electron acceptor is a property found among
representatives of a large microbial group, the archaebacteria.
Representatives of this group possess, for example, the ability
to reduce carbon dioxide to acetate as a mechanism for
generating metabolic energy.

Membrane

NADH + H*
2H
2H+ NAD+
Medium
Cytoplasm
oH* ytop
2H*
Il
! HO  ADP +P,
|‘ H+
AY
\\
. ATP

FIGURE 6-27 The coupling of electron transport in respiration
to the generation of adenosine triphosphate (ATP). The indicated
movements of protons and electrons are mediated by carriers
(flavoprotein, quinone, cytochromes) associated with the membrane.
The flow of protons down their electrochemical gradient, via the
membrane ATPase, furnishes the energy for the generation of ATP
from adenosine diphosphate (ADP) and inorganic phosphate (P). See
text for explanation.

Bacterial Photosynthesis

Photosynthetic organisms use light energy to separate elec-
tronic charge to create membrane-associated reductants and
oxidants as a result of a photochemical event. Transfer of
electrons from the reductant to the oxidant creates a proton
motive force. Many bacteria carry out a photosynthetic
metabolism that is entirely independent of oxygen. Light is
used as a source of metabolic energy, and carbon for growth is
derived either from organic compounds (photoheterotroph)
or from a combination of an inorganic reductant (eg, thiosul-
fate) and carbon dioxide (photolithotroph). These bacteria
possess a single photosystem that, although sufficient to pro-
vide energy for the synthesis of ATP and for the generation
of essential transmembrane ionic gradients, does not allow
the highly exergonic reduction of NADP* at the expense of
water. This process, essential for oxygen-evolving photosyn-
thesis, rests upon additive energy derived from the coupling
of two different photochemical events driven by two indepen-
dent photochemical systems. Among prokaryotes, this trait
is found solely in the Cyanobacteria (blue-green bacteria).
Among eukaryotic organisms, the trait is shared by algae and
plants in which the essential energy-providing organelle is
the chloroplast.

REGULATION OF METABOLIC PATHWAYS

In their normal environment, microbial cells generally regu-
late their metabolic pathways so that no intermediate is made
in excess. Each metabolic reaction is regulated not only with
respect to all others in the cell but also with respect to the con-
centrations of nutrients in the environment. Thus, when a spo-
radically available carbon source suddenly becomes abundant,
the enzymes required for its catabolism increase in both amount
and activity; conversely, when a building block (eg, an amino
acid) suddenly becomes abundant, the enzymes required for its
biosynthesis decrease in both amount and activity.




The regulation of enzyme activity as well as enzyme
synthesis provides both fine control and coarse control of
metabolic pathways. For example, the inhibition of enzyme
activity by the end product of a pathway constitutes a mecha-
nism of fine control because the flow of carbon through that
pathway is instantly and precisely regulated. The inhibition
of enzyme synthesis by the same end product, on the other
hand, constitutes a mechanism of coarse control. The preex-
isting enzyme molecules continue to function until they are
diluted out by further cell growth, although unnecessary pro-
tein synthesis ceases immediately.

The mechanisms by which the cell regulates enzyme
activity are discussed in the following section. The regulation
of enzyme synthesis is discussed in Chapter 7.

The Regulation of Enzyme Activity

A.Enzymes as Allosteric Proteins

In many cases, the activity of an enzyme catalyzing an early
step in a metabolic pathway is inhibited by the end product of
that pathway. Such inhibition cannot depend on competition
for the enzyme’s substrate binding site, however, because
the structures of the end product and the early intermediate
(substrate) are usually quite different. Instead, inhibition
depends on the fact that regulated enzymes are allosteric:

|
!
]
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Each enzyme possesses not only a catalytic site, which binds
substrate but also one or more other sites that bind small
regulatory molecules, or effectors. The binding of an effector
to its site causes a conformational change in the enzyme such
that the affinity of the catalytic site for the substrate is reduced
(allosteric inhibition) or increased (allosteric activation).

Allosteric proteins are usually oligomeric. In some cases,
the subunits are identical, each subunit possessing both a
catalytic site and an effector site; in other cases, the subunits
are different, one type possessing only a catalytic site and the
other only an effector site.

B. Feedback Inhibition

The general mechanism that has evolved in microorgan-
isms for regulating the flow of carbon through biosynthetic
pathways is the most efficient that one can imagine. The
end product in each case allosterically inhibits the activity
of the first—and only the first—enzyme in the pathway. For
example, the first step in the biosynthesis of isoleucine not
involving any other pathway is the conversion of L-threonine
to o-ketobutyric acid, catalyzed by threonine deaminase.
Threonine deaminase is allosterically and specifically inhibited
by L-isoleucine and by no other compound (Figure 6-28);
the other four enzymes of the pathway are not affected
(although their synthesis is repressed).

L-Threonine
L-Threonine |
deaminase ™
i
1
o-Keto- o-Aceto-o- o,3-Dihydroxy- o-Keto-f- L-Isoleucin
butyrate hydroxybutyrate B-methylvalerate methylvalerate S e
E, E, Ej E,
a-Aceto- o,3-Dihydroxy- o-Keto- .
Pyruvate lactate isovalerate isovalerate LA

1
T
1

FIGURE 6-28 Feedback inhibition of -threonine deaminase by t-isoleucine (dashed line). The pathways for the biosynthesis of isoleucine

and valine are mediated by a common set of four enzymes, as shown.



98 SECTIONI Fundamentals of Microbiology

Glucose

Glucose 6-phosphate — Glucose 1-phosphate —> ADP-Glucose

Fructose 6-phosphate

3-Phosphoglycerate

~——- Phosphoenolpyruvate ----1¢

1

AMP -==-=-- |0 -——------ ’
Pyruvate

Fructose 1,6-diphosphate =====-

T

Glycogen

~ o ————————

-

FIGURE 6-29 Regulation of glucose utilization by a combination of allosteric activation (®) and allosteric inhibition (). AMP, adenosine
monophosphate; ATP, adenosine triphosphate. (Reproduced with permission from Stanier RY, Adelberg EA, Ingraham JL: The Microbial World,

4th ed. Prentice-Hall, 1976.)

C. Allosteric Activation

In some cases, it is advantageous to the cell for an end product
or an intermediate to activate rather than inhibit a particular
enzyme. In the breakdown of glucose by E coli, for example,
overproduction of the intermediates G6PD and phosphoenol-
pyruvate signals the diversion of some glucose to the pathway
of glycogen synthesis; this is accomplished by the allosteric
activation of the enzyme converting glucose 1-phosphate to
ADP-glucose (Figure 6-29).

D. Cooperativity

Many oligomeric enzymes, possessing more than one sub-
strate binding site, show cooperative interactions of substrate
molecules. The binding of substrate by one catalytic site
increases the affinity of the other sites for additional substrate
molecules. The net effect of this interaction is to produce an
exponential increase in catalytic activity in response to an
arithmetic increase in substrate concentration.

E. Covalent Modification of Enzymes

The regulatory properties of some enzymes are altered
by covalent modification of the protein. For example, the
response of glutamine synthetase to metabolic effectors is
altered by adenylylation, the covalent attachment of ADP
to a specific tyrosyl side chain within each enzyme subunit.
The enzymes controlling adenylylation also are controlled

by covalent modification. The activity of other enzymes is
altered by their phosphorylation.

F. Enzyme Inactivation

The activity of some enzymes is removed by their hydrolysis.
This process can be regulated and sometimes is signaled by
covalent modification of the enzyme targeted for removal.

CHAPTER SUMMARY

o Metabolism consists of two components, catabolism and
anabolism. Catabolism consists of processes that harvest
energy from the breakdown of compounds and using that
energy to synthesize ATP. Anabolism (or biosynthesis)
consists of processes that use the energy stored in ATP to
synthesize the subunits (or building blocks) of macro-
molecules that make up the cell.

o The biosynthetic origins of the building blocks can be
traced to relatively few precursors, called focal metabolites.

+  Peptidoglycan biosynthesis is unique to bacteria. Some
antibiotics kill bacteria by selectively inhibiting steps in
peptidoglycan biosynthesis.

o The Embden-Meyerhof, Entner-Doudoroff, and hetero-
lactate pathways are three pathways used for glucose
catabolism in bacteria. The pattern of end products is
a characteristic used in the identification of bacterial
species.




In the absence of respiration or photosynthesis, bacteria
are entirely dependent on substrate phosphorylation for
their energy.

Reductive assimilation of molecular nitrogen (or nitro-
gen fixation) is required for continuation of life on our
planet. It is an energy-intensive process accomplished by
a variety of bacteria and Cyanobacteria using a multi-
component nitrogenase enzyme complex.

The regulation of enzyme activity provides both fine
control and coarse control of metabolic pathways so that
no intermediate is made in excess.

REVIEW QUESTIONS

1. The synthesis of which of the following cell components is

dependent on a template?

(A) Lipopolysaccharide

(B) Peptidoglycan

(C) Capsular polysaccharide

(D) Deoxyribonucleic acid

(E) Phospholipids

. The synthesis of which of the following cell components is
determined entirely by enzyme specificities?

(A) DNA

(B) Ribosomal RNA

(C) Flagella

(D) Lipopolysaccharide

(E) Protein

. 'The steps leading to the synthesis of peptidoglycan occur in the
cytoplasm, on the cytoplasmic membrane, and extracellularly.
Which antibiotic inhibits an extracellular step in peptidoglycan
biosynthesis?

(A) Cycloserine

(B) Rifampin

(C) Penicillin

(D) Bacitracin

(E) Streptomycin

. Amino acids are found in the protein, peptidoglycan, and
capsule of bacteria. Which of the following amino acids is
found only in peptidoglycan?

(A) r-Lysine

(B) Diaminopimelic acid

(C) p-Glutamate

(D) r-Alanine

(E) None of the above

. The ability to use compounds and ions other than oxygen as
terminal oxidants in respiration is a widespread microbial trait.
This capacity is called

(A) Photosynthesis

(B) Fermentation

(C) Anaerobic respiration

(D) Substrate phosphorylation

(E) Nitrogen fixation

. The primary route of carbon assimilation used by organisms
that can use CO, as a sole source of carbon is

(A) Hexose monophosphate shunt
(B) Entner-Doudoroff pathway

10.
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(C) Embden-Meyerhof pathway
(D) Glyoxalate cycle
(E) Calvin cycle

. The peptidoglycan biosynthetic pathway is of particular

importance in medicine because it provides a basis for selective
antibacterial action of several chemotherapeutic agents. All of
the following antibiotics inhibit steps in peptidoglycan biosyn-
thesis EXCEPT

(A) Cycloserine

(B) Vancomycin

(C) Bacitracin

(D) Streptomycin

(E) Penicillin

. The regulation of enzyme activity provides fine control of meta-

bolic pathways. Which of the following regulatory mechanisms
provides fine control of a biosynthetic pathway?

(A) Catabolite repression

(B) Induction

(C) Feedback inhibition

(D) Attenuation

(E) None of the above

. The biosynthetic origin of building blocks and coenzymes can

be traced back to relatively few precursors called focal metabo-
lites. Which of the following are focal metabolites?

(A) o-Ketoglutarate

(B) Oxaloacetate

(C) Phosphoenolpyruvate
(D) Glucose 6-phosphate
(E) All of the above

Which of the following is NOT a component of peptidoglycan?
(A) N-Acetyl muramic acid
(B) N-Acetyl glucosamine
(C) Lipid A

(D) Pentaglycine

(E) Diaminopimelic acid

Answers

1.D
2.D
3.C

4.B
5.C
6.E

7.D
8.C

9.E
10.C
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Microbial Genetics

The science of genetics defines and analyzes heredity in
the vast array of structural and physiologic functions that
form the properties of organisms. The basic unit of heredity
is the gene, a segment of deoxyribonucleic acid (DNA) that
encodes in its nucleotide sequence information for a specific
physiologic property. The traditional approach to genetics
has been to identify genes on the basis of their contribution
to phenotype, or the collective structural and physiologic
properties of an organism. A phenotypic property, be it eye
color in humans or resistance to antibiotics in a bacterium,
is generally observed at the level of the organism. The chemi-
cal basis for variation in phenotype is change in genotype, or
alteration in the DNA sequence, within a gene or within the
organization of genes.

DNA as the fundamental element of heredity was sug-
gested in the 1930s from a seminal experiment performed
by Frederick Griffith. In this experiment (Figure 7-1), killed
virulent Streptococcus pneumoniae type III-S (possessing a
capsule), when injected into mice along with living but non-
virulent type II-R pneumococci (lacking a capsule), resulted
in a lethal infection from which viable type III-S pneumo-
cocci were recovered. The implication was that some chemical
entity transformed the live, nonvirulent strain to the virulent
phenotype. A decade later, Avery, MacLeod, and McCarty dis-
covered that DNA was the transforming agent. This formed
the foundation for molecular biology as we understand it
today. Subsequent investigations with bacteria revealed the
presence of restriction enzymes, proteins that cleave DNA
at specific sites, giving rise to DNA restriction fragments.
Plasmids were identified as small genetic elements carrying
genes and capable of independent replication in bacteria and
yeasts. The introduction of a DNA restriction fragment into a
plasmid allows the DNA fragment to be amplified many times.
Amplification of specific regions of DNA also can be achieved
with bacterial enzymes using polymerase chain reaction
(PCR) or other enzyme-based method of nucleic acid amplifica-
tion. DNA amplified by these sources and digested with appro-
priate restriction enzymes can be inserted into plasmids.
Genes can be placed under control of high-expression bacte-
rial promoters that allow encoded proteins to be expressed at
increased levels. Bacterial genetics have fostered the develop-
ment of genetic engineering not only in prokaryotes but also
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in eukaryotes. This technology is responsible for the tremen-
dous advances in the field of medicine realized today.

ORGANIZATION OF GENES

The Structure of DNA and RNA

Genetic information in bacteria is stored as a sequence of
DNA bases (Figure 7-2). In bacteriophages and viruses,
genetic information can be stored as sequences of ribo-
nucleic acid (RNA) (see Chapter 29). Most DNA molecules
are double stranded, with complementary bases (A-T; G-C)
paired by hydrogen bonding in the center of the molecule
(Figure 7-3). The orientation of the two DNA strands is
antiparallel: One strand is chemically oriented in a 5—3’
direction, and its complementary strand runs 3—5". The
complementarity of the bases enables one strand (template
strand) to provide the information for copying or expression
of information in the other strand (coding strand). The base
pairsarestacked within the center ofthe DNA double helix (see
Figure 7-2), and they determine its genetic information. Each
turn of the helix has one major groove and one minor groove.
Certain proteins have the capacity to bind DNA and regulate
gene expression by interacting predominately with the major
groove, where atoms comprising the bases are more exposed.
Each of the four bases is bonded to phospho-2’-deoxyribose
to form a nucleotide. The negatively charged phosphodiester
backbone of DNA faces the solvent. The length of a DNA mol-
ecule is usually expressed in thousands of base pairs, or kilo-
base pairs (kbp). Whereas a small virus may contain a single
DNA molecule of less than 0.5 kbp, the single DNA genome
that encodes Escherichia coli is greater than 4000 Kbp.
In either case, each base pair is separated from the next by
about 0.34 nm, or 3.4 X 107 mm, so that the total length of
the E coli chromosome is roughly 1 mm. Because the overall
dimensions of the bacterial cell are roughly 1000-fold smaller
than this length, it is evident that a substantial amount of
folding, or supercoiling, contributes to the physical struc-
ture of the molecule in vivo.

RNA most frequently occurs in single-stranded form.
The base uracil (U) replaces thymine (T) in DNA, so the com-
plementary bases that determine the structure of RNA are
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FIGURE 7-1 Griffiths’ experiment demonstrating evidence for a transforming factor, later identified as DNA. In a series of experiments,
mice were injected with live or killed encapsulated or nonencapsulated Streptococcus pneumoniae, as indicated in experiments A through D.
The key experiment is D, showing that the killed encapsulated bacteria could supply a factor that allowed the nonencapsulated bacteria to kill
mice. Besides providing key support for the importance of the capsule for pneumococcal virulence, experiment D also illustrates the principle
of DNA as the fundamental basis of genetic transformation. (Reproduced by permission from McClane and Mietzner, Microbial Pathogenesis: A

Principles-Oriented Approach. Fence Creek Publishing, 1999.)

A-U and C-G. The overall structure of single-stranded RNA
molecules is determined by pairing between bases within the
strand-forming loops, with the result that single-stranded
RNA molecules assume a compact structure capable of
expressing genetic information contained in DNA.

The most general function of RNA is communica-
tion of DNA gene sequences in the form of messenger
RNA (mRNA) to ribosomes. These processes are referred
to as transcription and translation. mRNA (referred to as
+ssRNA) is transcribed as the RNA complement to the cod-
ing DNA strand. This mRNA is then translated by ribosomes.
The ribosomes, which contain both ribosomal RNA (rRNA)
and proteins, translate this message into the primary struc-
ture of proteins via aminoacyl-transfer RNAs (tRNAs). RNA
molecules range in size from the small tRNAs, which contain
fewer than 100 bases, to mRNAs, which may carry genetic

messages extending to several thousand bases. Bacterial
ribosomes contain three kinds of rRNA, with respective
sizes of 120, 1540, and 2900 bases and a number of proteins
(Figure 7-4). Corresponding rRNA molecules in eukaryotic
ribosomes are somewhat larger. The need for expression of
individual gene changes in response to physiologic demand,
and requirements for flexible gene expression are reflected
in the rapid metabolic turnover of most mRNAs. On the
other hand, tRNAs and rRNAs—which are associated with
the universally required function of protein synthesis—tend
to be stable and together account for more than 95% of the
total RNA in a bacterial cell. A few RNA molecules have been
shown to function as enzymes (ribozymes). For example, the
23S RNA in the 50S ribosomal subunit (see Figure 7-4) cata-
lyzes the formation of the peptide bond during protein syn-
thesis. Recently, a new class of RNA molecules called small
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FIGURE 7-2 A schematic drawing of the Watson-Crick structure
of DNA, showing helical sugar-phosphate backbones of the two
strands held together by hydrogen bonding between the bases.
(Redrawn with permission from Snyder L, Champness W: Molecular
Genetics of Bacteria, Washington, DC: ASM Press, 2nd ed. 2002.)

interfering RNA (siRNA) was described in plants. siRNAs
are double-stranded RNA molecules, 20-25 nucleotides in
length, that play a variety of roles in biology. Some have been
shown to function as regulators by either binding near the 5’
end of an mRNA, preventing ribosomes from translating that
message, or base pairing directly with a strand of DNA near
the promoter, preventing transcription.

The Eukaryotic Genome

The genome is the totality of genetic information in an organ-
ism. Almost all of the eukaryotic genome is carried on two
or more linear chromosomes separated from the cytoplasm
within the membrane of the nucleus. Diploid eukaryotic cells
contain two homologues (divergent evolutionary copies) of
each chromosome. Mutations, or genetic changes, frequently
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FIGURE 7-3 Normal base-pairing in DNA. Top: Adenine-
thymidine (A-T) pairing; bottom: guanine-cytosine (G-C) pair.
Hydrogen bonds are indicated by dotted lines. Note that the G-C
pairing shares three sets of hydrogen bonds, but the A-T pairing has
only two. Consequently, a G-C interaction is stronger than an A-T
interaction. dR, deoxyribose of the sugar-phosphate DNA backbone.
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FIGURE 7-4 The composition of a ribosome containing one
copy each of the 16S, 23S, and 55 RNAs as well as many proteins.
The proteins of the large 50S subunit are designated L1-L31. The
proteins of the small 30S subunit are designated S1-521. (Redrawn
with permission from Snyder L, Champness W: Molecular Genetics of
Bacteria, Washington, DC: ASM Press, 2nd ed. 2002.)
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cannot be detected in diploid cells because the contribution
of one gene copy compensates for changes in the function of
its homologue. Whereas a gene that does not achieve pheno-
typic expression in the presence of its homologue is recessive,
a gene that overrides the effect of its homologue is dominant.
The effects of mutations can be most readily discerned in
haploid cells, which carry only a single copy of most genes.
Yeast cells (which are eukaryotic) are frequently investigated
because they can be maintained and analyzed in the haploid
state.

Eukaryotic cells contain mitochondria and, in in the
case of plants, chloroplasts. Within each of these organelles
is a circular molecule of DNA that contains a few genes whose
function relates to that particular organelle. Most genes
associated with organelle function, however, are carried on
eukaryotic chromosomes. Many yeast contain an additional
genetic element, an independently replicating 2-um circle
containing about 6.3 kbp of DNA. Such small circles of DNA,
termed plasmids or episomes, are frequently associated with
prokaryotes. The small size of plasmids renders them ame-
nable to genetic manipulation and, after their alteration, may
allow their introduction into cells. Therefore, plasmids are
commonly used in genetic engineering.

Repetitive DNA, which occurs in large quantities
in eukaryotic cells, has been increasingly identified in
prokaryotes. In eukaryotic genomes, repetitive DNA is infre-
quently associated with coding regions and is located primar-
ily in extragenic regions. These short-sequence repeats (SSRs)
or short tandemly repeated sequences (STRs) occur in several
to thousands of copies dispersed throughout the genome. The
presence of prokaryotic SSRs and STRs is well-documented,
and some show extensive-length polymorphisms. This vari-
ability is thought to be caused by slipped-strand mispairing
and is an important prerequisite for bacterial phase varia-
tion and adaptation. Many eukaryotic genes are interrupted
by introns, intervening sequences of DNA that are missing
in processed mRNA when it is translated. Introns have been
observed in archaebacterial genes but with a few rare excep-
tions are not found in eubacteria (see Table 3-3).

The Prokaryotic Genome

Most prokaryotic genes are carried on the bacterial chromo-
some. And with few exceptions, bacterial genes are haploid.
Genome sequence data from more than 340 microbial
genomes demonstrate that most prokaryotic genomes (>90%)
consist of a single circular DNA molecule containing from
580 kbp to more than 5220 kbp of DNA (Table 7-1). A few
bacteria (eg, Brucella melitensis, Burkholderia pseudomallei,
and Vibrio cholerae) have genomes consisting of two circular
DNA molecules. Many bacteria contain additional genes on
plasmids that range in size from several to 100 kbp.
Covalently closed DNA circles (bacterial chromosomes
and plasmids), which contain genetic information neces-
sary for their own replication, are called replicons. Because

TABLE 7-1 Comparison of Genome Sizes in Selected
Prokaryotes, Bacteriophages, and Viruses

Organism Size (kbp)

Prokaryotes

Archae Methanococcus jannaschii 1660
Archaeoglobus fulgidus 2180

Eubacteria Mycoplasma genitalium 580
Mpycoplasma pneumoniae 820
Borrelia burgdorferi 910
Chlamydia trachomatis 1040
Rickettsia prowazekii 1112
Treponema pallidum 1140
Chlamydia pneumoniae 1230
Helicobacter pylori 1670
Haemophilus infl uenzae 1830
Francisella tularensis 1893
Coxiella burnetii 1995
Neisseria meningitides 2180

serogroup A
Neisseria meningitides 2270
serogroup B

Brucella melitensis® 2117 +1178
Mycobacterium tuberculosis 4410
Escherichia coli 4640
Bacillus anthracis 5227
Burkholderia pseudomallei® 4126 +3182

Bacteriophage Lambda 48

Viruses Ebola 19
Variola major 186
Vaccinia 192
Cytomegalovirus 229

prokaryotes do not contain a nucleus, a membrane does not
separate bacterial genes from cytoplasm as in eukaryotes.
Some bacterial species are efficient at causing disease
in higher organisms because they possess specific genes for
pathogenic determinants. These genes are often clustered
together in the DNA and are referred to as pathogenic-
ity islands. These gene segments can be quite large (up to
200 kbp) and encode a collection of virulence genes.
Pathogenicity islands (1) have a different G + C content from
the rest of the genome; (2) are closely linked on the chromo-
some to tRNA genes; (3) are flanked by direct repeats; and
(4) contain diverse genes important for pathogenesis, includ-
ing, antibiotic resistance, adhesins, invasins, and exotoxins.
as well as genes that can be involved in genetic mobilization.
Genes essential for bacterial growth (often referred to as
“housekeeping genes”) are carried on the chromosome and
plasmids carry genes associated with specialized functions
(Table 7-2). Many plasmids also encode genetic sequences (eg,
those involved with sex pili) that mediate their transfer from



TABLE 7-2 Examples of Metabolic Activities
Determined by Plasmids

Organism Activity

Pseudomonas species Degradation of camphor, toluene,

octane, salicylic acid

Bacillus stearothermophilus a-Amylase

Alcaligenes eutrophus Utilization of H, as oxidizable energy

source

Escherichia coli Sucrose uptake and metabolism,

citrate uptake

Klebsiella species Nitrogen fixation

Streptococcus (group N) Lactose utilization, galactose
phosphotransferase system,

citrate metabolism

Rhodospirillum rubrum Synthesis of photosynthetic

pigment

Flavobacterium species Nylon degradation

one organism to another as well as others associated with
genetic acquisition or rearrangement of DNA. Therefore,
genes with independent evolutionary origins may be assimi-
lated by plasmids that are widely disseminated among bacte-
rial populations. A consequence of such genetic events has
been observed in the swift spread among bacterial popula-
tions of plasmid-borne resistance to antibiotics after their
liberal use in hospitals.

Transposons are genetic elements that contain several
genes, including those necessary for their migration from one
genetic locus to another. In doing so, they create insertion
mutations. The involvement of relatively short transposons
(0.75-2.0 kbp long), known as insertion elements, produce
the majority of insertion mutations. These insertion elements
(also known as insertion sequence [IS] elements) carry only
the genes for enzymes needed to promote their own transpo-
sition to another genetic locus but cannot replicate on their
own. Almost all bacteria carry IS elements, with each species
harboring its own characteristic ones. Related IS elements
can sometimes be found in different bacteria, implying that
at some point in evolution they have crossed species barriers.
Plasmids also carry IS elements, which are important in the
formation of high-frequency recombinant (Hfr) strains (see
below). Complex transposons carry genes for specialized
functions such as antibiotic resistance and are flanked by
insertion sequences.

Transposons do not carry the genetic information
required to couple their own replication to cell division, and
therefore their propagation depends on their physical inte-
gration with a bacterial replicon. This association is fostered
by enzymes that confer the ability of transposons to form
copies of themselves; these enzymes may allow the transpo-
sons to integrate within the same replicon or an indepen-
dent replicon. The specificity of sequence at the insertion site
is generally low, so that transposons often seem to insert in
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a random pattern, but they tend to favor regions encoding
tRNAs. Many plasmids are transferred among bacterial cells,
and insertion of a transposon into such a plasmid is a vehicle
that leads to the transposon’s dissemination throughout a
bacterial population.

The Viral Genome

Viruses are capable of survival, but not growth, in the absence
of a cell host. Replication of the viral genome depends on the
metabolic energy and the macromolecular synthetic machin-
ery of the host. Frequently, this form of genetic parasitism
results in debilitation or death of the host cell. Therefore, suc-
cessful propagation of the virus requires (1) a stable form that
allows the virus to survive in the absence of its host, (2) a
mechanism for invasion of a host cell, (3) genetic information
required for replication of the viral components within the
cell, and (4) additional information that may be required for
packaging the viral components and liberating the resulting
virus from the host cell.

Distinctions are frequently made between viruses associ-
ated with eukaryotes and viruses associated with prokaryotes,
the latter being termed bacteriophage or phage. With more
than 5000 isolates of known morphology, phages constitute
the largest of all viral groups. Much of our understanding of
viruses—indeed, many fundamental concepts of molecular
biology—has emerged from investigation of bacteriophages.

Bacteriophages occur in more than 140 bacterial gen-
era and in many different habitats. The nucleic acid mol-
ecule of bacteriophages is surrounded by a protein coat.
Considerable variability is found in the nucleic acid of
phages. Many phages contain double-stranded DNA; oth-
ers contain double-stranded RNA, single-stranded RNA, or
single-stranded DNA. Unusual bases such as hydroxymeth-
ylcytosine are sometimes found in the phage nucleic acid.
Bacteriophages exhibit a wide variety of morphologies.
Many phages contain specialized syringe-like structures
(tails) that bind to receptors on the cell surface and inject
the phage nucleic acid into a host cell (Figure 7-5).

Head (nucleic Empty
acid present) head
Hollow core
— Sheath
—— Sheath (contracted)
(expanded) —— Tail fiber
T Base plate

FIGURE 7-5 Illustrations of phage T2 with or without nucleic
acid. Note that when the phage is loaded with nucleic acid, it takes
on a different form than when the nucleic acid is absent. These
diagrams are redrawn from electron micrographic observations.
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Phages can be distinguished on the basis of their mode of
propagation. Lytic phages produce many copies of themselves
as they kill their host cell. The most thoroughly studied lytic
phages, the T-even (eg, T2, T4) phages of E coli, demonstrate
the need for precisely timed expression of viral genes to coor-
dinate events associated with phage formation. Temperate
phages are able to enter a nonlytic prophage (indicating that
they have inserted into the bacterial chromosome) state in
which replication of their nucleic acid is linked to replication
of host cell DNA. Bacteria carrying prophages are termed
lysogenic because a physiologic signal can trigger a lytic cycle
resulting in death of the host cell and liberation of many cop-
ies of the phage. The best characterized temperate phage is
the E coli phage A (lambda). Genes that determine the lytic
or lysogenic response to A infection have been identified and
their complex interactions explored in detail.

Filamentous phages, exemplified by the well-studied
E coli phage M13, are exceptional in several respects. Their
filaments contain single-stranded DNA complexed with
protein and are extruded from their hosts, which are debili-
tated but not killed by the phage infection. Engineering of
DNA into phage MI13 has provided single strands that are
valuable sources for DNA analysis and manipulation.

REPLICATION

Double-stranded DNA is synthesized by semiconservative
replication. As the parental duplex unwinds, each strand
serves as a template (ie, the source of sequence information)
for DNA replication. New strands are synthesized with their
bases in an order complementary to that in the preexisting
strands. When synthesis is complete, each daughter molecule
contains one parental strand and one newly synthesized
strand.

Bacterial DNA

The replication of bacterial DNA begins at one point and
moves in both directions (ie, bidirectional replication). In the
process, the two old strands of DNA are separated and used
as templates to synthesize new strands (semiconservative
replication). The structure where the two strands are sepa-
rated and the new synthesis is occurring is referred to as the
replication fork. Replication of the bacterial chromosome
is tightly controlled, and the number of each chromosome
(when more than one is present) per growing cell falls between
one and four. Some bacterial plasmids may have as many as
30 copies in one bacterial cell, and mutations causing relaxed
control of plasmid replication can result in 10-fold higher copy
numbers.

The replication of circular double-stranded bacterial
DNA begins at the ori locus and involves interactions with
several proteins. In E coli, chromosome replication termi-
nates in a region called ter. The origin (ori) and termination
sites (ter) for replication are located at opposite points on the

circular DNA chromosome. The two daughter chromosomes
are separated, or resolved, before cell division, so that each
progeny cell gets one of the daughter DNAs. This is accom-
plished with the aid of recombination and topoisomerases,
enzymes that alter the supercoiling of double-stranded DNA.
(In supercoiling the DNA molecule coils up like a telephone
cord, which shortens the molecule.) The topoisomerases act
by transiently cutting one or both strands of the DNA to
relax the coil and extend the DNA molecule. Because bacte-
rial topoisomerases are essential and unique, they are targets
of antibiotics (eg, quinolones). Similar processes lead to the
replication of plasmid DNA except that in some cases, repli-
cation is unidirectional.

Phage

Bacteriophages exhibit considerable diversity in the nature of
their nucleic acid, and this diversity is reflected in different
modes of replication. Fundamentally different propagation
strategies are exhibited by lytic and temperate phages. Lytic
phages produce many copies of themselves in a single burst of
growth. Temperate phages establish themselves as prophages
either by becoming part of an established replicon (chromo-
some or plasmid) or by forming an independent replicon.

The dsDNA of many lytic phages is linear, and the first
stage in their replication is the formation of circular DNA.
This process depends upon cohesive ends, complementary
single-stranded tails of DNA that hybridize. Ligation, forma-
tion of a phosphodiester bond between the 5" and 3" DNA
ends, gives rise to covalently closed circular DNA that may
undergo replication in a manner similar to that used for other
replicons. Cleavage of the circles produces linear DNA that is
packaged inside protein coats to form daughter phages.

The ssDNA of filamentous phages is converted to a cir-
cular double-stranded replicative form. One strand of the
replicative form is used as a template in a continuous process
that produces single-stranded DNA. The template is a roll-
ing circle, and the ssDNA it produces is cleaved and packaged
with protein for extracellular extrusion.

sSRNA phages are among the smallest extracellular
particles containing information that allows for their own
replication. The RNA of phage MS2, for example, contains
(in fewer than 4000 nucleotides) three genes that can act
as mRNA following infection. One gene encodes the coat
protein, and another encodes an RNA polymerase that forms
a dsRNA replicative form. ssRNA produced from the replica-
tive form is the core of new infective particles.

Some temperate bacteriophages, exemplified by E coli
phage P1, can be established in a prophage state as a plasmid.
The dsDNA of other temperate bacteriophages is established
as a prophage by its insertion into the host chromosome. The
site of insertion may be quite specific, as typified by integra-
tion of E coli phage A at a single int locus on the bacterial
chromosome. The specificity of integration is determined by
identity of the shared DNA sequence by the int chromosomal
locus and a corresponding region of the phage genome. Other



temperate phages, such as E coli phage Mu, integrate in any of
a wide range of chromosomal sites and in this aspect resem-
ble transposons.

Prophages contain genes required for lytic replication
(also called vegetative replication), and expression of these
genes is repressed during maintenance of the prophage state.
A manifestation of repression is that an established prophage
frequently confers cellular immunity against lytic infection
by similar phage. A cascade of molecular interactions triggers
derepression (release from repression), so that a prophage
undergoes vegetative replication, leading to formation of a
burst of infectious particles. Stimuli such as ultraviolet (UV)
light may cause derepression of the prophage. The switch
between lysogeny—propagation of the phage genome with
the host—and vegetative phage growth at the expense of
the cell may be determined in part by the cell’s physiologic
state. A nonreplicating bacterium will not support vegeta-
tive growth of phage, but a vigorously growing cell contains
sufficient energy and building blocks to support rapid phage
replication.

TRANSFER OF DNA

The haploid nature of the bacterial genome might be presumed
to limit the genomic plasticity of a bacterium. However, the
ubiquity of diverse bacteria in the environment provides a
fertile gene pool that contributes to their remarkable genetic
diversity through mechanisms of genetic exchange. Bacterial
genetic exchange is typified by transfer of a relatively small
fragment of a donor genome to a recipient cell followed by
genetic recombination. Bacterial genetic recombination is
quite unlike the fusion of gametes observed with eukaryotes;
it demands that this donor DNA be replicated in the recombi-
nant organism. Replication can be achieved either by integra-
tion of the donor DNA into the recipient’s chromosome or by
establishment of donor DNA as an independent replicon.

Restriction and Other Constraints
on Gene Transfer

Restriction enzymes (restriction endonucleases) provide
bacteria with a mechanism to distinguish between their own
DNA and DNA from other biologic sources. These enzymes
hydrolyze (cleave) DNA at restriction sites determined by
specific DNA sequences ranging from 4 to 13 bases. Each
bacterial strain that possesses a restriction system is able to
disguise these recognition sites in its own DNA by modifying
them through methylation of adenine or cytosine residues
within the site. These restriction-modification systems fall
into two broad classes: type I systems, in which the restric-
tion and modification activities are combined in a single
multisubunit protein, and type II systems, which consist of
separate endonucleases and methylases. A direct biologic
consequence of restriction can be cleavage of donor DNA
before it has an opportunity to become established as part of
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a recombinant replicon, rendering the bacterial “immune” to
incoming DNA.

Some plasmids exhibit a narrow host range and are able
to replicate only in a closely related set of bacteria. Other
plasmids, exemplified by some drug resistance plasmids,
replicate in a broad range of bacterial genera. In some cases,
two or more plasmids can stably coexist in a cell, but other
pairs will interfere with the replication or partitioning. If
two such plasmids are introduced into the same cell, one or
the other will be lost at a higher than normal rate when the
cell divides. The phenomenon is called plasmid incompat-
ibility; two plasmids that cannot stably coexist belong to the
same incompatibility (Inc) group, and two plasmids that can
stably coexist belong to different Inc groups.

Mechanisms of Recombination

Donor DNA that does not carry information necessary for
its own replication must recombine with recipient DNA to
become established in a recipient strain. The recombination
may be homologous, a consequence of close similarity in the
sequences of donor and recipient DNA, or nonhomologous,
the result of enzyme-catalyzed recombination between two
dissimilar DNA sequences. Homologous recombination almost
always involves exchange between genes that share common
ancestry. The process requires a set of genes designated rec.
Nonhomologous recombination depends on enzymes encoded
by the integrated DNA and is most clearly exemplified by the
insertion of DNA into a recipient to form a copy of a donor
transposon.

The mechanism of recombination mediated by rec gene
products is reciprocal: Introduction of a donor sequence
into a recipient is mirrored by transfer of the homologous
recipient sequence into the donor DNA. Increasing scientific
attention is being paid to the role of gene conversion—the
nonreciprocal transfer of DNA sequences from donor to
recipient—in the acquisition of genetic diversity.

Mechanisms of Gene Transfer

The DNA composition of microorganisms is remarkably
fluid. DNA can be transferred from one organism to another,
and that DNA can be stably incorporated in the recipi-
ent, permanently changing its genetic composition. This
process is called horizontal gene transfer to differentiate
it from the inheritance of parental genes, a process called
vertical inheritance. Three broad mechanisms mediate
efficient movement of DNA between cells—conjugation,
transduction, and transformation.

Conjugation requires donor cell-to-recipient cell contact
to transfer only one strand of DNA (Figure 7-6). The recipient
completes the structure of double-stranded DNA by synthe-
sizing the strand that complements the strand acquired from
the donor. In transduction, donor DNA is carried in a phage
coat and is transferred into the recipient by the mechanism
used for phage infection. Transformation, the direct uptake
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FIGURE 7-6 Mechanism of DNA transfer during conjugation. The
donor cell produces a pilus, which is encoded by the plasmid and
contacts a potential recipient cell that does not contain the plasmid.
Retraction of the pilus brings the cells into close contact, and a pore
forms in the adjoining cell membranes. Formation of the mating

pair signals the plasmid to begin transfer from a single-stranded
nick at oriT. The nick is made by plasmid encoded tra functions.

The 5" end of a single strand of the plasmid is transferred to the
recipient through the pore. During transfer, the plasmid in the donor
is replicated, its DNA synthesis being primed by the 3" OH of the

oriT nick. Replication of the single strand in the recipient proceeds
by a different mechanism with RNA primers. Both cells now contain
double-stranded plasmids, and the mating pair separates. (Redrawn
with permission from Snyder L, Champness W: Molecular Genetics of
Bacteria, Washington, DC: ASM Press, 2nd ed. 2002.)

of “naked” donor DNA by the recipient cell, may be natural
or forced. Forced transformation is induced in the laboratory,
where, after treatment with high salt and temperature shock,
many bacteria are rendered competent for the uptake of
extracellular plasmids. The capacity to force bacteria to

incorporate extracellular plasmids by transformation is fun-
damental to genetic engineering.

A. Conjugation

Plasmids are most frequently transferred by conjugation.
Genetic functions required for transfer are encoded by the
tra genes, which are carried by self-transmissible plasmids.
Some self-transmissible plasmids can mobilize other plas-
mids or portions of the chromosome for transfer. In some
cases, mobilization is achieved because the tra genes provide
functions necessary for transfer of an otherwise nontrans-
missible plasmid (Figures 7-7 and 7-8). In other cases, the

@— tra \
Self-transmissible plasmid
encodes tra functions that

allow cell contact

Nick made at oriT of
mobilizable plasmid

)

Mobilizable plasmid

transferred

Mobilizable plasmid is
replicated in the recipient

CIOXCHD

FIGURE 7-7 Mechanism of plasmid mobilization. The donor cell
carries two plasmids, a self-transmissible plasmid, F, which encodes
the tra functions that promote cell contact and plasmid transfer,
and a mobilizable plasmid. The mob functions encoded by the
mobilizable plasmid make a single-stranded nick at oriT in the mob
region. Transfer and replication of the mobilizable plasmid then
occur. The self-transmissible plasmid may also transfer. (Redrawn
with permission from Snyder L, Champness W: Molecular Genetics of
Bacteria, Washington, DC: ASM Press, 2nd ed. 2002.)
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FIGURE 7-8 A: A male and a female cell joined by an F pilus (sex pilus). B: Mating pairs of Escherichia coli cells. Hfr cells are elongated.
C: Electron micrograph of a thin section of a mating pair. The cell walls of the mating partners are in intimate contact in the “bridge” area.
(Photograph [A]: Courtesy of Carnahan J and Brinton C. Photographs [B] and [C] reproduced with permission from Gross JD and Caro LG: DNA

transfer in bacterial conjugation. J Mol Biol 1966;16:269.)

self-transmissible plasmid integrates with the DNA of another
replicon and, as an extension of itself, carries a strand of this
DNA into a recipient cell.

Genetic analysis of E coli was greatly advanced by elu-
cidation of fertility factors carried on a plasmid designated
F*. This plasmid confers certain donor characteristics upon
cells; these characteristics include a sex pilus, an extracel-
lular multimeric protein extrusion that attaches donor cells
to recipient organisms lacking the fertility factor. A bridge
between the cells allows a strand of the F* plasmid, syn-
thesized by the donor, to pass into the recipient, where the
complementary strand of DNA is formed. The F* fertility
factor can integrate into numerous loci in the chromosome
of donor cells. The integrated fertility factor creates high-
frequency recombination (Hfr) donors from which chro-
mosomal DNA is transferred (from the site of insertion)
in a direction determined by the orientation of insertion
(Figure 7-9).

The rate of chromosomal transfer from Hfr cells is con-
stant, and compilation of results from many conjugation
experiments has allowed preparation of an E coli genetic map
in which distances between loci are measured in number of
minutes required for transfer in conjugation. A similar map
has been constructed for the related coliform (E coli-like)
bacterium Salmonella typhimurium, and comparison of the
two maps shows related patterns of gene organizationcies.

Analogous procedures with other plasmids have enabled
researchers to map the circular chromosomes of members of
distant bacterial genera; for example, drug resistance plasmids,
termed R factors, can promote chromosomal transfer from
diverse bacteria, including Pseudomonas spp. Comparison
of chromosomal maps of Pseudomonas aeruginosa and
Pseudomonas putida shows that few, albeit significant, genetic
rearrangements accompanied divergence of these two closely
related species. Pseudomonas maps have little in common with
those of the biologically distant coliform bacteria.

Integration of chromosomal DNA into a conjugal plas-
mid can produce a recombinant replicon—an F (fertility)
prime, or R (resistance) prime, depending on the plasmid—in
which the integrated chromosomal DNA can be replicated on
the plasmid independently of the chromosome. This occurs
when the integrated plasmid (eg, F) is bracketed by two cop-
ies of an IS element. Bacteria carrying gene copies, a full set
on the chromosome and a partial set on a prime, are partial
diploids, or merodiploids, and are useful for complementa-
tion studies. A wild-type gene frequently complements its
mutant homologue, and selection for the wild-type phe-
notype can allow maintenance of merodiploids in the
laboratory. Such strains can allow analysis of interactions
between different alleles, genetic variants of the same gene.
Merodiploids frequently are genetically unstable because
recombination between the plasmid and the homologous
chromosome can result in loss or exchange of mutant or wild-
type alleles. This problem can frequently be circumvented
by maintenance of merodiploids in a genetic background
in which recA, a gene required for recombination between
homologous segments of DNA, has been inactivated.

Homologous genes from different organisms may have
diverged to an extent that prevents homologous recom-
bination between them but does not alter the capacity of
one gene to complement the missing activity of another.
For example, the genetic origin of an enzyme required for
amino acid biosynthesis is unlikely to influence catalytic
activity in the cytoplasm of a biologically distant host. A
merodiploid carrying a gene for such an enzyme would
also carry flanking genes derived from the donor organism.
Therefore, conventional microbial genetics, based on selec-
tion of prime plasmids, can be used to isolate genes from
fastidious organisms in E coli or P aeruginosa. The signifi-
cance of this technology lies in its ability to simplify or to
circumvent the relatively expensive procedures demanded
by genetic engineering.
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FIGURE 7-9 Transfer of chromosomal DNA by an integrated
plasmid. Formation of mating pairs, nicking of the F oriT sequence, and
transfer of the 5" end of a single strand of F DNA proceed as in transfer
of the F plasmid. Transfer of a covalently linked chromosomal DNA will
also occur as long as the mating pair is stable. Complete chromosome
transfer rarely occurs, and so the recipient cell remains

F-, even after mating. Replication in the donor usually accompanies
DNA transfer. Some replication of the transferred single strand

may also occur. Once in the recipient cell, the transferred DNA may
recombine with homologous sequences in the recipient chromosome.
(Redrawn with permission from Snyder L, Champness W: Molecular
Genetics of Bacteria, Washington, DC: ASM Press, 2nd ed. 2002.)

B. Transduction

Transduction is phage-mediated genetic recombination in
bacteria. In simplest terms, a transducing particle might be
regarded as bacterial nucleic acid in a phage coat. Even a
lytic phage population may contain some particles in which
the phage coat surrounds DNA derived from the bacterium
rather than from the phage. Such populations have been used
to transfer genes from one bacterium to another. Temperate

phages are preferred vehicles for gene transfer because infec-
tion of recipient bacteria under conditions that favor lysogeny
minimizes cell lysis and thus favors survival of recombinant
strains. Indeed, a recipient bacterium carrying an appropriate
prophage may form a repressor that renders the cell immune
to lytic infection; such cells may still take up bacterial DNA
from transducing particles. Transducing mixtures carrying
donor DNA can be prepared under conditions that favor the
lytic phage cycle.

The size of DNA in transducing particles is usually no
more than several percent of the bacterial chromosome, and
therefore co-transduction—transfer of more than one gene at
a time—is limited to linked bacterial genes. This process is of
particular value in mapping genes that lie too close together
to be placed in map order using the gross method of conjugal
transfer.

Pathogenicity islands are often transported by phages.
For example, two phages transport pathogenicity islands
responsible for converting a benign form of Vibrio cholerae
into the pathogenic form responsible for epidemic chol-
era (see Chapter 17). These phage encode genes for cholera
toxin (responsible for symptoms) and bundle-forming pili
(responsible for attachment).

The speed with which phages recombine and replicate
has made them central subjects for study of these processes,
and many generalizations concerning the underlying mech-
anisms have emerged from phage genetics. The capacity of
phages to make rapid replicas of their DNA makes them valu-
able to genetic engineering. Of particular value are recom-
binant phages engineered so that they contain DNA inserts
from another biologic source. Inserted DNA can be repli-
cated with the swiftness that characterizes phage DNA and
regained in a form useful for manipulation.

C. Transformation

Direct uptake of donor DNA by recipient bacteria depends on
their competence for transformation. Natural competence
is unusual among bacteria, and some of these strains are
transformable only in the presence of competence factors,
produced only at a specific point in the growth cycle. Other
strains readily undergo natural transformation, and these
organisms offer promise for genetic engineering because of
the ease with which they incorporate modified DNA into
their chromosomes. Naturally competent transformable bac-
teria are found in several genera and include Bacillus subtilis,
Haemophilus influenzae, Neisseria gonorrhoeae, Neisseria
meningitidis, and Streptococcus pneumoniae. DNA fragments
containing genes from such organisms can be readily iden-
tified on the basis of their ability to transform mutant cells
to the wild type. These techniques represent a substantial
advance over the laborious procedures used by Avery and his
colleagues to demonstrate that the pneumococcal transform-
ing principle was DNA (see Figure 7-1).

Genetic transformation is recognized as a major force
in microbial evolution. Natural transformation is an active



process demanding specific proteins produced by the recipi-
ent cell. For Neisseria and Haemophilus spp. specific DNA
sequences (uptake sequences) are required for uptake of
the DNA. These uptake sequences are species specific, thus
restricting genetic exchange to a single species. The DNA that
is not incorporated can be degraded and used as a source of
nutrients to support microbial growth.

Most bacteria are unable to undergo natural transfor-
mation. In these cases, transformation can be forced by
treatment with calcium chloride and temperature shock.
Transformation with engineered recombinant plasmids by
this procedure is a cornerstone of modern molecular biol-
ogy because it enables DNA from diverse biologic sources
to be established as part of well-characterized bacterial
replicons.

MUTATION AND GENE REARRANGEMENT

Spontaneous Mutations

Spontaneous mutations for a given gene in a wild-type back-
ground generally occur with a frequency of 10°-10® in a
population derived from a single bacterium (depending on
the bacterial species and conditions used to identify the
mutation). The mutations include base substitutions, dele-
tions, insertions, and rearrangements. Base substitutions
can arise as a consequence of mispairing between comple-
mentary bases during replication. In E coli, this occurs
about once every 10" times it incorporates a nucleotide; a
remarkably rare process. Occurrence of a mispaired base is
minimized by enzymes associated with mismatch repair, a
mechanism that essentially proofreads a newly synthesized
strand to ensure that it perfectly complements its template.
Mismatch repair enzymes distinguish the newly synthesized
strand from the preexisting strand on the basis of methyla-
tion of adenine in GATC sequences of the preexisting strand.
When DNA damage is too extensive, a special DNA repair
system, the SOS response, rescues cells in which DNA has
been damaged. The SOS response is a postreplication DNA
repair system that allows DNA replication to bypass lesions
or errors in the DNA.

Many base substitutions escape detection at the pheno-
typic level because they do not significantly disrupt the func-
tion of the gene product. For example, missense mutations,
which result in substitution of one amino acid for another,
may be without discernible phenotypic effect. Nonsense
mutations terminate synthesis of proteins and thus result in
a protein truncated at the site of mutation. The gene products
of nonsense mutations are inactive.

Rearrangements are the result of deletions that remove
large portions of genes or even sets of genes. These large
deletions involve recombination between directly repeated
sequences (eg, IS elements) and almost never revert. Other
mutations cause duplication, frequently in tandem, of com-
parable lengths of DNA. Such mutations usually are unstable
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and readily revert. Still other mutations can invert lengthy
DNA sequences or transpose such sequences to new loci.
Comparative gene maps of related bacterial strains have shown
that such rearrangements can be fixed in natural populations.
These observations point to the fact that linear separation of
DNA fragments does not completely disrupt possibilities for
physical and chemical interaction among them.

Mutagens

The frequency of mutation is greatly enhanced by exposure
of cells to mutagens. Ultraviolet light is a physical muta-
gen that damages DNA by linking neighboring thymine
bases to form dimers. Sequence errors can be introduced
during enzymatic repair of this genetic damage. Chemical
mutagens may act by altering either the chemical or the phys-
ical structure of DNA. Reactive chemicals alter the structure
of bases in DNA. For example, nitrous acid (HNO,) substi-
tutes hydroxyl groups for amino groups. The resulting DNA
has altered template activity during subsequent rounds of
replication. Frameshift mutations—introduction or removal
of a single base pair from DNA—are caused by slight slip-
page of DNA strands. This slippage is favored by exposure
to acridine dyes (eg, acridine orange), which can intercalate
between bases.

In general, the direct effect of chemical or physical
mutagens is damage to DNA. The resulting mutations are
introduced by the replication process and escape the repair
enzymes described above. Mutations that change the activ-
ity of replication or repair enzymes can make a bacterium
more susceptible to biologic mutagens and are referred to as
mutator strains.

Reversion and Suppression

Regaining an activity lost as a consequence of mutation,
termed phenotypic reversion, may or may not result from
restoration of the original DNA sequence, as would be
demanded by genotypic reversion. Frequently, a mutation
at a second locus, called a suppressor mutation, restores the
lost activity. In intragenic suppression, after a primary muta-
tion has changed an enzyme’s structure so that its activity has
been lost, a second mutation at a different site in the enzyme’s
gene restores the structure required for activity. Extragenic
suppression is caused by a second mutation lying outside the
originally affected gene.

GENE EXPRESSION

The tremendous evolutionary separation of eukaryotic and
prokaryotic genomes is illustrated by comparing their mech-
anisms of gene expression, which share only a small subset of
properties. In both groups, genetic information is encoded in
DNA, transcribed into mRNA, and translated on ribosomes
through tRNA into the structure of proteins. The triplet
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nucleotide codons used in translation are generally shared,
and many enzymes associated with macromolecular synthe-
sis in the two biologic groups have similar properties. The
mechanism by which the sequence of nucleotides in a gene
determines the sequence of amino acids in a protein is largely
similar in prokaryotes and eukaryotes and is as follows:

1. RNA polymerase forms a single polyribonucleotide
strand, called messenger RNA (mRNA), using DNA
as a template; this process is called transcription. The
mRNA has a nucleotide sequence complementary to a
template strand in the DNA double helix if read in the
3’-5" direction. Thus, an mRNA is oriented in a 5-3’
direction.

2. Amino acids are enzymatically activated and transferred
to specific adapter molecules of RNA, called transfer
RNA (tRNA). Each adapter molecule has a triplet of
bases (anticodon) complementary to a triplet of bases on
mRNA, and at one end its specific amino acid. The triplet
of bases on mRNA is called the codon specific for that
amino acid.

3. mRNA and tRNA come together on the surface of the
ribosome. As each tRNA finds its complementary nucle-
otide triplet on mRNA, the amino acid that it carries is
put into peptide linkage with the amino acid of the pre-
ceding tRNA molecule. The enzyme peptidyltransferase
(which is actually the 23S rRNA, ie, a ribozyme) catalyzes
the formation of the peptide bond. The ribosome moves
along the mRNA, the polypeptide growing sequentially
until the entire mRNA molecule has been translated into
a corresponding sequence of amino acids. This process,
called translation, is diagrammed in Figure 7-10.

In prokaryotes, genes associated with related functions
are typically clustered in operons. Because there is no nucleus,
transcription and translation is coupled, meaning that the
nascent mRNA attaches to a ribosome and is translated at
the same time it is transcribed. This coupled transcription
and translation allows for the rapid response to changes in
the environment. Likewise, the mRNA is rapidly turned over,
having a half-life on the order of seconds to minutes.

In eukaryotes, clustering of related genes is unusual.
Enhancer sequences are regions of eukaryotic DNA that
increase transcription and may lie distantly upstream from
the transcribed gene. Eukaryotic genes carry introns, DNA
insertions that are not found in prokaryotic genes. Introns
separate exons, the coding regions of eukaryotic genes.
Transcribed introns are removed from eukaryotic transcripts
during RNA processing, a series of enzymatic reactions that
takes place in the nucleus. The mRNA of eukaryotes is poly-
adenylated at the 3’ end, protecting it from exonucleases so
that it can traverse the nuclear membrane into the cytosol,
where the ribosomes are located; in this case, translation is
uncoupled from transcription. Because of this polyadenyla-
tion, eukaryotic mRNAs have half-lives on the order of hours
to days.

Eukaryotic and prokaryotic ribosomes differ in many
respects. Eukaryotic ribosomes are larger and have a sedi-
mentation coefficient of 80S compared with the 70S sedi-
mentation coefficient of prokaryotic ribosomes. The 40S and
60S eukaryotic ribosomal subunits are larger than the cor-
responding 30S and 50S ribosomal subunits of prokaryotes,
and the eukaryotic ribosomes are relatively rich in protein.
Significant differences are inherent in the sensitivity of the
ribosomal activities to antibiotics (eg, tetracycline), many
of which selectively inhibit protein synthesis in prokaryotic
but not in eukaryotic cytoplasms (see Chapter 9). It should
be remembered, however, that mitochondrial ribosomes in
eukaryotes resemble those from prokaryotes.

Regulation of Prokaryotic Gene Expression

Specific proteins, the products of regulatory genes, gov-
ern expression of structural genes that encode enzymes.
Transcription of DNA into mRNA begins at the promoter,
the DNA sequence that binds RNA polymerase. The level of
gene expression is determined by the ability of a promoter to
bind the polymerase, and the intrinsic effectiveness of pro-
moters differs widely. Further controls over gene expression
are exerted by regulatory proteins that can bind to regions of
DNA near promoters.

Many prokaryotic structural genes that encode a related
series of metabolic reactions are clustered on operons. This
contiguous series of genes are expressed as a single mRNA
transcript, and expression of the transcript may be governed
by a single regulatory gene. For example, five genes associated
with tryptophan biosynthesis are clustered in the trp operon
of E coli. Gene expression is governed by attenuation, as
described below, and is also controlled by repression: Binding
of the amino acid tryptophan by a repressor protein gives it
a conformation that allows it to attach to the trp operator, a
short DNA sequence that helps to regulate gene expression.
Binding of the repressor protein to the operator prevents tran-
scription of the ¢rp genes because the bacteria sense that there
is sufficient tryptophan present and making more would not
be in the best interests of the organism’s metabolic resources.
Repression can be viewed as a course-control mechanism, an
all-or-none approach to gene regulation. This form of control
is independent of attenuation, a fine-tuning mechanism that
also is used to govern trp gene expression.

Attenuation is a regulatory mechanism of some bio-
synthetic pathways (eg, the tryptophan biosynthetic pathway)
that controls the efficiency of transcription after transcription
has been initiated but before mRNA synthesis of the operon’s
genes takes place, especially when the end product of the path-
way is in short supply. For example, under normal growth
conditions, most trp mRNA transcripts terminate before they
reach the structural genes of the trp operon. However, during
conditions of severe tryptophan starvation, the premature
termination of transcription is abolished, allowing expres-
sion of the operon at 10-fold higher levels than under normal
conditions. The explanation for this phenomenon resides in
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FIGURE 7-10 Four stages in the lengthening of a polypeptide chain on the surface of a 70S ribosome. Top left: A tRNA molecule bearing
the anticodon complementary to codon 1 at one end and AA, at the other binds to site A. AA, is attached to the tRNA through its carboxyl
group; its amino nitrogen bears a formyl group (F). Top right: A tRNA molecule bearing AA, binds to site B; its anticodon is complementary

to codon 2. Bottom right: An enzyme complex catalyzes the transfer of AA, to the amino group of AA,, forming a peptide bond. (Note that
transfer in the opposite direction is blocked by the prior formylation of the amino group of AA ) Bottom left: The ribosome moves to the right,
so that sites A and B are now opposite codons 2 and 3; in the process, tRNA is displaced and tRNA, moves to site A. Site B is again vacant and is
ready to accept tRNA, bearing AA,. (When the polypeptide is completed and released, the formyl group is enzymatically removed.) (Redrawn
and reproduced by permission of Stanier RY, Doudoroff M, Adelberg EA: The Microbial World, 3rd ed. Copyright © 1970. Prentice-Hall, Inc.,

Englewood Cliffs, NJ.)

the 162 bp regulatory sequence in front of the trp structural
genes (Figure 7-11) referred to as the leader sequence or trpL.
The trp leader sequence can be transcribed into mRNA and
subsequently translated into a 14 amino acid polypeptide
with two adjacent tryptophan residues, a very rare occur-
rence. At the end of trpL and upstream of the regulatory
signals that control translation of the trp structural genes is
a Rho-independent terminator. The DNA sequence of this
region suggests that the encoded mRNA has a high probabil-
ity of forming stem loop secondary structures. These have
been named the pause loop (1:2), the terminator loop (3:4),

and the antiterminator loop (2:3). Attenuation of the trp
operon uses the secondary structure of the mRNA to sense
the amount of tryptophan in the cell (as trp-tRNA) according
to the model shown in Figure 7-11.

Prevention of transcription by a repressor protein is
called negative control. The opposite form of transcriptional
regulation—initiation of transcription in response to bind-
ing of an activator protein—is termed positive control. Both
forms of control are exerted over expression of the lac operon,
genes associated with fermentation of lactose in E coli. The
operon contains three structural genes. Transport of lactose
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FIGURE 7-11 The predictions of the attenuation model. (1) Coupled transcription/translation takes place as for any bacterial gene. (2) RNA
polymerase pauses and a 1:2 stem loop forms. (3) The ribosome disrupts the 1:2 stem loop and encounters the two trp codons. (4) If enough
tryptophan is present, charged trp-tRNAs will be present and the ribosomes will translate trpL. This causes the RNA polymerase to stop at the
Rho-independent terminator composed of a 3:4 stem loop. (Alternate 4) If tryptophan is limiting (no trpt-RNA), the ribosome stalls at the two
trp codons, while RNA polymerase continues. The 2:3 stem loop forms. (Alternate 5) The 3:4 terminator cannot form and the RNA polymerase
continues transcribing into the trp structural genes. This exposes the ribosome binding site (RBS) upstream of trpE, allowing translation.
(Reproduced with permission from Trun N, Trempy J: Fundamental Bacterial Genetics. Blackwell Science Ltd, 2004.)

into the cell is mediated by the product of the lacY gene. Beta-
galactosidase, the enzyme that hydrolyzes lactose to galactose
and glucose, is encoded by the lacZ gene. The product of the
third gene (lacA) is a transacetylase; the physiologic function
of this enzyme has not been clearly elucidated.

As a byproduct of its normal function, B-galactosidase
produces allolactose, a structural isomer of lactose. Lactose
itself does not influence transcriptional regulation; rather,
this function is served by allolactose, which is the inducer of
the lac operon because it is the metabolite that most directly



elicits gene expression. In the absence of allolactose, the lac
repressor, a product of the independently controlled lacl gene,
exerts negative control over transcription of the lac operon by
binding to the lac operator. In the presence of the inducer,
the repressor is released from the operator, and transcription
takes place.

Expression of the lac operon and many other operons
associated with energy generation is enhanced by the bind-
ing of cyclic AMP-binding protein (CAP) to a specific
DNA sequence near the promoter for the regulated operon.
The protein exerts positive control by enhancing RNA poly-
merase activity. The metabolite that triggers the positive
control by binding to CAP is 3",5-cyclic AMP (cAMP). This
compound, formed in energy-deprived cells, acts through
CAP to enhance expression of catabolic enzymes that give
rise to metabolic energy.

Cyclic AMP is not alone in its ability to exert control over
unlinked genes in E coli. A number of different genes respond
to the nucleotide ppGpp (in which “p” denotes phosphodi-
ester and “G” denotes guanine) as a signal of amino acid star-
vation, and unlinked genes are expressed as part of the SOS
response to DNA damage. Yet another set of unlinked genes
is called into play in response to heat shock.

GENETIC ENGINEERING

Engineering is the application of science to social needs. Over
the past 4 decades, engineering based on bacterial genetics
has transformed biology. Specified DNA fragments can be
isolated and amplified, and their genes can be expressed at
high levels. The nucleotide specificity required for cleavage
by restriction enzymes allows fragments containing genes
or parts of genes to be ligated (incorporated) into plasmids
(“vectors”) that can in turn be used to transform bacterial
cells. Bacterial colonies or clones carrying specified genes can
be identified by hybridization of DNA or RNA with labeled
probes (similar to that shown in Figure 3-4). Alternatively,
protein products encoded by the genes can be recognized
either by enzyme activity or by immunologic techniques.
The latter procedures have been greatly enhanced by the
remarkable selectivity with which monoclonal antibodies
(see Chapter 8) bind to specific antigenic determinants in
proteins. Thus, genetic engineering techniques can be used
to isolate virtually any gene, and many of these genes can be
expressed so that a biochemically recognizable property can
be studied or exploited.

Isolated genes can be used for a variety of purposes.
Site-directed mutagenesis can identify and alter the DNA
sequence of a gene. Nucleotide residues essential for gene
function can thus be determined and, if desired, altered.
With hybridization techniques, DNA can be used as a probe
that recognizes nucleic acids corresponding to the comple-
mentary sequence of its own DNA. For example, a latent virus
in animal tissue can be detected with a DNA probe even in
the absence of overt viral infection. The protein products of
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isolated viral genes offer great promise as vaccines because
they can be prepared without genes that encode the replica-
tion of viral nucleic acid. Moreover, proteins such as insulin
that have useful functions can be prepared in large quantities
from bacteria that express cloned genes.

Preparation of DNA Fragments with
Restriction Enzymes

The genetic diversity of bacteria is reflected in their exten-
sive range of restriction enzymes, which possess remarkable
selectivity that allows them to recognize specific regions of
DNA for cleavage. DNA sequences recognized by restriction
enzymes are predominantly palindromes (inverted sequence
repetitions). A typical sequence palindrome, recognized by
the frequently used restriction enzyme EcoR1, is GAATTC;
the inverted repetition, inherent in the complementarity of
the G-C and A-T base pairs, results in the 5" sequence TTC
being reflected as AAG in the 3’ strand.

The length of DNA fragments produced by restriction
enzymes varies tremendously because of the individuality
of DNA sequences. The average length of the DNA fragment
is determined in large part by the number of specific bases
recognized by an enzyme. Most restriction enzymes recog-
nize four, six, or eight base sequences; however, other restric-
tion enzymes recognize 10, 11, 12, or 15 base sequences.
Recognition of four bases yields fragments with an average
length of 250 base pairs and therefore is generally useful for
analysis or manipulation of gene fragments. Complete genes
are frequently encompassed by restriction enzymes that rec-
ognize six bases and produce fragments with an average size
of about 4 kbp. Restriction enzymes that recognize eight bases
produce fragments with a typical size of 64 kbp and are useful
for analysis of large genetic regions. Restriction enzymes that
recognize more than 10 bases are useful for construction of
a physical map and for molecular typing by pulsed field gel
electrophoresis.

Physical Separation of Differently Sized
DNA Fragments

Much of the simplicity underlying genetic engineering
techniques lies in the fact that gel electrophoresis per-
mits DNA fragments to be separated on the basis of size
(Figure 7-12F): The smaller the fragment, the more rapid
the rate of migration. The overall rate of migration and
optimal range of size for separation are determined by the
chemical nature of the gel and by the degree of its cross-
linking. Highly cross-linked gels optimize the separation
of small DNA fragments. The dye ethidium bromide forms
brightly fluorescent adducts as it binds to DNA, so that
small amounts of separated DNA fragments can be visual-
ized on gels (Figure 7-12A). Specific DNA fragments can be
recognized by probes containing complementary sequences
(Figure 7-12B and C).
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FIGURE 7-12 A: Separation of DNA fragments on the basis of size by electrophoresis through a gel. Smaller fragments migrate more
rapidly than large fragments, and over a range determined by the properties of the gel, the distance migrated is roughly proportionate to the
logarithm of the size of the fragment. DNA fragments can be visualized on the basis of their fluorescence after staining with a dye. B: The size
of restriction fragments is determined by the location of restriction sites within the DNA. In this example, a 4.0-kilobase pair (kbp) fragment
formed by restriction enzyme EcoR1 (E) contains respective sites for restriction enzymes Hindlll (H) and Sall (S) at positions corresponding to
1.0 and 3.5 kbp. The electrophoretic pattern in A reveals that restriction enzyme E does not cut the 4.0-kbp fragment (first lane); cleavage with
restriction enzyme H produces fragments of 3.0 and 1.0 kbp (second lane); cleavage with restriction enzyme S yields fragments of 3.5 and

0.5 kbp (third lane); and cleavage with both H and S forms fragments of 2.5, 1.0, and 0.5 kbp (fourth lane). The 0.5-kbp fragment lying between
the S and E sites was selected as a probe to determine DNA with hybridizing sequences as shown in C. C: Identification of hybridizing
fragments. Restriction fragments were separated as in A. The hybridization procedure reveals those fragments that hybridized with the 0.5-kbp
probe. These are the 4.0-kbp fragment formed by restriction enzyme E, the 3.0-kbp fragment lying between the E and H sites, and the 0.5-kbp

fragment lying between the S and H sites.

Pulsed field gel electrophoresis allows the separation of
DNA fragments containing up to 100 kbp that are separated
on high-resolution polyacrylamide gels. Characterizations of
such large fragments have allowed construction of a physical
map for the chromosomes from several bacterial species and
have been invaluable in fingerprinting bacterial isolates asso-
ciated with infectious disease outbreaks.

Cloning of DNA Restriction Fragments

Many restriction enzymes cleave asymmetrically and pro-
duce DNA fragments with cohesive (sticky) ends that may
hybridize with one another. This DNA can be used as a
donor with plasmid recipients to form genetically engineered
recombinant plasmids. For example, cleavage of DNA with
EcoR1 produces DNA containing the 5 tail sequence AATT
and the complementary 3 tail sequence TTAA (Figure 7-13).
Cleavage of a plasmid (a circular piece of DNA) with the same
restriction enzyme produces a linear fragment with cohesive

ends that are identical to one another. Enzymatic removal
of the free phosphate groups from these ends ensures that
they will not be ligated to form the original circular plasmid.
Ligation in the presence of other DNA fragments contain-
ing free phosphate groups produces recombinant plasmids,
which have DNA fragments as inserts in covalently closed
circular DNA. Plasmids must be in a circular form to repli-
cate in a bacterial host.

Recombinant plasmids may be introduced into a bacte-
rial host, frequently E coli, by transformation. Alternatively,
electroporation is a recently developed procedure that
introduces DNA into bacteria using an electrical gradient.
Transformed cells may be selected on the basis of one or
more drug resistance factors encoded by plasmid genes. The
resulting bacterial population contains a library of recom-
binant plasmids carrying various cloned inserted restric-
tion fragments derived from the donor DNA. Hybridization
techniques may be used to identify bacterial colonies carry-
ing specific DNA fragments, or, if the plasmid expresses the
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FIGURE 7-13 Formation of a recombinant, or chimeric, plasmid from donor DNA and a recipient vector. The vector, a plasmid that carries
an EcoR1 restriction site, is cleaved by the enzyme and prepared for ligation by removal of the terminal phosphate groups. This step prevents

the sticky ends of the plasmid from being ligated in the absence of an insert. The donor DNA is treated with the same restriction enzyme,
and covalently bound circles are formed by ligation. A drug resistance marker, shown as amp® on the plasmid, can be used to select the

recombinant plasmids after their transformation into Escherichia coli. Enzymes of the host bacterium complete covalent bonding of the circular

DNA and mediate its replication.
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FIGURE 7-14 Use of probes to identify clones containing a specific fragment of DNA. Colonies may be transferred to a filter and baked

so that the cells lyse and the DNA adheres to the filter. The filter can then be treated with a solution containing a suitably labeled DNA probe,
which specifically hybridizes to the desired clones. Subsequent autoradiography of the filter identifies these clones (dark circles). Alternatively,
the clones may be probed with antibodies to determine whether they have synthesized a specific protein product.

inserted gene, colonies can be screened for the gene product
(Figure 7-14).

CHARACTERIZATION OF CLONED DNA
Restriction Mapping

Manipulation of cloned DNA requires an understanding of
its nucleic acid sequence. Preparation of a restriction map is
the first step in gaining this understanding. A restriction map
is constructed similar to a jigsaw puzzle from fragment sizes
produced by single digests, which are prepared with indi-
vidual restriction enzymes, and by double digests, which are
formed with pairs of restriction enzymes. Restriction maps
are also the initial step toward DNA sequencing because they
identify fragments that will provide subclones (relatively
small fragments of DNA) that may be subjected to more rig-
orous analysis, which may involve DNA sequencing. In addi-
tion, restriction maps provide a highly specific information
base that allows DNA fragments, identified on the basis of
size, to be associated with specific gene function.

Sequencing

DNA sequencingdisplays genestructureandenablesresearch-
ers to deduce the amino acid sequence of gene products.
In turn, this information makes it possible to manipulate
genes to understand or alter their function. In addition, DNA
sequence analysis reveals regulatory regions that control gene
expression and genetic “hot spots” particularly susceptible to

mutation. Comparison of DNA sequences reveals evolution-
ary relationships that provide a framework for unambiguous
classification of organisms and viruses. Such comparisons
may facilitate identification of conserved regions that may
prove particularly useful as specific hybridization probes to
detect the organisms or viruses in clinical samples.

The original method of DNA sequence determination
used the Maxam-Gilbert technique, which relies on the rela-
tive chemical liability of different nucleotide bonds. The field
now has largely moved to the Sanger (dideoxy termination)
method, which interrupts elongation of DNA sequences by
incorporating dideoxynucleotides into the sequences. Both
techniques produce a nested set of oligonucleotides starting
from a single origin and entail separation on a sequencing gel
of DNA strands that differ by the increment of a single nucle-
otide. A polyacrylamide sequencing gel separates strands that
differ in length from one to several hundred nucleotides and
reveals DNA sequences of varying lengths.

Four parallel lanes on the same gel reveal the rela-
tive length of strands undergoing dideoxy termination at
adenine, cytidine, guanidine, and thymidine. Comparison
of four lanes containing reaction mixes that differ solely in
the method of chain termination makes it possible to deter-
mine DNA sequence by the Sanger method (Figure 7-15). The
relative simplicity of the Sanger method has led to its more
general use, but the Maxam-Gilbert technique is widely used
because it can expose regions of DNA that are protected by
specific binding proteins against chemical modification.

DNA sequencing is greatly facilitated by genetic
manipulation of E coli bacteriophage M13, which contains
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FIGURE 7-15 Determination of a DNA sequence by the Sanger
(dideoxy termination) method. Enzymatic elongation of DNA is
interrupted by inclusion of dideoxy analogs of the trinucleotides
corresponding to A, C, G, and T separately in parallel reaction mixes.
The resulting sets of interrupted elongated strands are separated
on a sequencing gel, and the sequence can be deduced by noting
the base corresponding to each increment of chain length. The
sequencing gel is read from the bottom up; each band corresponds
to an increase of one base.

single-stranded DNA. The replicative form of the phage DNA
is a covalently closed circle of double-stranded DNA that has
been engineered so that it contains a multiple cloning site
that permits integration of specific DNA fragments that have
been previously identified by restriction mapping. Bacteria
infected with the replicative form secrete modified phages
containing, within their protein coat, single-stranded DNA
that includes the inserted sequence. This DNA serves as the
template for elongation reactions. The origin for elongation
is determined by a DNA primer, which can be synthesized
by highly automated machines for chemical oligonucleotide
synthesis. Such machines, which can produce DNA strands
containing 75 or more oligonucleotides in a predetermined
sequence, are essential for sequencing and for the modifica-
tion of DNA by site-directed mutagenesis.

Chemically synthesized oligonucleotides can serve as
primers for the PCR, a procedure that allows amplification
and sequencing of DNA lying between the primers. Thus,
in many instances, DNA need not be cloned in order to be
sequenced or to be made available for engineering.

The study of biology has been revolutionized by the
development of technology that allows sequencing and
analysis of entire genomes, ranging from viruses to unicel-
lular prokaryotic and eukaryotic microorganisms to humans.
This has been facilitated by use of the procedure known as
shotgunning. In this procedure, the DNA is broken into ran-
dom smaller fragments to create a fragment library. These
unordered fragments are sequenced by automated DNA
sequencers and reassembled in the correct order using power-
ful computer software. A sufficient number of fragments are
sequenced to ensure adequate coverage of the genome so that
when they are assembled, most of the genome is represented
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without leaving too many gaps. (To achieve this, the entire
genome is usually covered five- to eightfold, leaving about
0.1% of the total DNA unsequenced.) After the random frag-
ments have been assembled by areas of overlapping sequence,
any remaining gaps can be identified and closed. Advanced
data processing permits annotation of the sequence data
in which putative coding regions, operons, and regulatory
sequences are identified. Already, the genomes of a number
of important microorganisms have been sequenced. The
continued analysis of sequence data from important human
pathogens combined with studies on molecular pathogen-
esis will facilitate our understanding of how these organisms
cause disease and, ultimately, will lead to better vaccines and
therapeutic strategies.

SITE-DIRECTED MUTAGENESIS

Chemical synthesis of oligonucleotides enables researchers
to perform controlled introduction of base substitutions into
a DNA sequence. The specified substitution may be used to
explore the effect of a predesigned mutation on gene expres-
sion, to examine the contribution of a substituted amino acid
to protein function, or—on the basis of prior information
about residues essential for function—to inactivate a gene.
Single-stranded oligonucleotides containing the specified
mutation are synthesized chemically and hybridized to single-
stranded phage DNA, which carries the wild-type sequence
as an insert (Figure 7-16). The resulting partially dsDNA is
enzymatically converted to the fully double-stranded replica-
tive form. This DNA, which contains the wild-type sequence
on one strand and the mutant sequence on the other, is used to
infect a bacterial host by transformation. Replication results
in segregation of wild-type and mutant DNA, and the dou-
ble-stranded mutant gene can be isolated and subsequently
cloned from the replicative form of the phage.

ANALYSIS WITH CLONED DNA:
HYBRIDIZATION PROBES

Hybridization probes (Southern blotting; see Figure 3-4)
are used routinely in the cloning of DNA. The amino acid
sequence of a protein can be used to deduce the DNA sequence
from which a probe may be constructed and used to detect a
bacterial colony containing the cloned gene. Complementary
DNA, or cDNA, encoded by mRNA, can be used to detect
the gene that encoded that mRNA. Hybridization of DNA to
RNA by Northern blots can provide quantitative informa-
tion about RNA synthesis. Specific DNA sequences in restric-
tion fragments separated on gels can be revealed by Southern
blots, a method that uses hybridization of DNA to DNA.
These blots can be used to detect overlapping restriction frag-
ments. Cloning of these fragments makes it possible to isolate
flanking regions of DNA by a technique known as chromo-
somal walking. With Western blots, another frequently used
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FIGURE 7-16 Site-directed mutagenesis. A chemically synthesized primer containing mutation G (in box) is hybridized to a wild-type
sequence inserted in DNA from a single-stranded phage. Polymerization reactions are used to form the double-stranded heteroduplex
carrying the mutation on one strand. Introduction of the heteroduplex into a host bacterium followed by segregation produces derivation
strains carrying replicative forms with either the wild-type insert or an insert that has acquired the chemically designed mutation.

detection technique, antibodies are used to detect cloned
genes by binding to their protein products.

Probes can be used in a broad range of analytic proce-
dures. Some regions of human DNA exhibit substantial vari-
ability in the distribution of restriction sites. This variability is
termed restriction fragment length polymorphism (RFLP).
Oligonucleotide probes that hybridize with RFLP DNA frag-
ments can be used to trace DNA from a small sample to its
human donor. Thus, the technique is valuable to forensic sci-
ence. Applications of RFLP to medicine include identifica-
tion of genetic regions that are closely linked to human genes
with dysfunctions coupled to genetic disease. This informa-
tion has been and will continue to be a valuable aid in genetic
counseling.

DNA probes offer the promise of techniques for rapidly
identifying fastidious organisms in clinical specimens that are
difficult to grow in a microbiology laboratory. Furthermore,
extensions of the technique afford opportunities to identify
pathogenic agents rapidly and directly in infected tissue. Kits
for identification of many bacterial and viral pathogens are
commercially available.

Application of diagnostic DNA probes requires an
appreciation of (1) the probes themselves, (2) systems used to
detect the probes, (3) targets (the DNA to which the probes
hybridize), and (4) the conditions of hybridization. Probes
may be relatively large restriction fragments derived from
cloned DNA or oligonucleotides corresponding to a specific
region of DNA. Larger probes may provide greater accuracy
because they are less sensitive to single base changes in target

DNA. On the other hand, hybridization reactions occur more
rapidly with small probes, and they can be designed against
conserved regions of DNA in which base substitutions are
unlikely to have occurred. Amplification of a target by PCR
followed by a detection of the amplified product after hybrid-
ization to a probe has proved more sensitive than direct
detection methods.

Recently, significant improvements have occurred in
molecular diagnostic testing methods, especially those that
incorporate nucleic acid amplification technologies such as
PCR. Several commercial instruments have become available
that combine PCR amplification of target DNA with detec-
tion of amplicons in the same closed vessel. This technology
has been referred to as real-time PCR, implying that PCR
amplicons can be detected in real time. In actuality, “real
time” refers to the detection of amplicons after each PCR
cycle. Probe detection formats involve detecting fluoro-
phores. Results are semi-quantitative and can be obtained in
considerably less time than it takes to perform a conventional
PCR assay.

MANIPULATION OF CLONED DNA

Genetic engineering techniques permit separation and
entirely independent expression of genes associated with
pathogens. Vaccines prepared with engineered genes afford
previously unattainable measures of safety. For example, a
vaccine might be prepared against a viral coat protein that




was produced in the absence of any genes associated with
replicative viral functions; inoculation with such a vaccine
would therefore entail no risk of introducing functional
virus. Potential difficulties in the development of such vac-
cines stem from the ease with which viral mutations may pro-
duce genetic variants that are not recognized by the immune
defense system of a vaccinated individual. Ultimately, vac-
cines now (and in the future will) contain a range of proteins
that anticipate the genetic response of pathogens.

Recombinant Strains in the Environment

Major scientific advances have sometimes elicited adverse
public reactions, so it is prudent to consider the potential
consequences of genetic engineering. Of most immediate
concern are known pathogens that have undergone relatively
slight genetic modification. These have been and should be
investigated in laboratories specially designed to contain
them. The need for containment diminishes after genes for
specific functions, such as protein coats, are separated from
genes associated with replication or toxicity of a pathogen.
For the most part, standard precautions associated with
microbiology laboratories should be observed if for no other
reason than they foster habits that are valuable if a potential
pathogen should enter the laboratory.

Interesting exceptions to this general rule are engi-
neered organisms that may provide a social benefit if intro-
duced into the environment. Many such organisms derive
from nonpathogenic bacteria that occur naturally with a
frequency as high as 10°/g of soil. The available evidence
suggests that predation and competition rapidly eliminate
engineered bacterial strains after they are introduced into
the environment. The primary challenge would ideally be
to maintain biologically beneficial, engineered organisms in
the environment rather than to eliminate them. However,
this is not without social consequence. Among the examples
of engineered organisms are Pseudomonas strains that pro-
duce a protein favoring formation of ice crystals. The value
of these wild-type organisms is appreciated by ski slope
owners, who have deliberately introduced the bacteria into
the environment without arousing any public concern. An
unfortunate side effect of the introduction of these organ-
isms is that the ice crystals they promote can injure sensitive
crops such as lettuce during seasons in which light frost is
likely. Mutant bacteria that do not form ice crystals were
designed by microbiologists who hoped that the mutant
organisms might protect lettuce crops by temporarily occu-
pying the niche normally inhabited by the ice-forming
strains; however, attempts to use the mutant organisms in
field studies were met with substantial protest, and stud-
ies were conducted only after lengthy and expensive legal
delays. The legal precedents that have emerged from this and
more recent related applications will establish guidelines
for the progressive and beneficial use of genetic engineer-
ing techniques and facilitate determination of situations in
which extreme caution is justified.
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OBJECTIVES

1. Describe the basic structure of a nucleotide, base pairing,
the linear and three-dimensional structure of double
stranded DNA.

2. Understand the differences between RNA and DNA with
regard to structure, complexity, and relative sizes.

3. Know the different functions of RNA, eg, nRNA, rRNA,
tRNA, and ribozymes.

4. Be able to detail the basic differences between a prokary-
otic and eukaryotic chromosome.

5. Specifically explain the terms associated with bacterial
recombination and genetic transfer—transposons, con-
jugation, transformation, and transduction.

6. Describe the mechanisms of bacterial mutation and gene
rearrangement.

7. Be able to articulate the fundamental means by which
bacterial genes are transcribed, including the concepts of
coupled transcription and translation, activator, repressor,
and attenuation.

8. Appreciate the differences between eukaryotic versus
prokaryotic ribosomes and describe the steps in pro-
karyotic ribosomal translation.

9. Understand the concept of genetic engineering and
discuss the important tools involved in this process (eg,
restriction enzymes, ligation, cloning, and expression).

10. Describe the tools involved in the characterization of
DNA—restriction mapping, sequencing, mutagenesis,
hybridization, and other detection methods.

11. Appreciate the benefits and possible negative aspects of
recombinant bacteria in the environment.

REVIEW QUESTIONS
1. Mutations in bacteria can occur by which of the following
mechanisms?

(A) Base substitutions
(B) Deletions

(C) Insertions

(D) Rearrangements

(E) All of the above

2. The form of genetic exchange in which donor DNA is intro-

duced to the recipient by a bacterial virus is
(A) Transformation

(B) Conjugation

(C) Transfection

(D) Transduction

(E) Horizontal transfer

3. 'The form of genetic exchange in bacteria that is most suscep-
tible to the activity of deoxyribonuclease during the process of
DNA uptake is
(A) Transformation
(B) Conjugation
(C) Transfection
(D) Transduction
(E) All of the above
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4. Replication of which of the following requires physical integra-
tion with a bacterial replicon?

(A) Single-stranded DNA bacteriophage
(B) Double-stranded DNA bacteriophage
(C) Single-stranded RNA bacteriophage
(D) Plasmid
(E) Transposon

5. 'The formation of a mating pair during the process of conjuga-
tion in Escherichia coli requires
(A) Lysis of the donor
(B) A sex pilus
(C) Transfer of both strands of DNA
(D) A restriction endonuclease
(E) Integration of a transposon

Answers
1. E 3. A 5. B
2. D 4. E
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SECTION II IMMUNOLOGY

Immunology

OVERVIEW

The daunting role of the immune system is to afford protec-
tion. It serves as a host defense system against infectious dis-
eases and foreign (nonself) antigens. To accomplish this goal,
the immune system is equipped with a rapid response mecha-
nism, exquisite specificity, adaptability, an intricate regula-
tory network, and memory.

Over the past several decades, dramatic progress has taken
place in the field of immunology. As a consequence, significant
advances have been realized not only in the research realm but
also in the diagnostic and clinical arena. These advances have
allowed us to better understand how the immune system works
and have provided insight into a variety of immune disorders,
such as infectious diseases, allergy, autoimmunity, immuno-
deficiency, cancer, and transplantation. This information has
led to better diagnosis, new treatment strategies, and improved
management for patients with these disorders.

This chapter presents the basic principles of immunol-
ogy, particularly as they relate to response to infection. More
detailed discussions on the various aspects of the immune
system are available in the reference section.

The Immune Response

As the immune system defends the host against pathogens,
it uses different recognition systems to effectively eliminate
the invading pathogen or its products. A response generated
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against a potential pathogen is called an immune response.
The first line of defense, which is nonspecific to the invading
pathogen, is rapidly mobilized at the initial site of infection
but lacks immunologic memory and is called innate immu-
nity. The second defense system is called adaptive immunity.
It is specific for the pathogen and can confer protective immu-
nity to reinfection with that pathogen. Adaptive immunity
can specifically recognize and destroy the pathogen because
of lymphocytes carrying specialized cellular receptors and
specific antibodies. A protein that is produced in response to
a particular pathogen is called antibody, and the substance
that induces the production of antibodies is called the anti-
gen. In summary, the innate immune response is effective
and critical in eliminating most pathogens. However, if this
initial mechanism fails, the adaptive immune response is
induced that specifically confronts the pathogen and estab-
lishes immunity to that invading pathogen. Hence, both
systems interact and collaborate to achieve the final goal of
destroying the pathogen.

INNATE IMMUNITY

Innate immunity is an immediate response to the pathogen
that does not confer long-lasting protective immunity. It is a
nonspecific defense system and includes barriers to infectious
agents, such as the skin (epithelium) and mucous membranes.
It also includes many immune components important in the
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adaptive immune response, including phagocytic cells, natural
killer (NK) cells, Toll-like receptors (TLRs), cytokines, and
complement.

Physiologic Barriers
A. Skin

Few microorganisms are capable of penetrating intact skin,
but many can enter sweat or sebaceous glands and hair fol-
licles and establish themselves there. Sweat and sebaceous
secretions—by virtue of their acid pH and certain chemical
substances (especially fatty acids)—have antimicrobial prop-
erties that tend to eliminate pathogenic organisms. Lysozyme,
an enzyme that dissolves some bacterial cell walls, is present
on the skin and can help provide protection against some
microorganisms. Lysozyme is also present in tears and in
respiratory and cervical secretions. In addition, the skin pro-
duces a variety of antimicrobial agents, including a protein
with antibacterial properties known as psoriasin. Therefore,
the skin provides a physiologic barrier to the entry of the
pathogen as well as anti-microbial agents to stop the patho-
gen at its first attempt to invade.

B. Mucous Membranes

In the respiratory tract, a film of mucus covers the surface
and is constantly being driven upward by ciliated cells toward
the natural orifices. Bacteria tend to stick to this film. In addi-
tion, mucus and tears contain lysozyme and other substances
with antimicrobial properties. For some microorganisms, the
first step in infection is their attachment to surface epithelial
cells by means of adhesive bacterial surface proteins (eg, the
pili of gonococci and Escherichia coli). If such cells have IgA
antibody on their surfaces—a host resistance mechanism—
attachment may be prevented. (The organism can overcome
this resistance mechanism by breaking down the antibody
with a protease.)

When organisms enter the body via mucous membranes,
they tend to be taken up by phagocytes and are transported
into regional lymphatic vessels that carry them to lymph
nodes. The phagocytes act as barriers to the further spread
of large numbers of bacteria. The mucociliary apparatus for
removal of bacteria in the respiratory tract is aided by the
pulmonary macrophages. Special protective mechanisms in
the respiratory tract include the hairs at the nares and the
cough reflex, which prevents aspiration.

In the gastrointestinal tract, several systems function
to inactivate bacteria: Saliva contains numerous hydrolytic
enzymes; the acidity of the stomach kills many ingested bac-
teria (eg, Vibrio cholerae), and the small intestine contains
many proteolytic enzymes and active macrophages. Both fac-
tors can destroy microorganisms in the small intestine.

It must be remembered that most mucous membranes
of the body carry a constant normal microbiota that itself
opposes establishment of pathogenic microorganisms (“bac-
terial interference”) and has important physiologic functions.

For example, in the adult vagina, an acid pH is maintained by
normal lactobacilli, inhibiting establishment of yeasts, anaer-
obes, and gram-negative bacteria.

Mechanisms of Innate Inmunity

Although innate immunity does not generate antigen specific
protective immunity and does not rely on specific recognition
of the pathogen; nevertheless, it provides a powerful line of
defense. This innate system has both cells and cytokines at its
disposal. Phagocytic leukocytes, such as polymorphonuclear
neutrophilic leukocytes (PMNs) and macrophages along
with natural killer (NK) cells are the primary cellular com-
ponents to combat microbes. The interaction of the invading
microbe with these cells and other cells throughout the body
triggers the release of complement and numerous cytokines
and chemokines. Many of these are the proinflammatory
cytokines, such as interleukin-1 (IL-1), tumor necrosis factor-
alpha (TNF-a), IL-6, and interferon-gamma (IFN-vy), that are
induced through TLR interactions. Armed with these tools,
the host initiates its defense against the invading pathogen.

A. Microbial Sensors

When a pathogen enters the skin, it is confronted with mac-
rophages and other phagocytic cells possessing “microbial
sensors.” There are three major groups of microbial sensors:
(1) TLRs, (2) NOD-like receptors (NLRs), and (3) RIG-1 like
helicases and MDA-5. The best studied of the microbial sen-
sors are the TLR. The TLRs are a family of evolutionary con-
served pattern recognition receptors (PRRs) that recognize
pathogen-associated molecular patterns (PAMPs). They con-
stitute a first line of defense against a variety of pathogens and
play a critical role in initiating the innate immune response.
TLRs are type 1 transmembrane proteins with an extracel-
lular domain, a single transmembrane o-helix, and a cyto-
plasmic domain. TLR recognition of these specific microbial
patterns leads to a signal transduction cascade that generates
arapid and robust inflammatory response marked by cellular
activation and cytokine release.

To date, 10 human TLRs have been identified, and each
receptor appears to be involved in the recognition of a unique
set of microbial patterns. For example, TLR2 recognizes vari-
ous ligands (eg, lipoteichoic acid) expressed by gram-positive
bacteria, whereas TLR3 engages dsRNA in viral replica-
tion. TLR1 and TLR6 recognize multiple diacyl peptides (eg,
mycoplasma), while TLR4 is specific for gram-negative lipo-
polysaccharides (LPS). TLR5, on the other hand, recognizes
bacterial flagellin, and TLR7 and TLRS interact with ssRNA
in viral replication and TLR-9 binds bacterial DNA. At pres-
ent, TLR-10 remains an orphan receptor.

Another large family of innate receptors, NOD-like recep-
tors, are located in the cytoplasm and serve as intracellular
sensors for microbial products. They activate the nuclear fac-
tor kappa-light chain-enhancer of activated B cells (NF-xB)
pathway and drive inflammatory responses similar to the TLRs.



The third group of microbial sensors is the RIG-1-like heli-
cases and MDA-5. These are cytoplasmic sensors of viral
ssRNA. The engagement of ssRNA with these sensors trig-
gers type I IFN production. These IFNs are highly effective
inhibitors of viral replication.

B. Phagocytosis

During infections, the number of circulating phagocytic
cells often increases. The main functions of phagocytic cells
include chemotaxis, migration, ingestion, and microbial
killing. Microorganisms and other exogenous antigens that
enter the lymphatics, lung, or bloodstream are engulfed by a
variety of phagocytic cells. When a pathogen makes its way
through the epithelial barrier and replicates within tissues, it
will encounter a tissue phagocytic cell.

Phagocytes in the immune system consist of (1) mono-
cytes and macrophages; (2) granulocytes, including
PMN:s, eosinophils, and basophils; and (3) dendritic cells.
Monocytes are small leukocytes that circulate in the blood
and mature into macrophages that can be found in almost all
tissues. For example, they are known as Kupffer cells in the
liver and microglial cells in the nervous tissue. Macrophages
are critical cells that engulf and kill pathogens, process and
present antigen, and regulate immune reactivity by produc-
ing cytokines and chemokines.

Granulocytes are leukocytes that contain densely staining
granules. PMNs have a short half-life and are important
phagocytic cells that destroy pathogens within intracellular
vesicles. Eosinophils and basophils are less abundant and
contain granules containing enzymes and toxic proteins that
can be released upon activation of the cells. They are impor-
tant in defense against parasites. Dendritic cells are phago-
cytic and can degrade pathogens; however, their main role is
to activate T cells in the adaptive immune response by acting
as antigen-presenting cells (APCs) and by producing regula-
tory cytokines.

The key elements of effective innate immunity are
responses that are rapid, nonspecific, and of short duration.
These features are the hallmark of the phagocytic process.
Phagocytosis is the process whereby a phagocytic cell, espe-
cially the PMN, recognizes the pathogen, ingests it, and then
destroys the engulfed organism. This is a multistep process
that begins with the rolling of a PMN along the wall of post-
capillary venules. If the pathogen enters the blood, the PMN
will encounter it there. If the pathogen now invades the tis-
sue, PMNs will migrate to the site of infection. This migra-
tion is dependent on the release of chemoattractant signals
produced by either the cells of the host or the pathogen itself.
One such chemoattractant is IL-8, a potent chemokine that
attracts PMNs. In the initial stages of the migration process,
PMNss attach to the endothelial cell surface by means of adhe-
sion molecules, such as P-selectin. PMNs follow the chemo-
kine attraction and migrate from the circulation through
the endothelium into the tissues to the site of infection. Here
PMNs recognize the pathogen and engulf it and internalize
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the pathogen into an endocytic vesicle called a phagosome.
Once inside the PMN, the pathogen is killed.

There are several antimicrobial mechanisms used by
phagocytes. For example, (1) acidification occurs within the
phagosome. The phagosome pH is 3.5-4.0, and this level of
acidity is bacteriostatic or bactericidal. (2) Toxic oxygen-
derived products are generated and include superoxide O,
hydrogen peroxide H,O,, and singlet oxygen O,. (3) Toxic
nitrogen oxides are also produced, and nitric oxide NO is
formed. (4) Antimicrobial peptides participate in killing.
In the macrophage, cathelicidin and macrophage elastase-
derived peptides are found. The PMN, on the other hand, is
rich in o-defensins, 3-defensin, cathelicidin, and lactoferri-
cin. All of these mechanisms are used by the phagocytes to
destroy the pathogen. When the PMN completes its mission,
it undergoes apoptosis and dies.

As already mentioned, phagocytosis can occur without
antibody. However, phagocytosis is made more efficient by
the presence of antibodies that coat the surface of bacteria
and facilitate their ingestion by phagocytes. The process is
called opsonization, and it can occur by three mechanisms:
(1) antibody alone can act as opsonin; (2) antibody plus anti-
gen can activate complement via the classic pathway to yield
opsonin; and (3) opsonin may be produced when the alterna-
tive pathway is activated and C3 is generated (see Figure 8-8).
Macrophages have receptors on their membranes for the Fc
portion of an antibody and for the C3 component of comple-
ment. These receptors aid in the phagocytosis of antibody-
coated particles.

C. Natural Killer Cells

Natural killer cells are large, granular lymphocytes mor-
phologically related to T cells, which make up 10-15% of
leukocytes in the blood. NK cells contribute to innate
immunity by providing protection against viruses and other
intracellular pathogens. NK cells have the ability to recog-
nize virus-infected cells and tumor cells and to respond by
killing these cells. NK cells have two types of surface recep-
tors: (1) lectin-like NK-cell receptors that bind proteins not
carbohydrates and (2) killer immunoglobulin-like receptors
(KIRs) that recognize the major histocompatibility complex
(MHC) class I molecules, human leukocyte antigen B (HLA-B)
or HLA-C. These NK-cell receptors have both activation and
inhibition properties. The NK cell can lyse target cells that
have undergone malignant transformation and may play a
role in immune surveillance against tumor establishment.
Furthermore, they can kill certain virus-infected cells with
altered levels of MHC class I molecules. NK cells contain
large amounts of granzyme and perforin, substances that
mediate the cytotoxic actions of NK cells.

In addition, when antibody production is initiated in the
adaptive immune response, NK cells play a critical role in
antibody-dependent cellular cytotoxicity (ADCC). In this
process, specific antibody binds to the target cell surface. The
NK cell has Fc receptors that bind to the attached antibody
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and kill the cell. This property allows the NK cell another
opportunity to inhibit the replication of viruses and intracel-
lular bacteria.

NK cells and the IFN system are both integral parts of
innate immunity that communicate with each other. NK cells
are primary sources of IFN-v, a potent antiviral and immuno-
regulating cytokine. Moreover, the lytic activity of NK cells is
enhanced by the type 1 IFNs, IFN-o, and IFN-f. These two
cytokines are actually induced by the invading virus. Finally,
NK cell killing acts through MHC class I molecules, which
are upregulated by the IFNs.

D. Complement

The complement system is another key component of innate
immunity. The complement system consists of 30 proteins
found in the serum or on the membrane of selected cells.
The complement proteins target pathogens for destruction by
lysis or for engulfment by phagocytes. As described later in
this chapter, there are three complement pathways, classical,
alternative, and lectin. Even though each has a different initi-
ating mechanism, they all result in the lysis of the offending
invader. When complement is activated, it initiates a cascade
of biochemical reactions that ultimately culminate in cellular
lysis or destruction of the pathogen. Another consequence
of complement activation is the release of complement frag-
ments that can interact directly with T and B lymphocytes.
During this event, lymphocytes can produce cytokines, par-
ticularly inflammatory cytokines. For example, the alterna-
tive pathway is important as a first line of defense against
infection by microorganisms. As shown in Figure 8-8, the
alternative complement pathway can be activated by micro-
bial surfaces and proceeds in the absence of antibody. There
are several antimicrobial properties of complement proteins
that contribute to host defense, including opsonization, lysis
of bacteria, and amplification of inflammatory responses
through the anaphylatoxins C5a and C3a.

Some microorganisms have developed mechanisms to
interfere with the complement system and in this way evade
the immune response. For example, vaccinia virus encodes a
soluble protein that functions as a complement control pro-
tein by blocking both major pathways of complement activa-
tion through binding to C3b and C4b.

E. Mediators of Inflammation: Cytokines

Any injury to tissue, such as that following the establishment
and multiplication of microorganisms, elicits an inflamma-
tory response. The innate immune response of macrophages
includes the release of cytokines, including IL-1 and TNF-c.
The other mediators released from activated macrophages
include prostaglandins and leukotrienes. These inflamma-
tory mediators begin to elicit changes in local blood vessels.
This begins with dilation of local arterioles and capillaries,
from which plasma escapes. Edema fluid accumulates in the
area of injury, and fibrin forms a network and occludes the
lymphatic channels, limiting the spread of organisms. A sec-
ond effect of the mediators is to induce changes in expres-
sion of various adhesion molecules on endothelial cells and
on leukocytes. Adhesion molecules such as the selectins
and integrins cause leukocytes to attach to the endothelial
cells of the blood vessels and thereby promote their move-
ment across the vessel wall. Thus, PMNs in the capillaries
stick to the walls and then migrate out (extravasation) of
the capillaries toward the irritant. This migration (chemo-
taxis) is stimulated by substances in the inflammatory exu-
date, including some small polypeptides called chemokines.
Chemokines, which belong to the cytokine family, stimulate
leukocyte movement and are synthesized by a variety of cell
types including macrophages and endothelial cells. One
such chemokine is IL-8 (Table 8-1). These chemokines func-
tion mainly to recruit monocytes and neutrophils from the
blood into sites of infection. Phagocytes engulf the microor-
ganisms, and intracellular digestion begins. Soon the pH of

TABLE 8-1 Properties of Human Immunoglobulins

lgG IgA IgM IgD IgE
Heavy chain symbol Y o W ) €
Valence 40 5 2 2
Molecular weight (daltons) 143,000-160,000 159,000-447,000° 900,000 177,000-185,000 188,000-200,000
Serum concentration (mg/ml)(adult) 8-16 1.4-4.0 0.4-2.0 0.03 Trace amounts
Serum half-life (days) 20 7 7 2 2
Percentage of total immunoglobulins in 80 15 5 0.2 0.002

serum

Complement fixing capacity Yes (+) No Yes (++) No No
Placental transfer to fetus ¢ + - - - -

2In secretions, eg, saliva, milk, and tears and in respiratory, intestinal, and genital tract secretions, IgA is generally found as a dimer or a tetramer but in serum IgA exists

primarily as a monomer.
b Subclasses 1,2,4. Subclass 3 has half-life of 7 days.

¢Primarily subclasses IgG1 and IgG3, but all the subclasses have been detected.



the inflamed area becomes more acid, and cellular proteases
induce lysis of the leukocytes. Large mononuclear macro-
phages arrive on the site and in turn engulfleukocytic debris
as well as microorganisms and pave the way for resolution of
the local inflammatory process.

Fever is the most common systemic manifestation of the
inflammatory response and is a cardinal symptom of infec-
tious disease. The ultimate regulator of body temperature is the
thermoregulatory center in the hypothalamus. Among the sub-
stances capable of inducing fever (pyrogens) are endotoxins of
gram-negative bacteria and cytokines released from lymphoid
cells, such as IL-1. Various activators can act upon mononuclear
phagocytes and other cells and induce them to release IL-1.
Among these activators are microbes and their products;
toxins, including endotoxins; antigen-antibody complexes;
inflammatory processes; and many others. IL-1 is carried by
the blood to the thermoregulatory center in the hypothalamus,
where physiologic responses are initiated that result in fever
(eg, increased heat production, reduced heat loss). Other effects
of IL-1 are mentioned throughout this chapter.

The interferons (IFNs) are critical cytokines that play a
key role in defense against virus infections and other intra-
cellular organisms, such as Toxoplasma gondii. Although
the IFNs were first identified in 1957 as antiviral proteins,
they are now recognized as critical immunoregulating pro-
teins capable of altering various cellular processes, such as
cell growth, differentiation, gene transcription, and transla-
tion. The IFN family consists of three groups. Type I IFNs
comprise numerous genes and primarily include IFN-o and
IFN-B. Type II IFN consists of a single gene that produces
IFN-y. IFN-A is a third group of IFN-like cytokines that have
more recently been described. Virus infection itself triggers
the production of type I IFNs, usually through TLR-3, -7, or
-9. IFN-vyis produced by activated NK cells in innate immune
responses and by specifically sensitized T cells in adaptive
immune responses. Moreover, the cytokines IL-2 and IL-12
can trigger T cells to produce IFN-y.

The IFN system consists of a series of events leading to
protection of a cell from virus replication. The IFNs bind to
their cellular receptor and activate the signal transducers,
JAK and activators of transcription, STAT, signaling path-
ways. This process triggers activation of genes containing
IFN-stimulated response elements or an IFN-y-activated
sequence. Some of these activated genes initiate production
of selected proteins that inhibit virus replication. The differ-
ent IFNs have overlapping biological activities such as antivi-
ral actions, antiproliferative actions, and immunoregulatory
actions (see Table 8-1). However, non-overlapping functions
also exist. For example, IFN-B is used successfully to treat
patients with multiple sclerosis, whereas IFN-y has been
shown to exacerbate this disease. These potent actions of the
IFNs and the advances in biotechnology are the underlying
factors that have identified the clinical relevance of the IFNs.
In fact, many of the IFNs have been approved by the U.S. Food
and Drug Administration (FDA) for the treatment of infec-
tions, malignancies, autoimmunity, and immunodeficiency.
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In addition to cytokines, derivatives of arachidonic acid,
including prostaglandins and leukotrienes, are mediators of
the inflammatory response. Drugs that inhibit synthesis of
prostaglandins (by blocking the enzyme cyclooxygenase) act
as anti-inflammatory agents.

ADAPTIVE IMMUNITY

The adaptive immune response can be antibody mediated
(humoral), cell mediated (cellular), or both. Unlike innate
immunity, adaptive immunity is highly specific, has immu-
nologic memory, and can respond rapidly and vigorously to a
second antigen exposure. An overview of the components of
the adaptive immune response is outlined below, and details
are presented throughout this chapter.

Cellular Basis of the Adaptive Immune
Response

During embryonic development, blood cell precursors
(hematopoietic stem cells) are found in fetal liver and other
tissues; in postnatal life, the stem cells reside in bone mar-
row. They can differentiate in several ways. Stem cells may
differentiate into cells of the myeloid series or into cells of the
lymphoid series. Lymphoid progenitor cells evolve into two
main lymphocyte populations, B cells and T cells.

B cells are lymphocytes that develop in the bone marrow
in mammals. In birds, they develop in the bursa of Fabricius,
a gut appendage. They rearrange their immunoglobulin
genes and express a unique receptor for antigen on their cell
surface. At this point, they migrate to a secondary lymphoid
organ (eg, the spleen) and may be activated by an encounter
with antigen to become antibody-secreting plasma cells.

T cells are lymphocytes that are produced in the bone
marrow but travel to the thymus to mature. Here they undergo
variable diverse joining (VDJ) recombination of their beta
chain TCR DNA and then their alpha chain TCR DNA. Once
TCR rearrangement has occurred and positive and negative
selection has terminated, these cells form T-cell subclasses
with specific functions (eg, CD4 T cell, CD8 T cells). They are
the source of cell-mediated immunity, discussed later.

Figure 8-1 presents an overview of immunologically
active lymphocytes and their interactions. The two arms of
the immune response, cell mediated and antibody mediated,
develop concurrently.

In the antibody-mediated arm, helper (CD4) T lympho-
cytes recognize the pathogen’s antigens complexed with class
ITI MHC molecules on the surface of an APC (eg, macrophage,
B cell) and produce cytokines that activate B cells express-
ing antibodies that specifically match the antigen. The B cells
undergo clonal proliferation and differentiate into plasma
cells, which then produce specific immunoglobulins (anti-
bodies). Major host defense functions of antibodies include
neutralization of toxins and viruses, ADCC, and opsoniza-
tion of the pathogen, all of which facilitate elimination of the
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FIGURE 8-1 Schematic diagram of the cellular interactions in the immune response.

pathogen. Antibody-mediated defense is important against
pathogens that produce toxins (eg, Clostridium tetani) or
have polysaccharide capsules that interfere with phagocy-
tosis (eg, the pneumococci). Thus, this arm of the immune
response is excellent for combating extracellular pathogens
and their toxins.

In the cell-mediated arm, the antigen-MHC class II
complex is recognized by helper (CD4) T lymphocytes,
while the antigen-MHC class I complex is recognized by
cytotoxic (CD8) T lymphocytes. Each class of T cells pro-
duces cytokines, becomes activated, and expands by clonal
proliferation.

T cells can differentiate into effector cells. Helper (CD4)
T-cell activity, in addition to stimulating B cells to produce
antibodies, promotes the development of delayed hypersensi-
tivity and thereby also serves in the defense against intracellu-
lar agents, including intracellular bacteria (eg, mycobacteria),
fungi, protozoa, and viruses. Cytotoxic (CD8) T-cell activity is
aimed mainly at the destruction of cells in tissue grafts, tumor
cells, or cells infected by viruses. The net result of effective

immunity (humoral and cell mediated) is the host’s resistance
to microbial and other pathogens and foreign cells.

Antigens

An antigen is substance that can provoke the production of
an antibody. There are a wide variety of features that largely
determine immunogenicity. They include the following:

1. Foreignness: Generally, molecules recognized as “self”
are not immunogenic; for immunogenicity to occur, mol-
ecules must be recognized as “nonself.”

. Size: The most potent immunogens are usually large pro-
teins. In most cases, molecules with a molecular weight
less than 10,000 are weakly immunogenic, and very small
ones (eg, amino acids) are nonimmunogenic. Certain
small molecules (eg, haptens) become immunogenic only
when linked to a carrier protein.

Chemical and structural complexity: A certain amount

of chemical complexity is required. For example, amino



acid homopolymers are less immunogenic than hetero-
polymers containing two or three different amino acids.

4. Genetic constitution of the host: Two strains of the same
species of animal may respond differently to the same anti-
gen because of a different composition of genes involved in
the immune response (eg, different MHC alleles).

5. Dosage, route, and timing of antigen administration:
Since the degree of the immune response depends on
the amount of antigen given, the immune response can
be optimized by carefully defining the dosage (including
number of doses), route of administration, and timing of
administration (including intervals between doses).

Finally, it should be noted that it is possible to enhance
the immunogenicity of a substance by combining it with
an adjuvant. Adjuvants are substances that stimulate the
immune response by facilitating uptake into APCs.

Antigen Recognition Molecules

For the immune system to respond to nonself (ie, foreign anti-
gen), a recognition system capable of precisely distinguishing
self from nonself had to evolve. This section of the chapter
outlines the molecules that are used to recognize foreign
antigens. First, molecules of the MHC and antigen presenta-
tion are reviewed followed by an overview of the structure
and function of antibodies. Then the chapter focuses on the
membrane-bound receptors for antigen (ie, the B-cell recep-
tor and the T-cell receptor for antigen).

The Major Histocompatibility Complex

The major histocompatibility complex (MHC) was first
detected as the genetic locus encoding the glycoprotein mol-
ecules (transplantation antigens) responsible for the rapid
rejection of tissue grafts transplanted between genetically
nonidentical individuals. It is now known that MHC mole-
cules bind peptide antigens and present them to T cells. Thus,
these transplantation antigens are responsible for antigen
recognition by the T-cell receptor.In this respect, the T-cell
receptor is different from antibody. Antibody molecules inter-
act with antigen directly, whereas the T-cell receptor only
recognizes peptide antigens presented by MHC molecules on
the APC. The T-cell receptor is specific for antigen, but the
antigen must be presented on a self-MHC molecule. The T-cell
receptor is also specific for the MHC molecule. If the antigen
is presented by another allelic form of the MHC molecule in
vitro (normally in an experimental situation), there is no rec-
ognition by the T-cell receptor. This phenomenon is known as
MHOC restriction.

In humans, the MHC is a cluster of extensively studied
genes located on chromosome 6. Among the many important
genes in the human MHC, also known as HLA, are those that
encode the class I, class II, and class III MHC proteins. As
outlined in Table 8-2, MHC class I proteins are encoded by
the HLA-A, -B, and -C genes. These proteins are made up of
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two chains: (1) a transmembrane glycoprotein of MW 45,000,
noncovalently associated with (2) a non-MHC-encoded poly-
peptide of MW 12,000 that is known as ,-microglobulin.
Class I molecules are to be found on virtually all nucleated
cells in the body. Key exceptions are observed on cells in the
retina and brain.

Class II proteins are encoded by the HLA-D region. As
shown in Table 8-2, there are three main families: the DP-,
DQ-, and DR-encoded molecules. This locus retains control
of immune responsiveness and different allelic forms of these
genes confer striking differences in the ability to mount an
immune response against a given antigen.

The HLA-D locus-encoded proteins are made up of two
noncovalently associated transmembrane glycoproteins of
approximately MW 33,000 and MW 29,000. Unlike class I
proteins, they have a restricted tissue distribution and are
chiefly found on macrophages, dendritic cells, B cells, and
other APCs. However, their expression on other cells (eg,
endothelial cells or epithelial cells) is induced by IFN-y.

The class I MHC locus also includes genes encoding pro-
teins involved in antigen processing (eg, transporters associ-
ated with antigen processing [TAPs]) (Figure 8-2). The class
IIT MHC locus encodes complement proteins and several
cytokines.

The genes of the MHC exhibit a remarkable genetic vari-
ability. The MHC is polygenic in that there are several genes
for each class of molecule. The MHC is also polymorphic.
Thus, a large number of alleles exist in the population for each
of the genes. Each individual inherits a restricted set of alleles
from his or her parent. Sets of MHC genes tend to be inher-
ited as a block or haplotype. There are relatively infrequent
cross-over events at this locus.

Much is known about the structural organization and
sequence of MHC genes and proteins. Perhaps the most
important information, however, has come from the x-ray
analysis of crystals of MHC proteins. These elegant studies
helped to clearly explain the function of the MHC proteins.
The x-ray analysis (Figure 8-3) shows that the domains of the
class I MHC molecule farthest away from the membrane are
composed of two parallel o helices above a platform created
by a B-pleated sheet. The whole structure undoubtedly looks
like a cleft whose sides are formed by the o helices and whose
floor is shaped by the [ sheets. The x-ray analysis also showed
that the cleft was occupied by a peptide. In essence, the T-cell
receptor sees the peptide antigen bound in a cleft provided by
the MHC protein. A simplified diagram of this interaction is
provided in Figure 8-4A.

Major histocompatibility class proteins show a broad
specificity for peptide antigens, and many different peptides
can be presented by any given MHC allele (one peptide is
bound at a time). The o helices that form the binding cleft are
the site of the amino acid residues that are polymorphic in
MHC proteins (ie, those that vary among alleles). This means
that different alleles can bind and present different peptide
antigens. For all these reasons, MHC polymorphism has a
major effect on antigen recognition.
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TABLE 8-2 SELECTED CYTOKINES: PRODUCTION AND ACTIVITIES

Cytokine Family

Primary Cell Type*

Activity

Interferons

Alpha

Beta

Gamma

TNF
Alpha

Beta

Interleukins

IL-1
IL-2
IL-6
IL-10

IL-11

IL-12

IL-15

IL-17 (6 members)
(IL-17 A-F)

IL-23

Growth Factors

M-CSF
G-CSF
GM-CSF

Stem cell factor

TGF-B

VEGF-A

Chemokines

IL-8 (CXCL8)

Rantes (CCL5)

CXCL9, CXCL10, CXCL11

Adhesion Molecules

ICAM-1
VCAM-1

E-selectin

Leukocytes

Fibroblasts, epithelial cells

T cell, NK cells

Macrophage, lymphocytes

T cells

Most cells, macrophages, dendritic cells
T cells

Most cells

T cells, monocytes/macrophages

Bone marrow stromal cells, mesenchymal
cells

Dendritic cells, macrophages, B cells

T cells, atrocytes, microglia, fibroblasts,
epithelial cells

Th17 cells

Macrophages, dendritic cells

Monocytes
Macrophages
T cells, macrophages

Bm stromal cells, fibroblasts, fetal liver
cells

Most cells

Most cells

Most cells
Most cells

Most cells

Endothelial cells
Leukocytes

Endothelial cells

Antiviral, immunoregulatory, (enhance MHC class I, NK cell activity),
anti-proliferative

Antiviral,immunoregulatory, (enhance MHC class I, NK cell activity),
anti-proliferative

Antiviral,immunoregulatory, (enhance MHC class | and Il and
macrophage activation) anti-proliferative

Activate macrophages and cytotoxic cells, induce cachexia, acute
phase proteins, induces cytokines such as IL-1 and IL-6.

Activate macrophages, induces cytokines (IL-1, IL-6)

Induces inflammation, fever and sepsis, activate TNF-ou
Induces proliferation and maturation of T cells

B cell stimulation, mediator of acute phase reactions
Inhibits IFN-yand IL-12 production

Synergistic effects on hematopoiesis and thrombopoiesis,
cytoprotective effects on epithelial cells, induces
immunosuppression

Induces production of IFN-y, TNF-o, and IL-2 by resting and activated
T and NK cells

Biological activities similar to IL-2, induces proliferation of peripheral
blood, mononuclear cells, maturation of NK cells (IL-1, IFN-y, TNF-o)

Stimulates epithelial, endothelial, and fibroblastic cells to produce IL-6,
IL-8, G-CSF, and ICAM-1

Similar to IL-12 (induces IFN-y) helps to differentiate CD4 T cells to TH17

Proliferation of macrophage precursors
Proliferation, differentiation, and activation of neutrophils
Proliferation of granulocytes and macrophages precursors

Proliferation and differentiation of early myeloid and lymphoid cells
(synergizes with other cytokines)

Anti-inflammatory, drives differentiation of CD4 T cells to T regs; in
presence of IL-6 drives CD4 T cells to Th17

Stimulates vasculogenesis and angiogenesis

Neutrophil activation and chemotoxis
Chemotactic for T cells monocytes, eosinophils and basophils

Chemotactic for Th1 cells (CXCR3 positive T cells) and induced by
the IFNs

Adhesion and migration
Adhesion and migration

Adhesion and migration

*This list is not inclusive; primary cells have been identified.
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Analysis of the function of T cells with respect to inter-
action with MHC molecules reveals that peptide antigens
associated with class I MHC molecules are recognized by
CD8-positive cytotoxic T lymphocytes, whereas MHC class
II-associated peptide antigens are recognized by CD4-
positive helper T cells. For more details on this topic, see
Murphy et al (2011).

Antigen Processing and Presentation

Antigen processing and presentation are the means by which
antigens become associated with self-MHC molecules for
presentation to T cells with appropriate receptors. Proteins
from exogenous antigens, such as bacteria, are internalized

via endocytic vesicles into APCs such as the various types
of dendritic cells and macrophages. Then, as illustrated in
Figure 8-2, they are exposed to cellular proteases in intra-
cellular vesicles. Peptides, approximately 10-30 amino acid
residues in length, are generated in endosomal vesicles. The
endosomal vesicles can then fuse with exocytic vesicles con-
taining class II MHC molecules.

The class I MHC molecules are synthesized, as are other
membrane glycoproteins, in the rough endoplasmic reticu-
lum and then they proceed out through the Golgi apparatus.
A third polypeptide, the invariant chain (Ii), protects the
binding site of the class IT o dimer until the lowered pH
of the compartment created after fusion with an endosomal
vesicle causes a dissociation of the Ii chain. The MHC class
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The interaction of endogenous antigens within the viral-
infected cell and the class I MHC molecules is outlined in
Figure 8-2. In brief, cytosolic proteins are broken down by a
proteolytic complex known as the proteasome. The cytosolic
peptides gain access to nascent MHC class I molecules in the
rough endoplasmic reticulum via peptide transporter systems
(TAPs). The TAP genes are also encoded in the MHC. Within
the lumen of the endoplasmic reticulum, peptide antigens
approximately 8-10 residues in length complex with nascent
MHC class I proteins and cooperate with 3 -microglobulin
to create a stable, fully folded MHC class I-peptide antigen
complex that is then transported to the cell surface for dis-
play and recognition by CD8 cytotoxic T cells. The binding
groove of the class I molecule is more constrained than that
of the class II molecule, and for that reason, shorter peptides
are found in class I than in class I MHC molecules. Once the
cytotoxic T cell recognizes the MHC class I peptide antigen,
it can now kill the virus-infected cell.

Several viruses attempt to defeat the immune response by
interfering with the antigen-processing pathways. For example,
an HIV Tat protein is able to inhibit expression of class I
MHC molecules. A herpesvirus protein binds to the TAPs,
preventing transport of viral peptides into the endoplasmic
reticulum, where class I molecules are being synthesized.
A consequence of these inhibitory mechanisms is that the
infected cells are not recognized by cytotoxic lymphocytes.

Some superantigens are able to bind to MHC molecules
outside the peptide-binding cleft. One consequence is that
whereas an individual peptide complexed to an MHC mol-
ecule will normally stimulate only a small percentage of the
T cells in an individual, superantigens cause up to 10% of
T cells to be nonspecifically activated. Examples of superanti-
gens include certain bacterial toxins, including the staphylo-
coccal enterotoxins, toxic shock syndrome toxin, and group
A streptococcal pyrogenic exotoxin A. These antigens bind
to the “outside” of the MHC protein and to the T-cell recep-
tor (Figure 8-4B). They are active at very low concentrations
(10~ mol/L) and cause T cells expressing particular V[

APC /

Class Il MHC

Super-
antigen

FIGURE 8-4 Binding of antigen by MHC and T-cell receptor. In panel A, a model of the interaction between peptide antigen, MHC, and the
T-cell receptor is shown. The V_and V, regions of the TCR are shown interacting with the o helices that form the peptide-binding groove of
MHC. In panel B, a model of the interaction between a superantigen, MHC, and the T-cell receptor is shown. The superantigen interacts with
the V, region of the TCR and with class Il MHC outside the peptide-binding groove. (Adapted with permission from Stites DG, et al [editors]:
Medical Immunology, 9th ed. McGraw-Hill, 1997. © The McGraw-Hill Companies, Inc.)



sequences to be stimulated and to release large amounts of
cytokines, including IL-1 and TNF. It is the release of large
amounts of cytokines (cytokine storm) from activated T lym-
phocytes that explain in part the pathogenesis of diseases
caused by organisms expressing superantigens.
Understanding the details of antigen processing has
helped to clarify our thinking about T-cell function. An
explanation for why T cells do not respond to carbohydrate
antigens may be due to their inability to fit well in the groove.
Moreover, why T cells recognize only linear antigenic deter-
minants may be explained by the fact that T cells respond
only to proteolytically processed antigen. Therefore, whether
an antigen is destined for class I or class II presentation
depends on the intracellular compartments it traverses.

B Cells and Antibodies

Humoral immunity is mediated by antibodies, which are
produced by the B-cell component of the immune response.
Each individual has a large pool of different B lymphocytes
(~10") that have a life span of days or weeks and are found in
the bone marrow, lymph nodes, and gut-associated lymphoid
tissues (eg, tonsils, Peyer patches, appendix).

A. B-Cell Receptor for Antigen

B cells display a single homogenous clonal immunoglobulin
molecule (~10° copies/cell) on their surface. These immuno-
globulins serve as receptors (B-cell receptors [BCRs]) for a
specific antigen, so that each B cell can respond to only one
antigen or a closely related group of antigens. All immature B
cells carry IgM immunoglobulins on their surface, and most
also carry IgD. B cells also have surface receptors for the Fc
portion of immunoglobulins and for several complement
components.

An antigen interacts with the B lymphocyte that shows
the best “fit” by virtue of its immunoglobulin surface receptor.
The antigen binds to this BCR, and the B cell is stimulated
to divide and form a clone (clonal selection). Such selected
B cells differentiate to become plasma cells and secrete anti-
body. Since each person can make approximately 10" differ-
ent antibody molecules, there is an antigen-binding site on a
B cell to fit almost any antigenic determinant.

The initial step in antibody formation begins with the
binding of antigen to the surface immunoglobulin via the
BCR. Then the following steps ensue: (1) The BCR with its
bound antigen is internalized by the B cell and the antigen is
degraded to yield peptides that are then returned to the cell
surface bound to MHC class II molecules. (2) MHC class II-
peptide complex on B cells is recognized by antigen-specific
helper (CD4) T cells. These T cells have already interacted
with antigen-presenting dendritic cells and have differenti-
ated in response to the same pathogen. This interaction can
occur because the B cell and the T cell that have encoun-
tered antigen migrate toward the boundaries between
B- and T-cell areas in the secondary lymphoid tissue.
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(3) Chemokines, such as CXCL13 and its receptor, CXCR5,
play an important role in this migration process. (4) CD40
ligand on T cells binds to CD40 on B cells, and the T cell pro-
duces cytokines, such as, IL-4, IL-5, and IL-6, which induce
B-cell proliferation. (5) Finally, the activated B cells migrate
into follicles and proliferate to form germinal centers, here
somatic hypermutation and class switching occur. Germinal
center B cells that survive this process now differentiate into
either antibody-producing plasma cells or memory B cells.
Additional details on this topic can be found in the chapter
reference, see Murphy et al (2011).

It should be noted that some bacterial antigens can
directly stimulate this antibody production and do not
require T cell help to activate B cells. These antigens are usu-
ally bacterial polysaccharides and lipopolysaccharides. These
thymus independent antigens induce B cell responses with
limited class switching and do not induce memory B cells.

B. Antibody Structure and Function

Antibodies are immunoglobulins, which react specifically
with the antigen that stimulated their production. They make
up about 20% of plasma proteins. Antibodies that arise in an
animal in response to a single complex antigen are heteroge-
neous because they are formed by many different clones of
cells, each expressing an antibody capable of reacting with
a different antigenic determinant on the complex antigen.
These antibodies are said to be polyclonal. Immunoglobulins
that arise from a single clone of cells, eg, in a plasma cell
tumor (myeloma), are homogeneous and are referred to as
monoclonal. Monoclonal antibodies can be produced by fusing
a myeloma cell with an antibody-producing lymphocyte.
Such hybridomas can produce unlimited quantities of mono-
clonal antibodies in vitro. Important information about the
structure and function of antibodies has been derived from
the study of monoclonal immunoglobulins.
Immunoglobulin (Ig) molecules share common struc-
tural features, for example, all Ig are composed of light and
heavy polypeptide chains. The terms light and heavy refer
to their molecular weight. The light chains have a molecular
weight of approximately 25,000, whereas heavy chains have a
molecular weight of approximately 50,000. Each Ig molecule
consists of two identical light (L) chains and two identical
heavy (H) chains linked by disulfide bridges. The L chains
can be either x (kappa) or A (lambda) and their classification
is made based on amino acid differences in their constant
regions (Figure 8-5). Both light chain types occur in all classes
of immunoglobulins (IgG, IgM, IgA, IgD, and IgE), but any
one immunoglobulin molecule contains only one type of L
chain. The amino terminal portion of each L chain contains
partof the antigen-binding site. Heavy (H) chains are distinct
for each of the five immunoglobulin classes and are designated
Y (gamma), W (mu), o (alpha), & (delta), and € (epsilon)
(Table 8-3). The amino terminal portion of each H chain
participates in the antigen-binding site; the other (carboxyl)
terminal forms the Fc fragment (see Figure 8-5), which has
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various biologic activities (eg, complement activation and
binding to cell surface receptors).

Therefore, an individual antibody molecule always con-
sists of identical H chains and identical L chains. The simplest
antibody molecule has a Y shape (see Figure 8-5) and consists
of four polypeptide chains: two H chains and two L chains.
The four chains are covalently linked by disulfide bonds.

If such an antibody molecule is treated with a proteolytic
enzyme (eg, papain), peptide bonds in the hinge region are
broken. This breakage produces two identical Fab fragments,
which carry the antigen-binding sites, and one Fc fragment,
which is involved in placental transfer, complement fixation,
attachment to various cells, and other biologic activities.

L and H chains are subdivided into variable regions
and constant regions. The regions are composed of three-
dimensionally folded, repeating segments called domains.

TABLE 8-3

By using high resolution x-ray crystallography the structure
of these domains has been determined. An L chain consists
of one variable domain (V) and one constant domain (C).
Most H chains consist of one variable domain (V) and three
or more constant domains (C,). Each domain is approxi-
mately 110 amino acids long. Variable regions are responsible
for antigen binding; constant regions are responsible for the
biologic functions described below.

Within the variable regions of both L and H chains are
subregions consisting of extremely variable (hypervari-
able) amino acid sequences that cooperate in space to form
the antigen-binding site. The hypervariable regions form
the area of the antibody molecule complementary in struc-
ture to the antigenic determinant or epitope and are there-
fore also known as complementarity-determining regions
(CDRs). Only 5-10 amino acids in each hypervariable region

Important Features of Human MHC Class | and Class Il Gene Products

Class ||

Classll

Genetic loci (partial list) HLA-A, -B, and -C

Polypeptide composition MW 45,000 + 3,M (MW 12,000)

Cell distribution
the brain and retina
Present peptide antigens to CD8T cells

Size of peptide bound 8-10 residues

Most nucleated somatic cells, except cells of

HLA-DP, -DQ, and -DR
o chain (MW 33,000), B chain (MW 29,000), li chain (MW 30,000)

Antigen-presenting cells (macrophages, dendritic cells, B cells,
etc), and IFN-y-activated cells

CDAT cells

10-30 or more residues




constitute the antigen-binding site. Antigen binding is non-
covalent, involving van der Waals and electrostatic as well as
other weak forces.

Immunoglobulin Classes
A.lgG
Each IgG molecule consists of two L chains and two H chains
(molecular formula H,L)). Because it has two identical anti-
gen-binding sites, it is divalent. The IgG antibodies are made
up of four subclasses (IgGl, IgG2, 1gG3, IgG4). This subclass
distinction is based on amino acid sequence differences in the
H chain constant region and on the number and location of
disulfide bonds. IgG1 is 65% of the total IgG. IgG2 is directed
against polysaccharide antigens and may be an important host
defense against encapsulated bacteria. IgG3 is an effective acti-
vator of complement due to its rigid hinge region, while IgG4
does not activate complement due to its compact structure.
IgG is the predominant antibody in secondary immune
responses and constitutes an important defense against bacteria
and viruses. It readily crosses the placenta and therefore is the
most abundant immunoglobulin in newborns. It also mediates
opsonization of antigen through binding of antigen-antibody
complexes to Fc receptors on macrophages and other cells.

B.IlgM

IgM is the main immunoglobulin produced early in the
primary immune response. IgM is present on the surface of
virtually all uncommitted B cells. It is composed of five H,L,

units (each similar to one IgG unit) and one molecule of |
(joining) chain (Figure 8-6). The pentamer (MW 900,000) has

J chain

- S-S A

s :

FIGURE 8-6 Schematic diagram of the pentameric structure of
human IgM. The IgM monomers are connected to each other and
the J chain by disulphide bonds.
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a total of 10 identical antigen-binding sites and thus a valence
of 10. It is the most efficient immunoglobulin in agglutination,
complement fixation, and other antigen-antibody reactions
and is important also in defense against bacteria and viruses.
Since its interaction with antigen can involve all 10 binding
sites, it has the highest binding capacity and cross linking of
all immunoglobulins. Evaluating the presence of serum IgM
may be useful in the diagnosis of certain infectious diseases.
For example, IgM does not cross the placenta and the pres-
ence of the IgM antibody in the fetus or newborn provides
evidence of intrauterine infection.

C.IgA

IgA is the main immunoglobulin responsible for mucosal
immunity and it is found in secretions such as milk, saliva,
and tears and in other secretions of the respiratory, intestinal,
and genital tracts. It protects mucous membranes from attack
by bacteria and viruses.

Each secretory IgA molecule consists of two H L, units
and one molecule each of J chain and secretory component.
The latter is a protein derived from cleavage of the poly-Ig
receptor. This receptor binds IgA dimers and facilitates their
transport across mucosal epithelial cells. IgA exists in serum
as a monomer H L as well as larger polymers in low con-
centration. There are at least two subclasses, I[gA1 and IgA2.
Some bacteria (eg, Neisseria spp.) can destroy IgAl by pro-
ducing a protease and can thus overcome antibody-mediated
resistance on mucosal surfaces.

D. IgE

The Fc region of IgE binds to its high-affinity receptor on the
surface of mast cells, basophils, and eosinophils. This bound
IgE acts as a receptor for the antigen that stimulates its pro-
duction, and the resulting antigen-antibody complex trig-
gers allergic responses of the immediate (anaphylactic) type
through the release of mediators.

E.lgD

IgD acts as an antigen receptor when present on the sur-
face of certain B lymphocytes. In serum it is present only
in trace amounts. At the present time, the function of IgD
is unclear.

Immunoglobulin Genes and Generation
of Diversity

Special genetic mechanisms have evolved to produce the very
large number of immunoglobulin molecules (approximately
10") that develop in the host in response to antigenic stimu-
lation without requiring excessive numbers of genes. Thus,
immunoglobulin genes (as reviewed below, T-cell receptor
genes) undergo somatic recombination to produce the enor-
mous diversity of antibody specificities.

Each immunoglobulin chain consists of a variable
(V) and a constant (C) region. For each type of immunoglobulin
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chain—ie, kappa light chain (x), lambda light chain (A), and
the five heavy chains (yH, uH, oH, 0H, and e¢H)—there is a
separate pool of gene segments located on different chromo-
somes. In humans the multigene families are found on the
following chromosomes: A, chromosome 22; K, chromosome
2; and the heavy chain family, chromosome 14. Each of the
three gene loci contains a set of different V gene segments
separated from C gene segments. During B cell differentia-
tion, the DNA is rearranged to bring the selected gene seg-
ments adjacent to each other in the genome. A family of
enzymes known as the V(D)] recombinases is responsible for
this gene rearrangement process.

The variable region of each L chain is encoded by two
gene segments: V and J. The variable region of each H chain
is encoded by three gene segments: V, D, and J. The segments
are united into one functional V-variable gene by DNA rear-
rangement. Each assembled V-variable gene is then tran-
scribed with the appropriate C-constant gene to produce a
messenger RNA (mRNA) that encodes for the complete pep-
tide chain. L and H chains are synthesized separately on poly-
somes and finally assembled in the cytoplasm to form H,L,
units by means of disulfide bonds. The carbohydrate moiety
is then added during passage through the membrane compo-
nents of the cell (eg, Golgi apparatus), and the immunoglobu-
lin molecule is released from the cell.

This gene rearrangement mechanism permits the
assembly of an enormous variety of immunoglobulin mol-
ecules. Antibody diversity depends on (1) multiple V, D,
and J gene segments; (2) combinatorial association, that is,
the association of any V gene segment with any D or J seg-
ment; (3) the random combining of different L and H chains;
(4) somatic hypermutation; and (5) junctional diversity, cre-
ated by imprecise joining during rearrangement with the
addition of nucleotides by the enzyme terminal deoxynucle-
otidyl transferase.

Immunoglobulin Class Switching

Initially, all B cells matched to an antigen carry IgM specific
for that antigen and produce IgM in response to this exposure
to the antigen. Later, gene rearrangement permits elaboration
of antibodies of the same antigenic specificity but of differ-
ent immunoglobulin classes. In class switching, the same
assembled V, gene can sequentially associate with different
C,, genes, so that the immunoglobulin produced later (IgG,
IgA, or IgE) has the same specificity as the original IgM but
different biologic characteristics. Class switching is depen-
dent on cytokines released from T cells and also happens
after antigenic stimulation.

The Primary Response

When an individual encounters an antigen for the first time,
antibody to that antigen is detectable in the serum within
days or weeks depending on the nature and dose of the anti-
gen and the route of administration (eg, oral, parenteral).

Secondary
response to A T

Primary

response to A Primary

response to B

Amount of antibody
in serum

| 4 |
Time 1 2 3 4 5 6
(months)
Injection Second injection of antigen A,
of antigen A injection of antigen B

FIGURE 8-7 Rate of antibody production following initial
antigen administration and a second “booster” injection.

The serum antibody concentration continues to rise for sev-
eral weeks and then declines; it may drop to very low levels
(Figure 8-7). The first antibodies formed are IgM, followed
by IgG, IgA, or both. IgM levels tend to decline sooner than
IgG levels.

The Secondary Response

In the event of a second encounter with the same antigen (or a
closely related “cross-reacting” antigen) months or years after
the primary response, the antibody response is more rapid
and rises to higher levels than during the primary response.
This change in response is attributed to the persistence of
antigen-sensitive “memory cells” following the first immune
response. In the secondary response, the amount of IgM pro-
duced is qualitatively similar to that produced after the first
contact with the antigen; however, much more IgG is pro-
duced, and the level of IgG tends to persist much longer than
in the primary response. Furthermore, such antibody tends
to bind antigen more firmly (ie, to have higher affinity) and
thus to dissociate less easily.

Protective Functions of Antibodies

Because of the close structural complementarity between
antibodies and the antigen that elicited them, the two tend
to bind to each other whenever they meet, in vitro or in vivo.
This binding is non-covalent and involves electrostatic, van
der Waals, and other weak forces. Antibodies can produce
resistance to infection by five major mechanisms.

1. Enhanced Phagocytosis—Antibodies produce resis-
tance by opsonizing (coating) organisms, which make them
more readily ingested by phagocytes. In addition, antibody-
mediated immunity against bacteria is most effective when
directed against microbial infections in which virulence
is related to polysaccharide capsules (eg, pneumococcus,



Haemophilus spp., Neisseria spp.). In such infections, anti-
bodies complex with the capsular antigens and make the
organisms susceptible to ingestion by phagocytic cells and
destruction within the cells.

2. Virus Neutralization—Antibodies directed against
specific viral proteins can bind to the virus and block the
ability of the virus particle to attach to its cellular receptor.
Since the virus cannot invade the cell, it cannot replicate.

3. Neutralization of Toxins—Antibodies can neutralize
toxins of microorganisms (eg, diphtheria, tetanus, and botu-
lism) and inactivate their harmful effects.

4. Complement-Mediated Lysis—The attachment of
antibodies to viral proteins on virus infected cells or to a
microbial cell can activate the complement system leading to
cell lysis.

5. Antibody-Dependent Cell Cytotoxicity (ADCC)—
The attachment of antibodies to viral proteins on the virus-
infected cell can lead to the interaction of the antibody-coated
cells with a killer cell, leading to lysis.

Since antibodies are protective, strategies have been
developed to induce their production (Active Immunity)
or to administer preformed antibodies to the host (Passive
Immunity).

A. Active Immunity

Active immunity is induced after contact with foreign anti-
gens (eg, microorganism or their products). This contact may
consist of clinical or subclinical infection, immunization
with live or killed infectious agents or their antigens, expo-
sure to microbial products (eg, toxins, toxoids), or transplan-
tation of foreign cells. In all these instances the host actively
produces antibodies. However, protection is delayed until
antibody production reaches an effective level.

B. Passive Immunity

Passive immunity is generated by administration of pre-
formed antibodies. The primary advantage of passive immu-
nization with preformed antibodies is the prompt availability
of large amounts of antibody. This approach can be useful
against certain viruses (eg, hepatitis B virus) after a needle-
stick injury to someone who has not been vaccinated.

In addition to antibody-mediated protective effects,
harmful effects can be seen. In passive immunity it is possible
to initiate hypersensitivity reactions if the antibody is from
another species. In active immunity, the binding of antibod-
ies to antigen leads to the formation of circulating immune
complexes. The deposition of these complexes may be an
important feature in the development of organ dysfunction.
For example, immune complexes may deposit in the kidney
and induce glomerulonephritis which can result following
streptococcal infections.
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T Cells

A. Cell-Mediated Immunity

Antibody-mediated immunity is important in toxin-induced
disorders, in microbial infections in which polysaccha-
ride capsules determine virulence, and as a part of the host
defense response to some viral infections. However, cell-
mediated immunity is central in host defense against a vari-
ety of pathogens. In cell-mediated immunity, T cell subsets
and APCs recognize and respond to the pathogen. In this sec-
tion we review T-cell development, T-cell proliferation and
differentiation, and finally effector T cell functions.

1. Development of T Cells—Within the thymus, T cell
progenitor cells undergo differentiation. Here, under the influ-
ence of thymic hormones Tcells differentiate into committed
cells expressing a specific T-cell receptor (TCR). These TCR have
undergone VD] recombination of their beta-chain TCR DNA
followed by rearrangement of their alpha-chain TCR DNA cre-
ating a functional alpha-beta TCR complex. Most cells con-
tain o, B TCR, however, some T cells express gamma-delta
TCR (y, 0 T cells). These TCR cells now become positive for the
expression of both the CD4 and CDS8, co-receptor molecules.
At this point, T cells now possess a functional TCR. Next, the
T cells undergo positive and negative selection processes that
result in the retention of only those cells with the most use-
ful antigen receptors, that is those that are nonself (foreign)
antigen-specific. These antigens can be recognized only in the
context of self MHC (self MHC-restricted ). Those clones that
are potentially anti-self antigen are either deleted or function-
ally inactivated (made anergic). A consequence of the selection
process is that about 95% of T cells die in the thymus. As the
cells undergo a final maturation, they lose their expression of
either CD4 or CD8 and become single positive T cells which
now express TCR/CD3 complex and either CD4 or CD8. Only
a minority of developing T cells express the appropriate recep-
tors to be retained and to exit into the periphery where they
may mature into effector T cells.

2. T-Cell Receptor for Antigen—The T-cell receptor is
a transmembrane heterodimeric protein composed of two
disulfide-linked chains. As mentioned above, there are two
different classes of T cell receptors, o and [ in one class and
v and & in the other. The af T cells make up the predomi-
nant T cell phenotype and are subdivided by their expres-
sion of other cell surface markers, CD4 and CD8. T cells that
express Y0 are relatively infrequent in humans and seem to
be predisposed toward recognition of frequently encoun-
tered bacterial antigens-for example, certain glycolipid and
phosphorylated lipid moieties. The 0 T cells are primarily
located in the epithelial linings of the reproductive and gas-
trointestinal tracts.

The T-cell receptor proteins have variable and constant
regions similar to antibodies. The variable regions are located
at the amino terminals of the polypeptide chain farthest
away from the cell membrane. Both chains contribute to the
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variable domain that has been shown to interact with antigen
presented by self-MHC complex.

The T-cell receptor genes closely resemble immunoglobu-
lin genes, and the generation of diversity in the T-cell receptor
isaccomplished in a fashion largely analogous to that described
earlier for immunoglobulins. Thus, there are multiple variable
region segments, contributing a repertoire of different antigen
specificities; multiple V, D, and ] segments that can combine
in different ways. There are more J and D segments for T-cell
receptor genes than for immunoglobulin genes.

In all functional antigen-specific T cells, the two T-cell
receptor chains are noncovalently associated with six other
polypeptide chains composed of four different proteins that
make up the CD3 complex. The invariant proteins of the
CD3 complex are responsible for transducing the signal
received by the T-cell receptor on recognition of antigen to
the inside of the cell. All four different proteins of the CD3
complex are transmembrane proteins that can interact with
cytosolic tyrosine kinases on the inside of the membrane.
It is this interaction that begins the biochemical events of
signal transduction leading to gene transcription, cell acti-
vation, and initiation of the functional activities of T cells.

The CD4 and CD8 molecules that differentiate the two
major functional classes of T cells function as co-receptor
molecules on the T cell surface. During recognition of anti-
gen, the CD4 and CD8 molecules interact with the T-cell
receptor complex and with MHC molecules on the APC. CD4
binds to MHC class II molecules, and CD8 binds to MHC
class I molecules.

3. T-Cell Proliferation and Differentiation—T-cell
proliferation depends on a series of events. In MHC class
IT presentation two signals are required for the naive CD4
T cell activation to occur. The first signal comes from the
T-cell receptor on the T cell interacting with an MHC-peptide
complex presented on the APC. The CD4 glycoprotein on the
naive T cell acts as a co-receptor, binding to MHC class II
molecules. This binding event ensures stability between the
T cell and the APC. The second signal (costimulation) that
is required for T cell activation is derived from the interac-
tion of the B7 family costimulatory molecules (B7-1/B7-2 also
identified as CD80 and CD86) on the APC with CD28 on the
T cell. These are the major costimulatory molecules. Upon
completion of these two stimulation steps (eg, T-cell receptor
binding to MHC class II-peptide complex and CD28 binding
to B7-1/B7-2), a set of biochemical pathways are triggered
in the cell that results in DNA synthesis, mitosis, and pro-
liferation. During these events, the T cell secretes cytokines,
mainly IL-2 and IFN-y, and increases the expression of IL-2
receptors. These T cells are able to proliferate and differentiate
into effector cells.

CD 8 T-cell activation occurs when the T-cell receptor inter-
acts with the MHC class I-peptide complex on the infected cell.
The CD8 glycoprotein on the T cell acts as a co-receptor, binding
to MHC class I molecule on the APC. Again, this interaction
keeps the two cells bound together during antigen-specific

activation. Once activated, the cytotoxic T cell produces IL-2 and
IFN-v, growth and differentiation factors for T cells. Unlike CD4
cell activation, CD8 T-cell activation in most cases is indepen-
dent of co-stimulation, and the virus-infected cell is destroyed
through cytotoxic granules released from the CD 8 T cell.

B. T-Cell Effector Functions

1. CD4 Effector Cells—Proliferating CD4 T cells can
become one of four main categories of effector T cells: Thl
cells, Th2 cells, Th17 cells, or regulatory T (Treg) cells. In an
environment of IFN-y, Th1 cells dominate and either activate
macrophages or cause B cells to switch to produce different
subclasses of IgG. In either case, this can promote bacterial
clearance either by direct destruction in the IFN-y activated
macrophage or by destruction after phagocytosis of opsonized
particles. These Th1 cells also produce IL-2 and IFN-y. In an
environment where IL-4 is being produced, Th2 cells predom-
inate and activate mast cells and eosinophils and cause B cells
to synthesize IgE. This aids in the response to helminths. The
Th2 cells secrete IL-4, IL-5, IL-9, and IL-13. When TGF-f3 and
IL-6 are present together, CD4 T cells can become Th17 cells.
These cells produce IL-17 and IL-22. IL-17 is a cytokine that
induces stromal and epithelial cells to produce IL-8. IL-8 is
a potent chemokine that is responsible for the recruitment of
neutrophils and macrophages to infected tissues. CD4 T cells
can become Tregs when they are exposed to TGF-f alone.
Treg cells function by suppressing T-cell responses. They are
identified by expression of CD4 and CD25 molecules on their
surface and the transcription factor, Foxp3. T reg cells produce
TGF-f and IL-10, which can suppress immune responses.

2. CD8 Effector Cells—CDS8 cells differentiate into effec-
tor cytotoxic cells by engagement of their TCR and recogni-
tion of class I MHC-peptide complex on the surface on an
infected cell. Following recognition, the CD8 T cell proceeds
to kill the infected cell. The primary method of killing is
through cytotoxic granules containing perforin, the family of
granzymes, and a third protein recently identified, granulysin.
The CD8 T cell releases perforin that helps granzyme and
granulysin enter the infected cell. Granzyme initiates apop-
tosis (programmed cell death) by activating cellular caspases.
It should be noted that a similar process occurs with CD8
T-cell recognition of tumor cells. For additional information
on this topic, see Murphy et al (2011).

COMPLEMENT

The complement system includes serum and membrane-
bound proteins that function in both innate and adaptive
host defense systems. These proteins are highly regulated and
interact via a series of proteolytic cascades. Several comple-
ment components are proenzymes, which must be cleaved to
form active enzymes. The components of the classical path-
way are numbered from CI to C9, and the reaction sequence
is C1-C4-C2-C3-C5-C6-C7-C8-C9.




Biologic Effects of Complement

Activation of complement results in four major out-
comes: (1) cytolysis, (2) chemotaxis, (3) opsonization, and
(4) anaphylatoxins.

1. Cytolysis is the lysis of cells, such as bacteria, virus-
infected cells, and tumor cells. This process occurs
through the development of the membrane attack com-
plex (MAC) (C5b, 6, 7, 8, 9), which inserts into the mem-
brane of an organism or cell. The MAC leads to loss of
osmotic integrity and cell lysis.

2. Chemotaxis is a process in which an immune cell,
usually a phagocyte, is attracted to and moves toward a
soluble factor. For example, C5a is a potent chemotactic
agent that stimulates movement of neutrophils and mono-
cytes toward sites of antigen deposition.

3. Opsonization is a process in which microorganisms and
antigen—antibody complexes become coated with mol-
ecules that bind to receptors on phagocytes. Phagocyto-
sis is more efficient in the presence of C3b because of the
presence of C3b receptors on phagocytes.

4. Anaphylatoxins promote vasodilation and increased vas-
cular permeability. Both C3a and C5a are potent promot-
ers of vasodilation and vascular permeability. These two
complement components also stimulate mast cells and
basophils to release histamine. This function of com-
plement results in an increased blood flow to the site of
infection, allowing more complement, antibodies, and
immune cells to enter the site of infection.

Complement Pathways

There are three major pathways that activate complement, the
classical pathway, alternative pathway, and mannan-binding
lectin (MBL) pathway (Figure 8-8). Each of these pathways
results in the formation of the MAC. All three pathways lead to
the release of C5 convertase, which breaks down C5 into C5a
and C5b. As mentioned previously, C5a is an anaphylatoxin as
well as a chemotactic factor. C5b binds to C6 and C7 to form a
complex that inserts into the membrane bilayer. C8 then binds
to the C5b-C6-C7 complex followed by polymerization of up
to 16 C9 molecules to produce the MAC. The MAC now gener-
ates a channel or pore in the membrane and causes cytolysis by
allowing free passage of water across the cell membrane.

The Classical Pathway

C1, which binds to the Fc region of an immunoglobulin, is
composed of three proteins, Clq, Clr, and Cls. Clq is an
aggregate of polypeptides that bind to the Fc portion of IgG
and IgM. The antibody-antigen immune complex bound to
Cl activates Cls, which cleaves C4 and C2 to form C4b2b.
The latter is an active C3 convertase, which cleaves C3 mol-
ecules into two fragments, C3a and C3b. C3a is an anaphyl-
atoxin. C3b forms a complex with C4b2b, producing a new
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FIGURE 8-8 Complement reaction sequence.

enzyme, C5 convertase, which cleaves C5 to form C5a and
C5b. This leads to MAC and then to cell lysis. Only IgM and
IgG activate or fix complement via the classical pathway.
Furthermore, only IgG subclass 1, 2, and 3 fix complement;
IgG4 does not.

An example of the classical complement pathway in
action can be observed in Herpes simplex virus (HSV) infec-
tions. HSV replication within cells is accompanied by the
insertion of virus proteins on the cell surface. A specific anti-
HSV antibody can bind to the surface of the infected cell by
its Fab site. The Fc portion of the antigen-antibody complex
is now exposed and ready for C1 to attach. The classical path-
way is now activated and the infected cell is destroyed by
MAC.

The Alternative Pathway

Infectious agents can activate the complement system by
triggering the cellular production of factors B, D, and proper-
din. These factors cleave C3 and generate C3 convertase. C3
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convertase (C3bBb) that was generated during the alternative
pathway produces more C3b. The additional C3b binds to the
C3 convertase to form C3bBbC3b. This enzyme is the alter-
native pathway C5 convertase that generates C5b, leading to
production of the MAC described earlier.

Mannan-Binding Lectin Pathway

In recent years, the concept of an additional pathway of
complement activation has emerged, and a third pathway has
been identified as the MBL pathway. Its main constituent is
a plasma protein MBL. MBL binds to sugar residues such as
mannose found in microbial surface polysaccharides such as
LPS. The MBL complex, when bound to microbial surfaces,
can activate C4 and C2. The remaining steps in the pathway
are the same as the classic pathway of complement activation.

A. Regulation of the Complement System

Several serum proteins regulate the complement system at
different stages: (1) C1 inhibitor binds to and inactivates the
serine protease activity of Clr and Cls; (2) factor I cleaves
C3b and C4b, thereby reducing the amount of C5 convertase
available; (3) factor H enhances the effect of factor I on C3b;
and (4) factor P (properdin) protects C3b and stabilizes the
C3 convertase of the alternative pathway. Regulation is also
provided by proteins that have the ability to accelerate the
decay of the complement proteins, such as decay-accelerating
factor, a membrane-bound protein found on most blood cell
surfaces that can act to accelerate dissociation of the C3 con-
vertases of all three pathways.

Complement Deficiencies and Pathogen
Evasion

Many genetic deficiencies of complement proteins have been
described, and these generally lead to enhanced susceptibil-
ity to infectious disease (eg, C2 deficiency frequently leads to
serious pyogenic bacterial infections). Deficiency in compo-
nents of the MAC greatly enhances susceptibility to neisserial
infections. Deficiencies in components of the alternative
pathway are also known (eg, properdin deficiency is associ-
ated with greater susceptibility to meningococcal disease).
There are also deficiencies in complement regulating pro-
teins. For example, lack of the CI inhibitor protein leads to
hereditary angioedema.

The complement system is an important host protective
system. Some pathogens have evolved a mechanism to evade
it. For example, some microbes have developed surfaces that
interfere with opsonization by C3b or interfere with insertion
of the MAC. Complement activation can also be inhibited by
the presence of microbial generated proteins, such as, protein A,
and protein C, that bind IgG Fc. Finally, microbes can
generate enzymes that degrade complement components.
Organisms that possess these inhibitory properties are usu-
ally more pathogenic.

CYTOKINES

Over the last two decades, we have witnessed an explosion
in cytokine biology. Cytokines are potent, low-molecular-
weight protein cell regulators produced transiently and
locally by numerous cell types. Today we recognize that cyto-
kines are multifunctional proteins whose biological properties
suggest a key role in hematopoiesis, immunity, infectious
disease, tumorigenesis, homeostasis, tissue repair, and cellular
development and growth.

Cytokines usually act as signaling molecules by binding
to their own glycoprotein receptors on cell membranes. This
initial interaction is followed by a relay of the signal to the
cell nucleus. Signal transduction is mediated as in many
hormone-receptor systems via kinase-mediated phosphory-
lation of cytoplasmic proteins. In fact, tyrosine kinase activity
is intrinsic to many cytokine receptors.

Classification and Functions

Cytokines can be categorized into groups based on their
common functions. Examples of functional categories are
immunoregulatory, proinflammatory, anti-inflammatory,
and growth and differentiation. Because of its major role in
antigen presentation, an important immunoregulatory cyto-
kine is IFN-vy. Proinflammatory cytokines are commonly
seen in infectious diseases, and they include IL-1, IL-6, TNF-
o, and the IFNs. The anti-inflammatory cytokines include
TGEF-B, IL-10, IL-11, and IFN-B. These may be required
to dampen or downregulate an overactive inflammatory
response. Cytokines that have a key role in growth and dif-
ferentiation include the colony stimulation factors (CSFs) and
stem cell factor. Selected cytokines, their sources, and their
main activities are identified in Table 8-1.

We have also seen that T cells use cytokines for differen-
tiation into T-cell subsets. Whereas Thl cells are generated
in the presence of IFN-y, Th2 cells are differentiated in the
presence of IL-4. Th17 cells are produced in the presence of
TGF-B and IL-6, but Treg cells are formed in the presence
of TGF-f alone. Each of these T-cell subsets now secretes its
own set of cytokines that have distinct regulatory properties.
Thus, cytokines orchestrate the type of immune response
that is generated.

Clinical Applications

Today there are at least four major clinical applications of
cytokines. First, cytokines can serve as biomarkers of disease
and provide clues for mechanisms of disease. For example,
the proinflammatory cytokines TNF-q, IL-1, and IL-6 can
be detected in the sera of patients with septic shock. These
cytokines appear to play a critical role in the development
of septic shock, and tracking their presence may be of prog-
nostic value in severe sepsis. Second, the measurement of
cytokine production in vitro is a useful monitor of immune
status. T-cell function can be monitored by the ability of
the T cells to produce IFN-y. This is currently being used to



identify tuberculosis (TB) reactivity and is discussed later.
Third, recombinant cytokines are key therapeutic agents.
An example of this is seen with the IFN molecules. The FDA
has approved the use of IFN-a. for hepatitis C infections,
IFN-B for multiple sclerosis, and IFN-y for CGD. Fourth,
cytokines can be targets of therapeutics. Recently, cytokine
receptor antagonists and anti-cytokine monoclonal anti-
bodies both which downregulate pathogenic responses to
exaggerated cytokine production have been used as effec-
tive treatments. Examples of this approach are the inhibi-
tors of TNF-o used to manage rheumatoid arthritis (RA)
and inhibitors of IL-2 and IL-15 used in transplantation and
cancer.

HYPERSENSITIVITY

The term hypersensitivity denotes a condition in which an
immune response results in exaggerated or inappropriate
reactions that are harmful to the host. In a given individ-
ual, such reactions typically occur after the second contact
with a specific antigen (allergen). The first contact is a nec-
essary preliminary event that induces sensitization to that
allergen.

There are four main types of hypersensitivity reactions.
Types I, II, and III are antibody mediated, and type IV is
T-cell mediated.

Type I: Immediate Hypersensitivity
(Allergy)

Type I hypersensitivity manifests itself in tissue reactions
occurring within seconds after the antigen combines with
the specific IgE antibody. Its symptoms may manifest as a
systemic anaphylaxis (eg, after intravenous administration
of heterologous proteins) or as a local reaction (eg, an atopic
allergy involving rhinitis such as occurs with hay fever).

The general mechanism of immediate hypersensitivity
involves the following steps. An antigen induces the forma-
tion of IgE antibody, which binds firmly by its Fc portion
to high-affinity IgE receptors on mast cells, basophils, and
possibly eosinophils. Some time later, a second exposure of
the individual with the same antigen results in the antigen’s
binding to cell-bound IgE, cross-linking of IgE molecules,
and inducing the release of pharmacologically active media-
tors from cells within seconds to minutes. Cyclic nucleotides
and calcium are essential in the release of mediators. There
may also be a secondary “late phase” response that lasts for
several days and involves infiltration of tissues with leuko-
cytes, particularly eosinophils.

Some important mediators of type I hypersensitivity and
their main effects are listed below.

1. Histamine—Histamine exists in a preformed state in
platelets and in granules of mast cells, basophils, and eosin-
ophils. Its release causes vasodilation, increased capillary
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permeability, and smooth muscle contraction (eg, broncho-
spasm). Antihistamine drugs can block histamine receptor
sites and are relatively effective in allergic rhinitis. Histamine
is one of the primary mediators of a type I reaction.

2. Prostaglandins and leukotrienes—Prostaglandins
and leukotrienes are derived from arachidonic acid via the
cyclooxygenase pathway. Prostaglandins chiefly produce
bronchoconstriction. Leukotrienes chiefly cause increased
permeability of capillaries. These mediators, along with cyto-
kines such as TNF-a and IL-4, are referred to as secondary
mediators of a type I reaction.

A. Treatment and Prevention of Anaphylactic
Reactions

Treatment aims to reverse the action of mediators by main-
taining the airway, providing artificial ventilation if neces-
sary, and supporting cardiac function. One or more of the
following may be given: epinephrine, antihistamines, and
corticosteroids. Prevention relies on identification of the
allergen (often by skin test or IgE antibody serology) and sub-
sequent avoidance.

B. Atopy

Atopic hypersensitivity disorders exhibit a strong familial
predisposition and are associated with elevated IgE levels.
Predisposition to atopy is clearly genetic, but symptoms are
induced by exposure to specific allergens. These antigens
are typically environmental (eg, respiratory allergy to pol-
lens, ragweed, or house dust) or foods (eg, intestinal allergy
to shellfish). Common clinical manifestations include hay
fever, asthma, eczema, and urticaria. Many patients experi-
ence immediate-type reactions to skin tests (injection, patch,
scratch) involving the offending antigen.

Type lI: Hypersensitivity

Type II hypersensitivity involves the binding of IgG anti-
bodies to cell surface antigens or extracellular matrix
molecules. Antibody directed at cell surface antigens can
activate complement (or other effectors) to damage the cells.
The result may be complement-mediated lysis, which occurs
in hemolytic anemias, ABO transfusion reactions, and Rh
hemolytic disease.

Drugs such as penicillin can attach to surface proteins
on red blood cells and initiate antibody formation. Such
autoimmune antibodies may then combine with the cell sur-
face, with resulting hemolysis. In Goodpasture syndrome,
antibody forms against basement membranes of kidney and
lung, resulting in severe damage to the membranes through
activity of complement-attracted leukocytes. In some cases,
antibodies to cell surface receptors alter function without
cell injury (eg, in Graves disease, an autoantibody binds to
the thyroid-stimulating hormone receptor, stimulates the
thyroid, and causes hyperthyroidism).
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Type lll: Immune Complex
Hypersensitivity

When antibody combines with its specific antigen, immune
complexes are formed. Normally, they are promptly removed,
but occasionally, they persist and are deposited in tissues,
resulting in several disorders. In persistent microbial or viral
infections, immune complexes may be deposited in organs
(eg, the kidneys), resulting in dysfunction. In autoimmune
disorders, “self” antigens may elicit antibodies that bind to
organ antigens or are deposited in organs and tissues as com-
plexes, especially in joints (arthritis), kidneys (nephritis), and
blood vessels (vasculitis). Finally, environmental antigens
such as fungal spores and certain drugs can cause immune
complex formation with disease.

Wherever immune complexes are deposited, they activate
the complement system, and macrophages and neutrophils
are attracted to the site, where they cause inflammation
and tissue injury. There are two major forms of immune
complex-mediated hypersensitivity. One is local (Arthus
reaction) and typically elicited in the skin when a low dose
of antigen is injected and immune complexes form locally.
IgG antibodies are involved, and the resulting activation of
complement leads to activation of mast cells and neutrophils,
mediator release, and enhanced vascular permeability. This
typically occurs in about 12 hours. A second form of type III
hypersensitivity involves systemic immune complex disease.
There are several examples, including diseases such as acute
poststreptococcal glomerulonephritis.

Acute poststreptococcal glomerulonephritis is a well-
known immune complex disease. Its onset occurs several weeks
after a group A B-hemolytic streptococcal infection, particu-
larly of the skin, and often occurs with infection due to nephri-
togenic types of streptococci. The complement level is typically
low, suggesting an antigen-antibody reaction with consump-
tion of complement. Lumpy deposits of immunoglobulin and
complement component C3 are seen along glomerular base-
ment membranes stained by immunofluorescence, suggesting
antigen—antibody complexes. It is likely that streptococcal anti-
gen—antibody complexes are filtered out by glomeruli, fix com-
plement, and attract neutrophils. This series of events results in
an inflammatory process that damages the kidney.

Type IV: Cell-Mediated (Delayed)
Hypersensitivity

Cell-mediated hypersensitivity is a function not of antibody
but of specifically sensitized T lymphocytes that activate mac-
rophages to cause an inflammatory response. The response is
delayed— it usually starts 2 or 3 days after contact with the
antigen and often lasts for days.

A. Contact Hypersensitivity

Contact hypersensitivity occurs after sensitization with
simple chemicals (eg, nickel, formaldehyde), plant materials
(poison ivy, poison oak), topically applied drugs (eg,

sulfonamides, neomycin), some cosmetics, soaps, and other
substances. In all cases, small molecules enter the skin and
then, acting as haptens, attach to body proteins to serve as
complete antigens. Cell-mediated hypersensitivity is induced,
particularly in the skin. When the skin again comes in contact
with the offending agent, the sensitized person develops
erythema, itching, vesication, eczema, or necrosis of skin within
12-48 hours. Patch testing on a small area of skin can some-
times identify the offending antigen. Subsequent avoidance of
the material will prevent recurrences. The APC in contact sen-
sitivity is probably the Langerhans cell in the epidermis, which
interacts with CD4 Th1 cells that drive the response.

B. Tuberculin-Type Hypersensitivity

Delayed hypersensitivity to antigens of microorganisms occurs
in many infectious diseases and it has been used as an aid in
diagnosis. It is typified by the tuberculin reaction. When a
small amount of tuberculin is injected into the epidermis of
a patient previously exposed to Mycobacterium tuberculosis,
there is little immediate reaction. Gradually, however, indu-
ration and redness develop and reach a peak in 24-72 hours.
Mononuclear cells accumulate in the subcutaneous tissue, and
there are CD4 Th1 cells in abundance. A positive skin test indi-
cates that the person has been infected with the agent but does
not imply the presence of current disease. However, a recent
change of skin test response from negative to positive suggests
recent infection and possible current activity.

A positive skin test response assists in diagnosis. For
example, in leprosy, a positive skin test indicates tubercu-
loid disease with active cell-mediated immunity, whereas
a negative test suggests lepromatous leprosy with weak
cell-mediated immunity.

DEFICIENCIES OF THE IMMUNE
RESPONSE

Immunodeficiency Diseases

Immunodeficiency can be divided into two categories,
primary immunodeficiency diseases and secondary immuno-
deficiency diseases. Primary immunodeficiency diseases con-
sist of disorders of the immune system in which the defect is
intrinsic to the cells of the immune system. Secondary immu-
nodeficiency diseases consist of disorders of the immune
system in which the defect is induced by external factors,
such as viruses, malignancy, and drugs. This section is clearly
relevant to medical microbiology because the primary immu-
nodeficiency diseases are usually identified first by the type,
duration, and frequency of infectious diseases. In contrast,
secondary immunodeficiency diseases are frequently induced
by microorganisms.

A. Primary Imnmunodeficiencies

Primary immunodeficiencies usually have a genetic basis,
and more than 150 genetically based diseases have been



identified. The genetic defect results in the loss of number or
function of B cells, T cells, or phagocytic cells, complement
components, cytokines, or TLRs. Clearly, the loss of these
functional elements leads to increased susceptibility to infec-
tions. One example, is chronic granulomatous disease (CGD),
which is an impairment of phagocytic cell function. Patients
have normal levels of immunoglobulins, T and B cells, and
phagocytic cells. However, the phagocytic cells do not kill
microbes a due to genetic defect in cytochrome b-558. This
leads to a metabolic defect in the ability of phagocytic cells to
produce peroxide and superoxide. The phagocytic defect can
be identified by using the nitroblue tetrazolium (NBT) test.
These cells are unable to efficiently kill some bacteria or fungi,
such as, staphylococcus, Escherichia coli, and Aspergillus spp.
Unless treated, this disease is usually fatal within the first
decade of life. IFN-y has been shown to restore phagocytic
function in these cells. Therefore, in most cases, administration
of IFN-y or bone marrow transplantation are effective treat-
ments. A second example is severe combined immunodefi-
ciency (SCID). This syndrome is now known to be the final
expression of several different genetic defects leading to
defects in both B- and T-cell function. These individuals
are susceptible to infection by virtually any microbe, and if
untreated, they will die within the first year of life.

B. Secondary Immunodeficiencies

Secondary immunodeficiencies are a major predisposing
cause of infection. Secondary immunodeficiency states are
associated with infections, malignancies, and drugs.

C. Infections

Infections can also induce immunosuppression in the host. It
is well known that measles virus infection and Epstein-Barr
virus (EBV) infection in mononucleosis result in a depression
of the delayed-type hypersensitivity (DTH) skin test. Analysis
of EBV replication has revealed a possible mechanism for
this immunosuppression. EBV infects B cells, resulting in a
transformed cell that proliferates indefinitely. Interestingly,
the EBV genome codes for a human IL-10 analog. IL-10 is
an immunosuppressive cytokine that inhibits Th1 cells from
proliferating and producing cytokines, such as IFN-y. This
may account for the negative DTH skin test.

The most obvious example of a virus-induced immuno-
deficiency is HIV infection and the resulting disease, AIDS.
HIV primarily infects CD4 T cells. This is possible because the
virus uses the CD4 molecule itself as the virus receptor and the
chemokine receptor, CCRS5, as a co-receptor to enter the cell.
HIV replication in CD4 T cells leads to a progressive loss of
CDA4 T cells and the development of AIDS. As a consequence
of this infection, HIV patients develop multiple opportunistic
infections. As noted in this chapter, CD4 T cells are critically
important in generating Thl, Th2, Th17, and Treg. They also
provide help to B cells during antibody production and serve
as a source of IL-2 and IFN-vy. Replication of a cytotoxic virus
in this cell is devastating to the immune response.
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D. Malignancy

Selected leukemias, lymphomas, multiple myeloma, and
other cancers can lead to immunodeficiency and increased
infections. For example, patients with leukemia can have a
deficiency in neutrophils, which results in loss of phagocy-
tosis and increased infections with bacteria and fungi. Some
tumors secrete high levels of TGF- that can suppress a vari-
ety of responses, including Th1 responses.

E. Drugs

Cytotoxic drugs used to treat cancer (eg, cisplatin), immuno-
suppressive drugs (eg, cyclosporine) that are used to manage
transplant patients, and newer anti-cytokine (anti-TNF-or)
drugs used to treat autoimmune diseases (eg, RA) can lead to
increased risk of infection.

CLINICAL IMMUNOLOGY LABORATORY
(DIAGNOSTIC TESTING)

Exciting discoveries in molecular biology, recombinant DNA
and proteins, cytokine biology, and human genetics have
enhanced our understanding of immune-mediated diseases.
With these advancements, clinical laboratory immunology
has matured, and its applications have increased extensively.
Hence, the scope of the clinical immunology laboratory
now extends to a wide variety of disorders, such as trans-
plantation, rheumatology, oncology, dermatology, infec-
tious disease, allergy, and immunodeficiencies. The goal of
the clinical immunology laboratory is to provide laboratory
testing to support the diagnosis and monitoring of patients
with immune disorders. A variety of technologies are used
to evaluate both the antibody and cellular components of the
immune response. For a comprehensive review of current
test systems used the clinical immunology hospital setting,
see Detrick et al (2006). Selected assays are highlighted below:

Antibody Evaluation Assays

A.Enzyme-Linked Immunosorbent Assay

Enzyme immunoassay, which has many variations, depends
on the conjugation of an enzyme to an antibody. The enzyme
is detected by assaying for enzyme activity with its substrate.
To measure antibody, known antigens are fixed on a solid
phase (eg, plastic microtiter plate), incubated with test
antibody dilutions, washed, and reincubated with an anti-
immunoglobulin labeled with an enzyme (eg, horseradish
peroxidase). Enzyme activity, measured by adding the specific
substrate and estimating the color reaction, is a direct function
of the concentration of antibody bound. This serologic test is
used to detect antibodies to a number of infectious diseases,
such as antibodies to HIV proteins in blood samples or antibod-
ies to the syphilis organism, Treponema pallidum. This assay
system is also widely used to detect autoantibodies present in
the circulation of patients with systemic and organ-specific
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autoimmune diseases (eg, antibodies in systemic lupus ery-
thematosus, scleroderma, or Sjogren’s syndrome). Variations
of the enzyme-linked immunosorbent assay (ELISA) include
some of the newer technologies, such as chemiluminescence
assay (CIA) and multiplex particle-based assays.

B. Immunofluorescence

Fluorescent dyes (eg, fluorescein, rhodamine) can be cova-
lently attached to antibody molecules and made visible by
ultraviolet light in the fluorescence microscope. Such labeled
antibody can be used to identify antigens (eg, on the surfaces
of bacteria such as streptococci or treponema) or in cells in
histologic section or other specimens. A direct immuno-
fluorescence reaction occurs when known labeled antibody
interacts directly with unknown antigen. An indirect immu-
nofluorescence reaction occurs when a two-stage process is
used (eg, a known antigen is attached to a slide, unknown
serum is added, and the preparation is washed). If the
unknown serum antibody binds to the antigen, it will remain
fixed to it on the slide and can be detected by adding a fluores-
cent-labeled anti-immunoglobulin or other antibody-specific
reagent such as staphylococcal protein A or G and examining
the slide by ultraviolet microscopy. This assay historically has
been used to detect antibodies to certain microorganisms (eg,
T pallidum) and is the standard procedure for the detection
of autoantibodies in autoimmune diseases (eg, antinuclear
antibodies).

C. Immunoblotting

Immunoblotting (sometimes called Western blotting) is
a method for identifying a particular antigen in a complex
mixture of proteins. The complex mixture of proteins is sub-
jected to sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE). This separates the proteins according
to charge and molecular size. The gel is then covered with a
membrane (often a sheet of nitrocellulose), and the proteins
are “transferred” by electrophoresis to the membrane. The
nitrocellulose membrane (blot) acquires a replica of the pro-
teins separated by SDS-PAGE. During the transfer, the SDS
is largely removed from the proteins and, at least for some
proteins, there is refolding, and enough conformation is
restored so that antibodies can react with the proteins on the
membrane.

The nitrocellulose membrane is then reacted with an
enzyme-labeled antibody in a direct test or in an indirect
test, with antibody followed by an enzyme-labeled anti-
immunoglobulin. The protein antigen then becomes visible
as a band on the membrane. None of the other proteins in
the mixture are detected. This technique is used, such as to
confirm an HIV-positive ELISA test, by demonstrating the
presence of antibodies to specific HIV proteins in a patient’s
serum. It is also widely used as a secondary test for HCV and
Lyme disease. More recently, this technology is being applied
to identification of autoantibodies in selected autoimmune
diseases (eg, polymyositis). Variations of the immunoblotting

techniques include dot or slot blot assays, both of which use
purified antigens.

D. Other Laboratory Assays

Other technologies often available in the clinical immunol-
ogy laboratory include protein electrophoresis and immu-
nofixation electrophoresis, which are essential tests used to
identify abnormal immunoglobulin production in the serum
or urine of patients with myeloma. Nephelometry is another
laboratory test that quantifies a wide variety of analytes in
serum or plasma. This is the method of choice for quantitat-
ing complement components, immunoglobulins, and other
serum analytes. These assays can also be used to evaluate
other abnormalities associated with selected infectious dis-
eases (eg, HCV can be associated with a monoclonal protein
and the presence of cryoglobulins).

Evaluation of Cellular Responses

A. Flow Cytometry

Another use of fluorescent-tagged antibody molecules is to
count and classify cells by flow cytometry using a fluores-
cence-activated cell sorter (FACS).

Flow cytometry analyzes a single-cell suspension flowing
through a set of laser beams to measure the relative amount
of light scattered by microscopic particles (providing infor-
mation on relative size and granularity) and the relative flu-
orescence of those particles. For a mixture of white blood
cells, it is relatively easy to separate the cells in this mixture
into major classes, such as small lymphocytes separated
from granulocytes that are larger and contain more gran-
ules (scatter more light). With the availability of panels of
monoclonal antibodies (that can be detected by fluorescent
anti-immunoglobulin) to cell surface proteins, it is also pos-
sible to count subpopulations of cells, such as CD4 express-
ing helper T cells from CD8 expressing cytotoxic T cells or
antibody expressing B cells from T cells. This technology
is widely used both in clinical laboratory and in biomedi-
cal research (eg, to enumerate CD4 T cells in HIV-positive

patients or to distinguish tumor cells from normal white
blood cells).

B. Functional Cellular Assays

In order to measure T-cell function in vitro, the cells ability
to proliferate or produce specific cytokines, such as IFN-v,
are analyzed. This assay is the in vitro counterpart of type
IV hypersensitivity reactions, with TB skin test as a model.
In the skin, the administered TB antigen interacts with spe-
cific T cells to proliferate, produce IFN-v, and give a positive
skin reaction. In this in vitro assay, peripheral blood leuko-
cytes (PBLs) are incubated with a specific antigen for 24-72
hours. When specifically sensitized T cells in the PBLs inter-
act with their specific antigen (eg, TB antigen), the cells will
proliferate and produce IFN-y. Proliferation can be measured
by H? thymidine incorporation, or IFN-y production can be



monitored by ELISA or flow cytometry. This assay can be
used to assess the immune status of an individual, particu-
larly patients who are immunocompromised because of an
infectious disease, malignancy, or drug therapy.

CHAPTER SUMMARY

Innate immunity is an immediate, nonspecific response
to the pathogen. The components of this response
include phagocytic cells (macrophages and neutrophils),
NK cells, TLRs, cytokines, and complement.

Protective functions of phagocytic cells: Phagocytosis,
primarily by macrophages and PMNss, is a major mecha-
nism of detecting and destroying pathogens. The process
includes the following steps: chemotaxis, migration,
ingestion, and microbial killing.

Adaptive immunity can be antibody mediated, cell medi-
ated, or both. It is specific for the pathogen and can confer
protective immunity to re-infection with that pathogen.
Antigen presentation is a critical component of adaptive
immunity. Proteins from exogenous antigens are pro-
cessed by APCs and then returned to the cell surface as
an MHC class II-peptide complex. This complex is rec-
ognized by a T-cell receptor on a CD4 T cell. CD4 mole-
cule acts as a co-receptor. A second signal required for T-
cell activation is derived from the interaction of CD80 on
the APC with CD28 on the T cell. T cells now proliferate
and differentiate into effector T cells. Endogenous anti-
gens are processed by APCs via an MHC class I peptide
complex. This complex is recognized by a TCR on CD8
T cells.

Antibody production: B cells rearrange immunoglobu-
lin genes and express a receptor (BCR) for antigen. When
antigen interacts with BCR, the B cell is stimulated to di-
vide and form a clone. The B cell differentiates to become
plasma cells and secrete antibody or memory B cells.
Functions of antibody: Antibody can enhance phago-
cytosis, induce neutralization of viruses and bacterial
toxins, and participate in complement-mediated lysis
and ADCC.
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Functions of T cells. (1) CD4 T cells can become Thl,

Th2, Th17, or Treg cells. Th1 cells can produce cytokines

(IL-2, IFN-y), activate macrophages, or trigger B cell

switching to IgG synthesis. Th2 cells activate mast cells

and eosinophils and trigger B-cell switching to IgE
synthesis. Th17 cells can produce IL-17 triggering
production of IL-8 and recruitment of neutrophils

and macrophages. Treg cells produce TGF-f and IL-10,

which can suppress immune responses. (2) CD8 T cells

function as cytotoxic T cells.

There are three major ways to activate the complement

cascade. Each pathway results in the formation of MAC,

leading to cell lysis. Complement provides protection
from pathogens by four mechanisms: (1) cytolysis,

(2) chemotaxis (3) opsonization, and (4) vasodilation

and vascular permeability.

Cytokines are critical molecules in immune reactivity,

driving cellular responses for macrophages, PMNs, NK

cells, T cells, and B cells. IFNs are potent antiviral and
immunoregulatory molecules.

Hypersensitivity Reactions:

o Type I, Immediate: IgE antibody is induced by the
allergen and binds via its Fc receptor to mast cells and
eosinophils. After encountering the antigen again,
the fixed IgE becomes cross-linked, which induces
degranulation and release of mediators, especially
histamine.

o Type II: Antigens on a cell surface combine with
antibody, which leads to complement-mediated ly-
sis (eg, transfusion or Rh reactions) or other cyto-
toxic membrane damage (eg, autoimmune hemolytic
anemia).

o Type III, Immune Complex: Antigen-antibody
immune complexes are deposited in tissues, comple-
ment is activated, and PMNs are attracted to the site,
causing tissue damage.

o Type IV, Delayed: T lymphocytes, sensitized by an
antigen, release cytokines upon second contact with
the same antigen. The cytokines induce inflamma-
tion and activate macrophages.
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GLOSSARY'

Allele: A variant form of a single genetic locus.

Anaphylatoxins: Inflammatory fragments of complement
proteins released during activation (ie, C5a, C3a). They are
recognized by specific receptors and result in increased
vascular permeability and attract leukocytes.

Antibody (Ab): A protein produced as a result of interaction
with an antigen. The protein has the ability to combine
with the antigen that stimulated its production.
Antibodies are produced by plasma cells.

Antigen (Ag): A molecule that reacts with an antibody.

B cell (also B lymphocyte): B cells are lymphocytes
that mature in the bone marrow. They rearrange their
immunoglobulin genes and express a unique receptor
for antigen on their surface. They mature into antibody-
producing plasma cells.

Cell adhesion molecules (CAMs): Cell surface proteins that
mediate the binding of cells to other cells to extracellular
matrix molecules (eg, the integrins and selectins).

Cell-mediated (cellular) immunity: An adaptive immune
response in which T cells and macrophages play a
predominant role.

Chemokines: Low-molecular-weight proteins that stimulate
leukocyte movement.

Chemotaxis: A process whereby phagocytic cells are
attracted to the vicinity of invading pathogens in response
to a chemokine.

Complement: A set of plasma proteins that is the primary
mediator of antigen-antibody reactions. Activation of
complement can involve the classical, alternative, and
lectin pathways.

Cytokine: Potent low-molecular, cell-signaling molecules
produced transiently and locally by numerous cell types
and involved in a variety of immune responses.

Cytolysis: The lysis of bacteria or of cells such as tumor or
red blood cells. This can occur as complement-mediated
lysis or as CD8 cytotoxicity.

Cytotoxic T cell: T cells that can kill other cells (eg, cells
infected with intracellular pathogens). Most cytotoxic T
cells are MHC class | restricted CD8 T cells that play a main
role in the defense against intracellular pathogens.

Endotoxins: Bacterial toxins released from damaged cells
(eg, LPS).

Epitope: Site on an antigen recognized by an antibody. Also
known as an antigenic determinant.

Hapten: A molecule that is not immunogenic by itself but
can react with specific antibody after being joined to a
suitable carrier molecule.

Histocompatible: Sharing major histocompatibility complex
(MHC) antigens.

Humoral Immunity: Pertaining to immunity in a body fluid

and used to denote immunity mediated by antibody.

Hypersensitivity Reactions:

«  Type |, Immediate: IgE antibody is induced by an
allergen and binds via its Fc receptor to mast cells and
eosinophils. After encountering the antigen again, the
fixed IgE becomes cross-linked, inducing degranulation
and release of mediators, especially histamine.

«  Type Il: Antigens on a cell surface combine with
antibody, which leads to complement-mediated lysis (eg,
transfusion or Rh reactions) or other cytotoxic membrane
damage (eg, autoimmune hemolytic anemia).

o Typelll,Immune Complex: Antigen-antibodyimmune
complexes are deposited in tissues, complement is
activated, and PMNs are attracted to the site, causing
tissue damage.

«  Type IV, Delayed: T lymphocytes, sensitized by an
antigen, release cytokines upon second contact with
the same antigen. The cytokines induce inflammation
and activate macrophages.

Immunity:

« Innate immunity: Nonspecific host defense not
acquired through contact with an antigen. It includes skin
and mucous membrane barriers to infectious agents and a
variety of nonspecificimmunologic factors (eg, phagocytic
cells, NK cells, complement, TLRs, and cytokines).

«  Adaptiveimmunity: Protection acquired by deliberate
introduction of an antigen into a responsive host. Active
immunity is specific and is mediated by either antibody
or lymphoid cells or both.

Immunoglobulin: A glycoprotein, composed of H and
L chains, that functions as antibody. All antibodies are
immunglobulins but not all immunoglobulins have
antibody function.

Immunoglobulin class: A subdivision of immunoglobulin
molecule based on structural (@amino acid sequence)
differences. In humans, there are five immunoglobulin
classes: IgG, IgM, IgA, IgD, and IgE.

Immunoglobulin subclass: A subdivision of immuno-
globulin molecule based on structural differences in the
H chains. For human IgG, there are four subclasses, 19G1,
1gG2, 1gG3, and 1gG4.

Inflammation: Local accumulation of fluid and cells after
injury, infection, or local immune response.

'Modified and reproduced, with permission, from Stites DP, Stobo JD, Wells JV (editors): Basic & Clinical Immunology, 6th ed. Originally
published by Appleton & Lange. Copyright © 1987 by the McGraw-Hill Companies, Inc.



CHAPTER 8 Immunology 147

GLOSSARY (continued)

Interferons: A heterogeneous group of low-molecular-
weight proteins that belong to the cytokine family. There
are two major types of IFNs. The type | IFNs (o and f) are
made by virus-infected cells. The type Il IFN is IFN-y. It
is made by activated T cells and NK cells. The IFNs have
antiviral,immunoregulatory, and antiproliferative activities.

Leukocyte: General term for a white blood cell.

Lymphocyte: A mononuclear cell, 7-12 um in diameter,
containing a nucleus with densely packed chromatin and
small rim of cytoplasm. Lymphocytes include the T cells
and B cells, which have primary roles in immunity.

Macrophage: A phagocytic mononuclear cell derived from
bone marrow monocytes and found in many tissues of
the body and at the site of inflammation. Macrophages
serve accessory roles in immunity, particularly as antigen-
presenting cells (APCs).

Major histocompatibility complex (MHC): A cluster of
genes located in close proximity, such as on human
chromosome 6 that encode the histocompatibility
antigens (MHC molecules).

Membrane attack complex (MAC): The end product of
activation of the complement cascade, which contains
C5, C6, C7, C8, and C9. The MAC produces holes in the
membranes of gram-negative bacteria, killing them and,
in red blood or other cells, resulting in lysis.

Monoclonal antibodies: Each B lymphocyte produces
antibody of a single specificity. However, normal B cells
do not grow indefinitely. If B cells are fused to a myeloma
cell by somatic cell hybridization and fused cells that
secrete the desired antibody specificity are selected,
an immortalized antibody-producing cell line, known
as a hybridoma, is obtained. These hybrid cells produce
monoclonal antibodies.

Monocyte: A circulating phagocytic blood cell that
develops into a tissue macrophage.

Natural killer (NK) cells: Large granular lymphoid cells with
no known antigen-specific receptors. They are able to
recognize and kill certain virally infected cells and activate
the innate response. They produce IFN-.

Opsonin: A substance capable of enhancing phagocytosis.
Antibodies and complement are the two main opsonins.

Opsonization: The coating of an antigen or particle (eg,
infectious agent) by substances, such as antibodies,
complement components, fibronectin, and so forth, that
facilitate uptake of the foreign particle into phagocytic
cell.

Plasma cell: A terminally differentiated B cell that secretes
antibody.

Polymorphonuclear cell (PMN): Also known as neutrophil.
A PMN is characterized by a multilobed nucleus. PMNs
migrate from the circulation to a site of inflammation by
chemotaxis and are phagocytic for bacteria and other
particles.

T cell (also T lymphocyte): A thymus-derived cell that
participates in a variety of cell-mediated immune
reactions.

Toll-like receptors (TLRs): A family of evolutionary
conserved pattern recognition receptors that recognize
pathogen-associated molecular patterns on microbes
and serve as the first line of defense in the innate immune
response.

Thymocytes: Developing T cells found in the thymus.

Vaccination: Induction of immunity by injecting a dead or
attenuated form of a pathogen.

(C) Somatic hypermutation
(D) Junctional variability due to imprecise V, D, and
J joining
(E) Gene duplication ie, multiple V, D, and ] gene segments
3. What is the principal function of the class I and class II MHC

REVIEW QUESTIONS

1. What is a characteristic of the adaptive immune response and
not of the innate response?

(A) Physical barriers

(B) Chemical barriers molecules?

(C) Clonal expansion O.f effector cells (A) They are mediators of T-independent B-cell responses.

(D) Inﬂammatgry mediators (B) They bind peptide antigens for presentation to antigen-
(E) Phagocytosis specific receptors on B cells.

2. Which genetic mechanism increases the number of different (C) They help in endocytosis of antigens by phagocytic cells.
antibody molecules during an immune response without increas- (D) They bind carbohydrate antigens directly for presentation
ing the diversity of the pool of antigen receptor specificities? on T cells.

(A) V gene segment recombination (E) They display peptide antigens for review by antigen-

(B) Class switching specific receptors on T cells.
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4. MHC class I molecules need to bind peptide antigens to fold

10.

properly and to be expressed at the cell surface. What would
you expect to be the most common health problem in a child
with a defect in the function of the peptide transporter (TAP)
found in the endoplasmic reticulum?

(A) Chronic upper respiratory viral infections

(B) Parasitic infections

(C) Infections with encapsulated bacteria

(D) Pronounced allergies to household pets

(E) Autoimmune disease

. Which major antibody molecule has the ability to cross the

placenta?
(A) 1gG
(B) IgA
(C) IgM
(D) IgE
(E) IgD

. A man in his twenties presents in the emergency room with

shortness of breath and fatigue. He is also very pale. Two days
earlier he was given penicillin for an infection. He had peni-
cillin previously without problems and stated that he had “no
allergy” to penicillin. Laboratory testing shows that antibod-
ies to penicillin are present in the patient’s serum and that
he is breaking down his own red blood cells. He is diagnosed
with immune hemolytic anemia. The patient has which type of
hypersensitivity reaction?

(A) Typel

(B) Typell

(C) Typelll

(D) TypelIV (DTH)

. Which one of the following cell types expresses receptors for

IgE on its cell surface that stimulate the cell to mount a response
to parasites such as worms?

(A) T cells

(B) Becells

(C) Promonocytes
(D) NK cells

(E) Mast cells

. Which immunologic test is widely used to precisely enumerate

and collect cells expressing an antigen bound by a fluorescence-
tagged monoclonal antibody?

(A) ELISA

(B) Direct immunofluorescence

(C) Western blotting

(D) Fluorescence-activated cell sorting

(E) Indirectimmunofluorescence

. In any given immunoglobulin molecule, the light chains are:

(A) Identical to each other in their antigenic determinants

(B) Identical to each other

(C) Identicalto each other exceptin their hypervariable regions

(D) Ofrelated but different amino acid sequences

(E) Identical to each other except in their overall domain
structure

Antigen-antibody complexes are phagocytosed more effec-
tively in the presence of which complement component?

(A) C3aand C5a

(B) C3b

(C) C56789 complex

(D) MBL
(E) Properdin

11. NK cells express a killer immunoglobulin-like receptor, which

recognizes:

(A) MHC class I molecules

(B) MHC class IT molecules

(C) Cell adhesion molecules

(D) Glycophospholipid molecules
(E) CD40 molecules

12. A cell that plays a critical role in the innate immune response

and kills virus infected cells is:

(A) Tecell

(B) Neutrophil
(C) NKcell

(D) Macrophage
(E) Beell

13. A cytokine that activates cells to express MHC class IT antigens

and protects cells from virus replication is:
(A) Interferon-o

(B) IL-6

(C) Interferon-y

(D) TNF-o,

(E) 1L-10

14. IgE-mediated histamine release is classified as what type of

hypersensitivity reaction?
(A) Typel
(B) Type2
(C) Type3
(D) Type4

15. The interaction of a pathogen molecule with its specific TLR

directly results in which of the following?
(A) Presentation of pathogen molecule to helper T cells

(B) Cellactivation and production of cytokines and chemokines

(C) IgG production
(D) Immunoglobulin class switching
(E) Phagocytosis

Answers
1.C 5 A 9.B 13.C
2.B 6.B 10. B 14. A
3.E 7.E 11. A 15.B
4. A 8.D 12.C
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SECTION III BACTERIOLOGY

Pathogenesis of Bacterial

Infection

The pathogenesis of bacterial infection includes initiation of
the infectious process and the mechanisms that lead to the
development of signs and symptoms of disease. The biochemi-
cal, structural, and genetic factors that play important roles in
bacterial pathogenesis are introduced in this chapter and may
be revisited in the organism-specific sections. Characteristics of
bacteria that are pathogens include transmissibility, adherence
to host cells, persistence, invasion of host cells and tissues, toxi-
genicity, and the ability to evade or survive the host’s immune
system. Resistance to antimicrobials and disinfectants can also

CHAUPTER

contribute to virulence, or an organism’s capacity to cause
disease. Many infections caused by bacteria that are com-
monly considered to be pathogens are inapparent or asymp-
tomatic. Disease occurs if the bacteria or immunologic
reactions to their presence cause sufficient harm to the person.

Terms frequently used in describing aspects of patho-
genesis are defined in the Glossary (see below). Refer to the
Glossary in Chapter 8 for definitions of terms used in immu-
nology and in describing aspects of the host’s response to
infection.

GLOSSARY

Adherence (adhesion, attachment): The process by which
bacteria stick to the surfaces of host cells. After bacteria
have entered the body, adherence is a major initial step in
the infection process. The terms adherence, adhesion, and
attachment are often used interchangeably.

Carrier: A person or animal with asymptomatic infection that
can be transmitted to another susceptible person or animal.

Infection: Multiplication of an infectious agent within the
body. Multiplication of the bacteria that are part of the
normal flora of the gastrointestinal tract, skin, and so on
is generally not considered an infection; on the other
hand, multiplication of pathogenic bacteria (eg, Salmonella
species)—even if the person is asymptomatic—is deemed
an infection.

Invasion: The process whereby bacteria, animal parasites,
fungi, and viruses enter host cells or tissues and spread in
the body.

Microbiota: Microbial flora harbored by normal, healthy
individuals.

Nonpathogen: A microorganism that does not cause disease;
may be part of the normal microbiota.

Opportunistic pathogen: An agent capable of causing
disease only when the host’s resistance is impaired (ie,
when the patient is “immunocompromised”).

Pathogen: A microorganism capable of causing disease.

Pathogenicity: The ability of an infectious agent to cause
disease. (See also virulence.)
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Superantigens: Protein toxins that activate the immune
system by binding to major histocompatibility complex
(MHC) molecules and T-cell receptors (TCR) and stimulate
large numbers of T cells to produce massive quantities of
cytokines.

Toxigenicity: The ability of a microorganism to produce a
toxin that contributes to the development of disease.

IDENTIFYING BACTERIA THAT
CAUSE DISEASE

Humans and animals have abundant normal microbiota that
usually do not produce disease (see Chapter 10) but achieve
a balance that ensures the survival, growth, and propaga-
tion of both the bacteria and the host. Some bacteria that are
important causes of disease are cultured commonly with the
normal flora (eg, Streptococcus pneumoniae, Staphylococcus
aureus). Sometimes bacteria that are clearly pathogens (eg,
Salmonella serotype Typhi) are present, but infection remains
latent or subclinical, and the host is a “carrier” of the bacteria.

It can be difficult to show that a specific bacterial species
is the cause of a particular disease. In 1884, Robert Koch pro-
posed a series of postulates that have been applied broadly to
link many specific bacterial species with particular diseases.
Koch’s postulates are summarized in Table 9-1.

TABLE 9-1

Virulence: The quantitative ability of an agent to cause
disease. Virulent agents cause disease when introduced
into the host in small numbers. Virulence involves
adherence, persistence, invasion, and toxigenicity (see
above).

Koch’s postulates have remained a mainstay of micro-
biology; however, since the late 19th century, many micro-
organisms that do not meet the criteria of the postulates
have been shown to cause disease. For example, Treponema
pallidum (syphilis) and Mycobacterium leprae (leprosy) can-
not be grown in vitro; however, there are animal models of
infection with these agents. In another example, Neisseria
gonorrhoeae (gonorrhea), there is no animal model of infec-
tion even though the bacteria can readily be cultured in vitro;
experimental infection in humans has been produced that
substitutes for an animal model.

In other instances, Koch’s postulates have been at least
partially satisfied by showing bacterial pathogenicity in an in
vitro model of infection rather than in an animal model. For
example, some forms of Escherichia coli-induced diarrhea
(see Chapter 15) have been defined by the interaction of the
E coli with host cells in tissue culture.

Guidelines for Establishing the Causes of Infectious Diseases

Koch'’s Postulates

Molecular Koch'’s Postulates

Molecular Guidelines for Establishing
Microbial Disease Causation

1. The microorganism should be

1. The phenotype or property under 1. The nucleic acid sequence of a putative pathogen

found in all cases of the disease in
question, and its distribution in the
body should be in accordance with
the lesions observed.

2. The microorganism should be
grown in pure culture in vitro (or
outside the body of the host) for
several generations.

3. When such a pure culture is
inoculated into susceptible animal
species, the typical disease must
result.

4. The microorganism must again be
isolated from the lesions of such
experimentally produced disease.

investigation should be significantly
associated with pathogenic strains of
a species and not with nonpathogenic
strains.

. Specific inactivation of the gene or

genes associated with the suspected
virulence trait should lead to a
measurable decrease in pathogenicity
or virulence.

. Reversion or replacement of the

mutated gene with the wild-type
gene should lead to restoration of
pathogenicity or virulence.

should be present in most cases of an infectious
disease and preferentially in anatomic sites where
pathology is evident.

. The nucleic acid sequence of a putative pathogen

should be absent from most healthy control
participants. If the sequence is detected in healthy
control participants, it should be present with a lower
prevalence as compared with patients with disease
and in lower copy numbers.

. The copy number of a pathogen-associated

nucleic acid sequence should decrease or become
undetectable with resolution of the disease (eg, with
effective treatment) and should increase with relapse
or recurrence of disease.

. The presence of a pathogen-associated nucleic acid

sequence in healthy subjects should help predict the
subsequent development of disease.

. The nature of the pathogen inferred from analysis

of its nucleic acid sequence should be consistent
with the known biologic characteristics of closely
related organisms and the nature of the disease.

The significance of a detected microbial sequence

is increased when microbial genotype predicts
microbial morphology, pathology, clinical features of
disease, and host response




The host’s immune responses also should be considered
when an organism is being investigated as the possible cause
of a disease. Thus, development of a rise in specific antibody
during recovery from disease is an important adjunct to
Koch’s postulates.

Modern-day microbial genetics has opened new frontiers
to study pathogenic bacteria and differentiate them from non-
pathogens. Molecular cloning has allowed investigators to iso-
late and modify specific virulence genes and study them with
models of infection. The ability to study genes associated with
virulence has led to a proposed form of molecular Koch’s
postulates. These postulates are summarized in Table 9-1.

Some pathogens are difficult or impossible to grow in
culture, and for that reason, it is not possible with Koch’s
postulates or the molecular Koch’s postulates to establish the
cause of their associated diseases. The polymerase chain reac-
tion is used to amplify microorganism-specific nucleic acid
sequences from host tissues or fluids. The sequences are used
to identify the infecting organisms. The molecular guide-
lines for establishing microbial disease causation are listed in
Table 9-1. This approach has been used to establish the causes
of several diseases, including Whipple disease (Tropheryma
whipplei), bacillary angiomatosis (Bartonella henselae),
human monocytic ehrlichiosis (Ehrlichia chaffeensis), hanta-
virus pulmonary syndrome (Sin Nombre virus), and Kaposi
sarcoma (human herpesvirus 8).

Analysis of infection and disease through the application
of principles such as Koch’s postulates leads to classification
of bacteria as pathogens, opportunistic pathogens, or non-
pathogens. Some bacterial species are always considered to be
pathogens, and their presence is abnormal; examples include
Mpycobacterium tuberculosis (tuberculosis) and Yersinia
pestis (plague). Such bacteria readily meet the criteria of
Koch’s postulates. Other species are commonly part of the
normal microbiota of humans (and animals) but also can
frequently cause disease. For example, E coli is part of the
gastrointestinal microbiota of normal humans but is also a
common cause of urinary tract infections, traveler’s diarrhea,
and other diseases. Strains of E coli that cause disease are dif-
ferentiated from those that do not by determining (1) whether
they are virulent in animals or in vitro models of infection
and (2) whether they have a genetic makeup that is signifi-
cantly associated with production of disease. Other bacteria
(eg, Pseudomonas species, Stenotrophomonas maltophilia,
and many yeasts and molds) only cause disease in immuno-
suppressed and debilitated persons and are opportunistic
pathogens.

TRANSMISSION OF INFECTION

Bacteria (and other microorganisms) can adapt to a variety
of environments that include external sources such as soil,
water and organic matter or internal milieu as found within
insect vectors, animals and humans, where they normally
reside and subsist. In doing so, the bacteria ensure their
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survival and enhance the possibility of transmission. By pro-
ducing asymptomatic infection or mild disease rather than
death of the host, microorganisms that normally live in peo-
ple enhance the possibility of transmission from one person
to another.

Some bacteria that commonly cause disease in humans
exist primarily in animals and incidentally infect humans.
For example, Salmonella and Campylobacter species typi-
cally infect animals and are transmitted in food products to
humans. Other bacteria produce infection of humans that is
inadvertent, a mistake in the normallife cycle of the organism;
the organisms have not adapted to humans, and the disease
they produce may be severe. For example, Y pestis (plague) has
a well-established life cycle in rodents and rodent fleas, and
transmission by the fleas to humans is inadvertent; Bacillus
anthracis (anthrax) lives in the environment, occasionally
infects animals, and is transmitted to humans by products
such as raw hair from infected animals. The Clostridium spe-
cies are ubiquitous in the environment and are transmitted to
humans by ingestion (eg, C perfringens gastroenteritis and C
botulinum [botulism]) or when wounds are contaminated by
soil (eg, C perfringens [gas gangrene] and C tetani [tetanus]).
Both Bacillus anthracis and the Clostridium species elabo-
rate spores to protect the organisms’ nucleic acid from harsh
environmental factors such as ultraviolet light, desiccation,
chemical detergents, and pH extremes. These spores ensure
survival in external environments including foods ingested
by humans. After being ingested or inoculated, the spores
germinate into the vegetative, metabolically active form of
the pathogen.

The clinical manifestations of diseases (eg, diarrhea,
cough, genital discharge) produced by microorganisms often
promote transmission of the agents. Examples of clinical syn-
dromes and how they enhance transmission of the causative
bacteria are as follows: Vibrio cholerae can cause volumi-
nous diarrhea, which may contaminate salt and fresh water;
drinking water or seafood such as oysters and crabs may be
contaminated; ingestion of contaminated water or seafood
can produce infection and disease. Similarly, contamination
of food products with sewage containing E coli that cause
diarrhea results in transmission of the bacteria. M tubercu-
losis (tuberculosis) naturally infects only humans; it produces
respiratory disease with cough and production of aerosols,
resulting in transmission of the bacteria from one person to
another.

Many bacteria are transmitted from one person to
another on hands. A person with S aureus carriage in the
anterior nares may rub his nose, pick up the staphylococci on
the hands, and spread the bacteria to other parts of the body
or to another person, where infection results. Many opportu-
nistic pathogens that cause nosocomial infections are trans-
mitted from one patient to another on the hands of hospital
personnel. Handwashing is thus an important component of
infection control.

The most frequent portals of entry of pathogenic
bacteria into the body are the sites where mucous membranes
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meet with the skin, which are the respiratory (upper and
lower airways), gastrointestinal (primarily mouth), genital,
and urinary tracts. Abnormal areas of mucous membranes
and skin (eg, cuts, burns, and other injuries) are also frequent
sites of entry. Normal skin and mucous membranes pro-
vide the primary defense against infection. To cause disease,
pathogens must overcome these barriers.

THE INFECTIOUS PROCESS

In the body, most bacteria that cause disease do so first by
attaching or adhering to host cells, usually epithelial cells.
After the bacteria have established a primary site of infec-
tion, they multiply and spread directly through tissues or
via the lymphatic system to the bloodstream. This infec-
tion (bacteremia) can be transient or persistent. Bacteremia
allows bacteria to spread widely in the body and per-
mits them to reach tissues particularly suitable for their
multiplication.

Pneumococcal pneumonia is an example of the infectious
process. S pneumoniae can be cultured from the nasopharynx
of 5-40% of healthy people. Occasionally, pneumococci
from the nasopharynx are aspirated into the lungs; aspira-
tion occurs most commonly in debilitated people and in set-
tings such as coma when normal gag and cough reflexes are
diminished. Infection develops in the terminal air spaces of
the lungs in persons who do not have protective antibodies
against that particular pneumococcal capsular polysaccha-
ride type. Multiplication of the pneumococci and resultant
inflammation lead to pneumonia. The pneumococci enter
the lymphatics of the lung and move to the bloodstream.
Between 10% and 20% of persons with pneumococcal pneu-
monia have bacteremia at the time the diagnosis of pneumo-
nia is made. When bacteremia occurs, the pneumococci can
spread to secondary sites of infection (eg, cerebrospinal fluid,
heart valves, and joint spaces). The major complications of
pneumococcal pneumonia are meningitis, septic arthritis,
and rarely endocarditis.

The infectious process in cholera involves ingestion of
V cholerae, chemotactic attraction of the bacteria to the gut
epithelium, motility of the bacteria by a single polar flagel-
lum, and penetration of the mucous layer on the intestinal
surface. The V cholerae adherence to the epithelial cell surface
is mediated by pili and possibly other adhesins. Production of
cholera toxin results in flow of chloride and water into the
lumen of the gut, causing diarrhea and electrolyte imbalance.

GENOMICS AND BACTERIAL
PATHOGENICITY

Bacteria are haploid (see Chapter 7) and limit genetic interac-
tions that might change their chromosomes and potentially
disrupt their adaptation and survival in specific environmen-
tal niches.

The Clonal Nature of Bacterial Pathogens

One important result of the conservation of chromosomal
genes in bacteria is that the organisms are clonal. For most
pathogens, there are only one or a few clonal types that are
spread in the world during a period of time. For example,
epidemic serogroup A meningococcal meningitis occurs in
Asia, the Middle East, and Africa and occasionally spreads
into Northern Europe and the Americas. On several occa-
sions, over a period of decades, single clonal types of sero-
group A Neisseria meningitidis have been observed to appear
in one geographic area and subsequently spread to others
with resultant epidemic disease. There are many types of
Haemophilus influenzae, but only clonal H influenzae type B
is commonly associated with disease. There are two clonal
types of Bordetella pertussis, both associated with disease.
Similarly, Salmonella serotype Typhi (typhoid fever) from
patients is of two clonal types. There are, however, mecha-
nisms that bacteria use, or have used a long time in the past,
to transmit virulence genes from one to another.

Mobile Genetic Elements

Primary mechanisms for exchange of genetic information
between bacteria include natural transformation and trans-
missible mobile genetic elements such as plasmids, trans-
posons, and bacteriophages (often referred to as “phages”).
Transformation occurs when DNA from one organism is
released into the environment and is taken up by a different
organism that is capable of recognizing and binding DNA.
In other cases, the genes that encode many bacterial viru-
lence factors are carried on plasmids, transposons, or phages.
Plasmids are extrachromosomal pieces of DNA and are capa-
ble of replicating. Transposons are highly mobile segments
of DNA that can move from one part of the DNA to another.
This can result in recombination between extrachromosomal
DNA and the chromosome (illegitimate or nonhomologous
recombination; Chapter 7). If this recombination occurs, the
genes coding for virulence factors may become chromosomal.
Finally, bacterial viruses or phages are another mechanism
by which DNA can be moved from one organism to another.
Transfer of these mobile genetic elements between members
of one species or, less commonly, between species can result
in transfer of virulence factors, including antimicrobial resis-
tance genes. A few examples of plasmid- and phage-encoded
virulence factors are given in Table 9-2.

Pathogenicity Islands

Large groups of genes that are associated with pathogenic-
ity and are located on the bacterial chromosome are termed
pathogenicityislands (PAIs). They arelarge organized groups
of genes, usually 10-200 kb in size. The major properties of
PATs are as follows: they have one or more virulence genes;
they are present in the genome of pathogenic members of



TABLE 9-2 Examples of Virulence Factors Encoded
by Genes on Mobile Genetic Elements

Genus and Species Virulence Factor and Disease

Plasmid encoded
Escherichia coli Heat-labile and heat-stable enterotoxins
that cause diarrhea

Hemolysin (cytotoxin) of invasive disease
and urinary tract infections

Adherence factors and gene products

Escherichia coli

Escherichia coli

and Shigella involved in mucosal invasion
species
Bacillus anthracis Capsule essential for virulence (on one
plasmid)
Edema factor, lethal factor, and protective
antigen are all essential for virulence
(on other plasmids)
Phage encoded
Clostridium Botulinum toxin that causes paralysis
botulinum
Corynebacterium Diphtheria toxin that inhibits human
diphtheriae protein synthesis
Vibrio cholerae Cholera toxin that can cause a severe

watery diarrhea

a species but absent in the nonpathogenic members; they
are large; they typically have a different guanine plus cyto-
sine (G + C) content than the rest of the bacterial genome;
they are commonly associated with tRNA genes; they are
often found with parts of the genome associated with mobile
genetic elements; they often have genetic instability; and
they often represent mosaic structures with components
acquired at different times. Collectively, the properties of
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PATs suggest that they originate from gene transfer from
foreign species. A few examples of PAI virulence factors are
provided in Table 9-3.

REGULATION OF BACTERIAL
VIRULENCE FACTORS

Pathogenic bacteria (and other pathogens) have adapted both
to saprophytic or free-living states, possibly environments
outside of the body, and to the human host. In the adap-
tive process, pathogens husband their metabolic needs and
products. They have evolved complex signal transduc-
tion systems to regulate the genes important for virulence.
Environmental signals often control the expression of the
virulence genes. Common signals include temperature, iron
availability, osmolality, growth phase, pH, and specific ions
(eg, Ca®) or nutrient factors. A few examples are presented in
the following paragraphs.

The gene for diphtheria toxin from Corynebacterium
diphtheriae is carried on temperate bacteriophages. Toxin is
produced only by strains lysogenized by the phages. Toxin
production is greatly enhanced when C diphtheriae is grown
in a medium with low iron.

Expression of virulence genes of B pertussis is enhanced
when the bacteria are grown at 37°C and suppressed when
they are grown at lower temperatures or in the presence of
high concentrations of magnesium sulfate or nicotinic acid.

The virulence factors of V cholerae are regulated on mul-
tiple levels and by many environmental factors. Expression
of the cholera toxin is higher at a pH of 6.0 than at a pH of
8.5 and higher also at 30°C than at 37°C.

TABLE 9-3 A Few Examples of the Very Large Number of Pathogenicity Islands of Human Pathogens

Genus and Species PAl Name Virulence Characteristics

Escherichia coli PRI, M Alpha hemolysin, fimbriae, adhesions, in urinary tract infections
Escherichia coli PAII, Alpha hemolysin, P-pilus in urinary tract infections

Escherichia coli (EHEC) 0157 Macrophage toxin of enterohemorrhagic Escherichia coli
Salmonella serotype Typhimurium SPI-1 Invasion and damage of host cells; diarrhea

Yersinia pestis HPI/pgm Genes that enhance iron uptake

Vibrio cholerae El Tor O1 VPI-1 Neuraminidase, utilization of amino sugars

Staphylococcus aureus SCC mec Methicillin and other antibiotic resistance

Staphylococcus aureus SaPI1 Toxic shock syndrome toxin-1, enterotoxin

Enterococcus faecalis NP™ Cytolysin, biofilm formation

PAI, pathogenicity island

SPI, Salmonella pathogenicity island

HPI, high pathogenicity island

VP, Vibrio pathogenicity island

SCC, staphylococcal cassette chromosome mec
SaPl, Staphylococcus aureus pathogenicity island
NP, non-protease
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Osmolality and amino acid composition also are impor-
tant. As many as 20 other genes of V cholerae are similarly
regulated.

Y pestis produces a series of virulence plasmid-encoded
proteins. One of these is an antiphagocytic fraction 1 cap-
sular protein that results in antiphagocytic function. This
protein is expressed maximally at 35-37°C, the host tem-
perature, and minimally at 20-28°C, the flea temperature at
which antiphagocytic activity is not needed. The regulation
of other virulence factors in Yersinia species also is influenced
by environmental factors.

Motility of bacteria enables them to spread and multiply
in their environmental niches or in patients. Yersinia entero-
colitica and Listeria monocytogenes are common in the envi-
ronment where motility is important to them. Presumably,
motility is not important in the pathogenesis of the diseases
caused by these bacteria. Y enterocolitica is motile when grown
at25°Cbut not when grown at 37°C. Similarly, Listeria is motile
when grown at 25°C and not motile or minimally motile when
grown at 37°C.

BACTERIAL VIRULENCE FACTORS

Many factors determine bacterial virulence or the ability to
cause infection and disease.

Adherence Factors

When bacteria enter the body of the host, they must adhere
to cells of a tissue surface. If they did not adhere, they would
be swept away by mucus and other fluids that bathe the tissue
surface. Adherence, which is only one step in the infectious
process, is followed by development of microcolonies and
subsequent steps in the pathogenesis of infection.

The interactions between bacteria and tissue cell sur-
faces in the adhesion process are complex. Several factors
play important roles, including surface hydrophobicity and
net surface charge, binding molecules on bacteria (ligands),
and host cell receptor interactions. Bacteria and host cells
commonly have net negative surface charges and therefore
repulsive electrostatic forces. These forces are overcome by
hydrophobic and other more specific interactions between
bacteria and host cells. In general, the more hydrophobic the
bacterial cell surface, the greater the adherence to the host
cell. Different strains of bacteria within a species may vary
widely in their hydrophobic surface properties and ability to
adhere to host cells.

Bacteria also have specific surface molecules that inter-
act with host cells. Many bacteria have pili, thick rodlike
appendages or fimbriae, shorter “hairlike” structures that
extend from the bacterial cell surface and help mediate
adherence of the bacteria to host cell surfaces. For example,
some E coli strains have type 1 pili, which adhere to epithelial
cell receptors; adherence can be blocked in vitro by addition
of d-mannose to the medium. E coli organisms that cause

urinary tract infections commonly do not have d-mannose-
mediated adherence but have P-pili, which attach to a por-
tion of the P blood group antigen; the minimal recognition
structure is the disaccharide o.-d-galactopyranosyl-(1-4)-
B-d-galactopyranoside (GAL-GAL binding adhesion). The
E coli that cause diarrheal diseases (see Chapter 15) have pilus
(fimbriae)-mediated adherence to intestinal epithelial cells.
The type of pili and specific molecular mechanisms of adher-
ence appear to be different depending on the form of the
E coli that induce the diarrhea.

Other specific ligand-receptor mechanisms have evolved
to promote bacterial adherence to host cells, illustrating the
diverse mechanisms used by bacteria. Group A streptococci
(Streptococcus pyogenes) (see Chapter 14) also have hairlike
appendages, termed fimbriae, that extend from the cell sur-
face. Lipoteichoic acid, protein F, and M protein are found
on the fimbriae. The lipoteichoic acid and protein F cause
adherence of the streptococci to buccal epithelial cells; this
adherence is mediated by fibronectin, which acts as the host
cell receptor molecule. M protein acts as an antiphagocytic
molecule and is a major virulence factor.

Antibodies that act against the specific bacterial ligands
that promote adherence (eg, pili and lipoteichoic acid) can
block adherence to host cells and protect the host from
infection.

After adherence occurs, conformational changes in the
host cell ensue that can lead to cytoskeletal changes allow-
ing organism uptake by the cell. Sometimes changes in the
adhesin molecule after attachment may trigger activation of
virulence genes that promote invasion or that result in other
pathogenic changes as described below.

Invasion of Host Cells and Tissues

For many disease-causing bacteria, invasion of the host’s epi-
thelium is central to the infectious process. Some bacteria
(eg, Salmonella species) invade tissues through the junctions
between epithelial cells. Other bacteria (eg, Yersinia species,
N gonorrhoeae, Chlamydia trachomatis) invade specific types
of the host’s epithelial cells and may subsequently enter
the tissue. When inside the host cell, bacteria may remain
enclosed in a vacuole composed of the host cell membrane,
or the vacuole membrane may be dissolved and bacteria may
be dispersed in the cytoplasm. Some bacteria (eg, Shigella
species) multiply within host cells, but other bacteria do not.

Invasion is the term commonly used to describe the
entry of bacteria into host cells, implying an active role
for the organisms and a passive role for the host cells. In
many infections, the bacteria produce virulence factors that
influence the host cells, causing them to engulf (ingest) the
bacteria. The host cells play a very active role in the process.

Toxin production and other virulence properties are
generally independent of the ability of bacteria to invade cells
and tissues. For example, C diphtheriae is able to invade the
epithelium of the nasopharynx and cause symptomatic sore
throat even when the C diphtheriae strains are nontoxigenic.



In vitro studies with cells in tissue culture have helped
characterize the mechanisms of invasion for some pathogens;
however, the in vitro models have not necessarily provided
a complete picture of the invasion process. Full understand-
ing of the invasion process, as it occurs in naturally acquired
infection, has required study of genetically engineered
mutants and their ability to infect susceptible animals and
humans. Thus, understanding of eukaryotic cell invasion by
bacteria requires satisfying much of Koch’s postulates and
the molecular Koch’s postulates. The following paragraphs
contain examples of bacterial invasion of host cells as part of
the infectious process.

Shigella species adhere to host cells in vitro. Commonly,
HeLa cells are used; these undifferentiated unpolarized cells
were derived from a cervical carcinoma. The adherence causes
actin polymerization in the nearby portion of the HeLa cell,
which induces the formation of pseudopods by the HeLa cells
and engulfment of the bacteria. Adherence and invasion are
mediated atleast in part by products of genes located on alarge
plasmid common to many shigellae. There are multiple pro-
teins, including the invasion plasmid antigens (IpA-D), that
contribute to the process. Inside the HeLa cells, the shigel-
lae either are released or escape from the phagocytic vesicle,
where they multiply in the cytoplasm. Actin polymerization
propels the shigellae within a HeLa cell and from one cell
into another. In vivo the shigellae adhere to integrins on the
surface of M cells in Peyer’s patches and not to the polarized
absorptive cells of the mucosa. M cells normally sample anti-
gens and present them to macrophages in the submucosa. The
shigellae are phagocytosed by the M cells and pass through
the M cells into the underlying collection of macrophages.
Shigellae inside the M cells and macrophages can cause
these cells to die by activating the normal cell death process
(apoptosis). The shigellae spread to adjacent mucosal cells in a
manner similar to the in vitro model by actin polymerization
that propels the bacteria.

From studies using cells in vitro, it appears that the
adherence-invasion process with Y enterocolitica is similar to
that of Shigella. Yersiniae adhere to the host cell membrane
and cause it to extrude protoplasmic projections. The bacte-
ria are then engulfed by the host cell with vacuole formation.
Invasion is enhanced when the bacteria are grown at 22°C
rather than at 37°C. When yersiniae have entered the cell, the
vacuolar membrane dissolves and the bacteria are released
into the cytoplasm. In vivo, the yersiniae are thought to
adhere to and invade the M cells of Peyer’s patches rather than
the polarized absorptive mucosal cells, much like shigellae.

L monocytogenes from the environment is ingested
in food. Presumably, the bacteria adhere to and invade the
intestinal mucosa, reach the bloodstream, and disseminate.
The pathogenesis of this process has been studied in vitro.
L monocytogenes adheres to and readily invades macro-
phages and cultured undifferentiated intestinal cells. The
listeriae induce engulfment by the host cells. Proteins, called
internalins, have a primary role in this process. The engulf-
ment process, movement within a cell and movement between
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cells, requires actin polymerization to propel the bacteria, as
with shigellae.

Legionella pneumophila infects pulmonary macrophages
and causes pneumonia. Adherence of the legionellae to the
macrophage induces formation of a long, thin pseudopod
that then coils around the bacteria, forming a vesicle (coiling
phagocytosis). The vesicle remains intact, phagolysosome
fusion is inhibited, and the bacteria multiply within the
vesicle.

N gonorrhoeae uses pili as primary adhesins and opac-
ity associated proteins (Opa) as secondary adhesins to host
cells. Certain Opa proteins mediate adherence to polymor-
phonuclear cells. Some gonococci survive after phagocytosis
by these cells. Pili and Opa together enhance the invasion of
cells cultured in vitro. In uterine (fallopian) tube organ cul-
tures, the gonococci adhere to the microvilli of nonciliated
cells and appear to induce engulfment by these cells. The
gonococci multiply intracellularly and migrate to the subepi-
thelial space by an unknown mechanism.

Toxins

Toxins produced by bacteria are generally classified into two
groups: exotoxins and endotoxins. Exotoxins are proteins
that are most often excreted from the cell. However some
exotoxins accumulate inside the cell and are either injected
directly into the host or are released by cell lysis. Endotoxins
are lipid molecules that are components of the bacterial cell
membrane. The primary features of the two groups are listed
in Table 9-4.

A. Exotoxins

Many gram-positive and gram-negative bacteria produce
exotoxins of considerable medical importance. Some of these
toxins have had major roles in world history. For example,
tetanus caused by the toxin of C tetani killed as many as
50,000 soldiers of the Axis powers in World War II; the Allied
forces, however, immunized military personnel against teta-
nus, and very few died of that disease. Vaccines have been
developed for some of the exotoxin-mediated diseases and
continue to be important in the prevention of disease. These
vaccines—called toxoids—are made from exotoxins, which
are modified so that they are no longer toxic. Many exo-
toxins consist of A and B subunits. The B subunit generally
mediates adherence of the toxin complex to a host cell and
aids entrance of the exotoxin into the host cell. The A sub-
unit provides the toxic activity. Examples of some pathoge-
netic mechanisms associated with exotoxins are given below.
Other toxins of specific bacteria are discussed in the chapters
covering those bacteria.

C diphtheriae is a gram-positive rod that can grow on
the mucous membranes of the upper respiratory tract or
in minor skin wounds (see Chapter 12). Strains of C diph-
theriae that carry a lysogenic, temperate corynebacterio-
phage (B-phage or ®-phage) with the structural gene for the
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TABLE 9-4 Characteristics of Exotoxins and Endotoxins (Lipopolysaccharides)

Exotoxins

Endotoxins

Excreted by living cell; high concentrations in liquid medium

Produced by both gram-positive and gram-negative bacteria

Polypeptides with a molecular weight of 10,000-900,000

Relatively unstable; toxicity often destroyed rapidly by heating
at temperatures above 60°C

Highly antigenic; stimulate formation of high-titer antitoxin;
antitoxin neutralizes toxin

Converted to antigenic, nontoxic toxoids by formalin, acid, heat,
and so on; toxoids are used to immunize (eg, tetanus toxoid)

Highly toxic; fatal to animals in microgram quantities or less
Usually bind to specific receptors on cells

Usually do not produce fever in the host

Frequently controlled by extrachromosomal genes

Integral part of the cell wall of gram-negative bacteria; released on bacterial
death and in part during growth; may not need to be released to have
biologic activity

Found only in gram-negative bacteria

Lipopolysaccharide complexes; lipid A portion probably responsible for
toxicity

Relatively stable; withstand heating at temperatures above 60°C for hours
without loss of toxicity

Weakly immunogenic; antibodies are antitoxic and protective; relationship
between antibody titers and protection from disease is less clear than
with exotoxins

Not converted to toxoids

Moderately toxic; fatal for animals in tens to hundreds of micrograms
Specific receptors not found on cells

Usually produce fever in the host by release of interleukin-1 and other
mediators

Synthesis directed by chromosomal genes

(eg, plasmids)

toxin are toxigenic and produce diphtheria toxin and cause
diphtheria. Many factors regulate toxin production; when
the availability of inorganic iron is the factor limiting the
growth rate, then maximal toxin production occurs. The
toxin molecule is secreted as a single polypeptide molecule
(molecular weight [MW], 62,000). This native toxin is enzy-
matically degraded into two fragments, A and B, linked
together by a disulfide bond. Fragment B (MW, 40,700) binds
to specific host cell receptors and facilitates the entry of frag-
ment A (MW, 21,150) into the cytoplasm. Fragment A inhibits
peptide chain elongation factor EF-2 by catalyzing a reaction
thatattaches an adenosine diphosphate-ribosyl group to EF-2,
yielding an inactive adenosine diphosphate-ribose-EF-2
complex. Arrest of protein synthesis disrupts normal cellular
physiologic functions. Diphtheria toxin is very potent.

C tetani is an anaerobic gram-positive rod that causes
tetanus (see Chapter 11). C tetani from the environment con-
taminates wounds, and the spores germinate in the anaerobic
environment of the devitalized tissue. Infection often is
minor and not clinically apparent. The vegetative forms of
C tetani produce the toxin tetanospasmin (MW, 150,000)
that is cleaved by a bacterial protease into two peptides (MW,
50,000 and 100,000) linked by a disulfide bond. The toxin
initially binds to receptors on the presynaptic membranes
of motor neurons. It then migrates by the retrograde axonal
transport system to the cell bodies of these neurons to the
spinal cord and brainstem. The toxin diffuses to terminals
of inhibitory cells, including both glycinergic interneurons
and y-aminobutyric acid (GABA)-secreting neurons from
the brainstem. The toxin degrades synaptobrevin, a protein

required for docking of neurotransmitter vesicles on the pre-
synaptic membrane. Release of the inhibitory glycine and
GABA is blocked, and the motor neurons are not inhibited.
Spastic paralysis results. Extremely small amounts of toxin
can be lethal for humans. Tetanus is totally preventable
in immunologically normal people by immunization with
tetanus toxoid.

C botulinum causes botulism. This anaerobic, gram-
positive spore-forming organism is found in soil or water and
may grow in foods (eg, canned, vacuum packed) if the envi-
ronment is appropriately anaerobic. An exceedingly potent
toxin (the most potent toxin known) is produced. It is heat
labile and is destroyed by sufficient heating. There are seven
distinct serologic types of toxin. Types A, B, E, and F are
most commonly associated with human disease. The toxin
is very similar to tetanus toxin, with a 150,000 MW protein
that is cleaved into 100,000-MW and 50,000-MW proteins
linked by a disulfide bond. Botulinum toxin is absorbed from
the gut and binds to receptors of presynaptic membranes of
motor neurons of the peripheral nervous system and cranial
nerves. Proteolysis, by the light chain of botulinum toxin, of
target proteins in the neurons inhibits the release of acetyl-
choline at the synapse, resulting in lack of muscle contraction
and flaccid paralysis.

Spores of C perfringens are introduced into wounds by
contamination with soil or feces. In the presence of necrotic
tissue (an anaerobic environment), spores germinate, and
vegetative cells can produce several different toxins. Many
of these are necrotizing and hemolytic and—together with
distention of tissue by gas formed from carbohydrates and



interference with blood supply—favor the spread of gas
gangrene. The alpha toxin of C perfringens is a lecithinase
that damages cell membranes by splitting lecithin to phos-
phorylcholine and diglyceride. Theta toxin also has a necro-
tizing effect. Collagenases and DNAses are produced by
clostridiae as well.

Some S aureus strains growing on mucous membranes
(eg, the vagina in association with menstruation) or in
wounds, elaborate toxic shock syndrome toxin-1 (TSST-1),
which causes toxic shock syndrome (Chapter 13). The ill-
ness is characterized by shock, high fever, and a diffuse red
rash that later desquamates; multiple other organ systems
are involved as well. TSST-1 is a super antigen and stimulates
T-cells to produce large amounts of interleukin-2 (IL-2) and
tumor necrosis factor (TNF) (see Chapter 8). The major clini-
cal manifestations of the disease appear to be secondary to
the effects of the cytokines. Many of the systemic effects of
TSST-1 are similar to those of toxicity caused by lipopolysac-
charide (LPS; see discussion below).

Some strains of group A B-hemolytic streptococci pro-
duce pyrogenic exotoxin A that is similar to or the same
as streptococcal erythrogenic toxin, which results in scarlet
fever. Rapidly progressive soft tissue infection by streptococci
that produce the pyrogenic exotoxin A has many clinical
manifestations similar to those of staphylococcal toxic shock
syndrome. The pyrogenic exotoxin A also is a super antigen
that acts in a manner similar to TSST-1.

B. Exotoxins Associated with Diarrheal Diseases
and Food Poisoning

Exotoxins associated with diarrheal diseases are frequently
called enterotoxins. (See also Table 48-3.) Characteristics of
some important enterotoxins are discussed below.

V' cholerae has produced epidemic diarrheal disease
(cholera) in many parts of the world (see Chapter 17) and
is another toxin-produced disease of historical and current
importance. After entering the host via contaminated food
or drink, V cholerae penetrates the intestinal mucosa and
attaches to microvilli of the brush border of gut epithelial cells.
V cholerae, usually of the serotype O1 (and O139), can pro-
duce an enterotoxin with a MW of 84,000. The toxin consists
of two subunits—A, which is split into two peptides, A, and
A, linked by a disulfide bond, and B. Subunit B has five iden-
tical peptides and rapidly binds the toxin to cell membrane
ganglioside molecules. Subunit A enters the cell membrane
and causes a large increase in adenylate cyclase activity and
in the concentration of cAMP. The net effect is rapid secretion
of electrolytes into the small bowel lumen, with impairment
of sodium and chloride absorption and loss of bicarbon-
ate. Life-threatening massive diarrhea (eg, 20-30 L/day)
can occur, and acidosis develops. The deleterious effects of
cholera are due to fluid loss and acid-base imbalance; treat-
ment, therefore, is by electrolyte and fluid replacement.

Some strains of S aureus produce enterotoxins while
growing in meat, dairy products, or other foods. In typical
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cases, the food has been recently prepared but not properly
refrigerated. There are at least seven distinct types of the
staphylococcal enterotoxin. After the preformed toxin is
ingested, it is absorbed in the gut, where it stimulates vagus
nerve receptors. The stimulus is transmitted to the vomit-
ing center in the central nervous system. Vomiting, often
projectile, results within hours. Diarrhea is less frequent.
Staphylococcal food poisoning is the most common form of
food poisoning. S aureus enterotoxins are super antigens.

Enterotoxins are also produced by some strains of
Y enterocolitica (see Chapter 19), Vibrio parahaemolyticus
(see Chapter 17), Aeromonas species (see Chapter 17), and
other bacteria, but the role of these toxins in pathogenesis is
not as well defined. The enterotoxin produced by C perfrin-
gens is discussed in Chapter 11.

C. Lipopolysaccharides of Gram-Negative Bacteria

The LPS (endotoxin) of gram-negative bacteria are bacte-
rial cell wall components that are often liberated when the
bacteria lyse. The substances are heat-stable, have MWs
between 3000 and 5000 (lipooligosaccharides, LOS) and
several million (lipopolysaccharides) and can be extracted
(eg, with phenol-water). They have three main regions (see
Figure 2-19).

The pathophysiologic effects of LPS are similar regard-
less of their bacterial origin except for those of Bacteroides
species, which have a different structure and are less toxic
(see Chapter 21). LPS in the bloodstream is initially bound
to circulating proteins, which then interact with receptors
on macrophages neutrophils and other cells of the reticu-
loendothelial system. Proinflammatory cytokines such as
IL-1, IL-6, IL-8, TNF-0., and other cytokines are released,
and the complement and coagulation cascades are activated.
The following can be observed clinically or experimentally:
fever, leukopenia, and hypoglycemia; hypotension and shock
resulting in impaired perfusion of essential organs (eg, brain,
heart, kidney); intravascular coagulation; and death from
massive organ dysfunction.

Injection of LPS produces fever after 60-90 minutes,
the time needed for the body to release IL-1. Injection of
IL-1 produces fever within 30 minutes. Repeated injection of
IL-1 produces the same fever response each time, but repeated
injection of LPS causes a steadily diminishing fever response
because of tolerance partly caused by reticuloendothelial
blockade and partly caused by IgM antibodies to LPS.

Injection of LPS produces early leukopenia, as does bac-
teremia with gram-negative organisms. Secondary leukocyto-
sis occurs later. The early leukopenia coincides with the onset
of fever caused by liberation of IL-1. LPS enhances glycolysis
in many cell types and can lead to hypoglycemia.

Hypotension occurs early in gram-negative bacteremia
or after injection of LPS. There may be widespread arterio-
lar and venular constriction followed by peripheral vascu-
lar dilatation, increased vascular permeability, decrease in
venous return, lowered cardiac output, stagnation in the
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microcirculation, peripheral vasoconstriction, shock, and
impaired organ perfusion and its consequences. Disseminated
intravascular coagulation (DIC) also contributes to these vas-
cular changes.

LPS is among the many different agents that can activate
the alternative pathway of the complement cascade, pre-
cipitating a variety of complement-mediated reactions (eg,
anaphylatoxins, chemotactic responses, membrane damage)
and a drop in serum levels of complement components (C3,
C5-C9).

Disseminated intravascular coagulation is a frequent
complication of gram-negative bacteremia and can also
occur in other infections. LPS activates factor XII (Hageman
factor)—the first step of the intrinsic clotting system—and
sets into motion the coagulation cascade, which culminates
in the conversion of fibrinogen to fibrin. At the same time,
plasminogen can be activated by LPS to plasmin (a prote-
olytic enzyme), which can attack fibrin with the formation
of fibrin split products. Reduction in platelet and fibrinogen
levels and detection of fibrin split products are evidence of
DIC. Heparin can sometimes prevent the lesions associated
with DIC.

LPS causes platelets to adhere to vascular endothelium
and occlusion of small blood vessels, causing ischemic or
hemorrhagic necrosis in various organs.

Endotoxin levels can be assayed by the limulus test: A
lysate of amebocytes from the horseshoe crab (limulus) gels
or coagulates in the presence of 0.0001 pg/mL of endotoxin.
This test is rarely used in clinical laboratories because it is dif-
ficult to perform accurately.

D. Peptidoglycan of Gram-Positive Bacteria

The peptidoglycan of gram-positive bacteria is made up of
cross-linked macromolecules that surround the bacterial
cells (see Chapter 2 and Figure 2-15). Vascular changes lead-
ing to shock may also occur in infections caused by gram-
positive bacteria that contain no LPS. Gram-positive bacteria
have considerably more cell wall-associated peptidoglycan
than do gram-negative bacteria. Peptidoglycan released dur-
ing infection may yield many of the same biologic activities
as LPS, although peptidoglycan is invariably much less potent
than LPS.

Enzymes

Many species of bacteria produce enzymes that are not
intrinsically toxic but do play important roles in the infec-
tious process. Some of these enzymes are discussed below.

A.Tissue-Degrading Enzymes

Many bacteria produce tissue-degrading enzymes. The
best-characterized are enzymes from C perfringens (see
Chapter 11), and, to a lesser extent, anaerobic bacteria
(see Chapter 21), S aureus (see Chapter 13), and group A
streptococci (see Chapter 14). The roles of tissue-degrading
enzymes in the pathogenesis of infections appear obvious

but have been difficult to prove, especially those of individ-
ual enzymes. For example, antibodies against the tissue-de-
grading enzymes of streptococci do not modify the features
of streptococcal disease.

In addition to lecithinase, C perfringens produces the
proteolytic enzyme collagenase, which degrades collagen,
the major protein of fibrous connective tissue, and promotes
spread of infection in tissue.

S aureus produces coagulase, which works in conjunc-
tion with blood factors to coagulate plasma. Coagulase
contributes to the formation of fibrin walls around staphylo-
coccal lesions, which helps them persist in tissues. Coagulase
also causes deposition of fibrin on the surfaces of individual
staphylococci, which may help protect them from phagocyto-
sis or from destruction within phagocytic cells.

Hyaluronidases are enzymes that hydrolyze hyaluronic
acid, a constituent of the ground substance of connective tis-
sue. They are produced by many bacteria (eg, staphylococci,
streptococci, and anaerobes) and aid in their spread through
tissues.

Many hemolytic streptococci produce streptokinase
(fibrinolysin), a substance that activates a proteolytic enzyme
of plasma. This enzyme is then able to dissolve coagulated
plasma and probably aids in the rapid spread of streptococci
through tissues. Streptokinase has been used in treatment of
acute myocardial infarction to dissolve fibrin clots.

Many bacteria produce substances that are cytolysins—
that is, they dissolve red blood cells (hemolysins) or kill tis-
sue cells or leukocytes (leukocidins). Streptolysin O, for
example, is produced by group A streptococci and is lethal
for mice and hemolytic for red blood cells from many ani-
mals. Streptolysin O is oxygen labile and can therefore be
oxidized and inactivated, but it is reactivated by reducing
agents. It is antigenic. The same streptococci also produce
oxygen-stable, serum-inducible streptolysin S, which is not
antigenic. Clostridia produce various hemolysins, including
the lecithinase described earlier. Hemolysins are produced by
most strains of S aureus; staphylococci also produce leukoci-
dins. Most gram-negative rods isolated from sites of disease
produce hemolysins. For example, whereas E coli strains that
cause urinary tract infections typically produce hemolysins,
strains that are part of the normal gastrointestinal flora may
or may not produce hemolysins.

B. 1gA1 Proteases

Immunoglobulin A is the secretory antibody on mucosal
surfaces. It has two primary forms, IgA1 and IgA2, that dif-
fer near the center, or hinge region of the heavy chains of the
molecules (see Chapter 8). IgA1 has a series of amino acids in
the hinge region that are not present in IgA2. Some bacteria
that cause disease produce enzymes, IgA1 proteases, that split
IgAl at specific proline-threonine or proline-serine bonds
in the hinge region and inactivate its antibody activity. IgA1l
protease is an important virulence factor of the pathogens N
gonorrhoeae, N meningitidis, H influenzae, and S pneumoniae.



The enzymes are also produced by some strains of Prevotella
melaninogenica, some streptococci associated with dental
disease, and a few strains of other species that occasionally
cause disease. Nonpathogenic species of the same genera do
not have genes coding for the enzyme and do not produce it.
Production of IgA1l protease allows pathogens to inactivate
the primary antibody found on mucosal surfaces and thereby
eliminate protection of the host by the antibody.

Antiphagocytic Factors

Many bacterial pathogens are rapidly killed after they are
ingested by polymorphonuclear cells or macrophages. Some
pathogens evade phagocytosis or leukocyte microbicidal mech-
anisms by adsorbing normal host components to their surfaces.
For example, S aureus has surface protein A, which binds to
the Fc portion of IgG. Other pathogens have surface factors
that impede phagocytosis (eg, S pneumoniae, N meningitidis)
many other bacteria have polysaccharide capsules. S pyogenes
(group A streptococci) has M protein. N gonorrhoeae (gono-
cocci) has pili. Most of these antiphagocytic surface structures
show much antigenic heterogeneity. For example, there are
more than 90 pneumococcal capsular polysaccharide types
and more than 150 M protein types of group A streptococci.
Antibodies against one type of the antiphagocytic factor (eg,
capsular polysaccharide, M protein) protect the host from dis-
ease caused by bacteria of that type but not from those with
other antigenic types of the same factor.

A few bacteria (eg, Capnocytophaga and Bordetella
species) produce soluble factors or toxins that inhibit chemot-
axis by leukocytes and thus evade phagocytosis by a different
mechanism.

Intracellular Pathogenicity

Some bacteria (eg, M tuberculosis, Listeria monocytogenes,
Brucella species, and Legionella species) live and grow in the
hostile environment within polymorphonuclear cells, mac-
rophages, or monocytes. The bacteria accomplish this feat by
several mechanisms: they may avoid entry into phagolyso-
somes and live within the cytosol of the phagocyte; they may
prevent phagosome-lysosome fusion and live within the pha-
gosome; or they may be resistant to lysosomal enzymes and
survive within the phagolysosome.

Many bacteria can live within nonphagocytic cells (see
previous section, Invasion of Host Cells and Tissues).

Antigenic Heterogeneity

The surface structures of bacteria (and of many other micro-
organisms) have considerable antigenic heterogeneity. Often
these antigens are used as part of a serologic classification
system for the bacteria. The classification of the 2000 or so
different salmonellae is based principally on the types of the
O (LPS side chain) and H (flagellar) antigens. Similarly, there
are more than 150 E coli O types and more than 100 E coli
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K (capsule) types. The antigenic type of the bacteria may be
a marker for virulence, related to the clonal nature of patho-
gens, although it may not actually be the virulence factor (or
factors). V cholerae O antigen type 1 and O antigen type 139
typically produce cholera toxin, but very few of the many
other O types produce the toxin. Only some of the group
A streptococcal M protein types are associated with a high
incidence of poststreptococcal glomerulonephritis. N menin-
gitidis capsular polysaccharide types A and C are associated
with epidemic meningitis. In the examples cited earlier and
in other typing systems that use surface antigens in serologic
classification, antigenic types for a given isolate of the species
remain constant during infection and on subculture of the
bacteria.

Some bacteria and other microorganisms have the abil-
ity to make frequent shifts in the antigenic form of their
surface structures in vitro and presumably in vivo. One well-
known example is Borrelia recurrentis, which causes relaps-
ing fever. A second widely studied example is N gonorrhoeae
(see Chapter 20). The gonococcus has three surface-exposed
antigens that switch forms at very high rates of about
one in every 1000: lipooligosaccharide, 6-8 types; pili,
innumerable types; and Opa, 10-12 types for each strain.
The number of antigenic forms is so large that each strain of
N gonorrhoeae appears to be antigenically distinct from every
other strain. Switching of forms for each of the three antigens
appears to be under the control of different genetic mecha-
nisms. It is presumed that frequent switching of antigenic
forms allows gonococci to evade the host’s immune system;
gonococci that are not attacked by the immune system sur-
vive and cause disease.

Bacterial Secretion Systems

Bacterial secretion systems are important in the pathogenesis
of infection and are essential for the interaction of bacteria
with the eukaryotic cells of the host. The gram-negative bac-
teria have cell walls with cytoplasmic membranes and outer
membranes; a thin layer of peptidoglycan is present. Gram-
positive bacteria have a cytoplasmic membrane and a very
thick layer of peptidoglycan (see Chapter 2). Some gram-
negative bacteria and some gram-positive bacteria have
capsules as well. The complexity and rigidity of the cell wall
structures necessitate mechanisms for the translocation of
proteins across the membranes. These secretion systems are
involved in cellular functions such as the transport of proteins
that make pili or flagella and in the secretion of enzymes or
toxins into the extracellular environment. The differences in
cell wall structure between gram-negative and gram-positive
bacteria result in some differences in the secretion systems.
The basic mechanisms of the different bacterial secretion sys-
tems are discussed in Chapter 2. (Note: The specific bacterial
secretion systems were named in the order of their discovery
and not by their mechanisms of action.)

Both gram-negative and gram-positive bacteria have a
general secretion pathway (Sec) as the major mechanism for
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protein secretion. This pathway is involved in the insertion
of most of the bacterial membrane proteins and provides the
major pathway for proteins crossing the bacterial cytoplasmic
membrane. Gram-negative organisms have an additional six
mechanisms, secretion systems (SS) 1-6 (sometimes denoted
I-VI), for protein secretion. These can be further character-
ized as Sec dependent (types 2 and 5) and Sec independent
(types 1, 3, 4, 6). Type 2 SS use the general Sec to transport the
proteins to the periplasm and then create an outer membrane
channel made by a special pore-forming protein complex.
This type 2 SS is used to secrete portions of bacterial A B type
toxins, such as cholera toxin. Similarly, the type 5 SS, uses
the general Sec to export an autotransporter to the periplasm;
from there it transports itself across the outer membrane. An
example of this type of SS includes the IgA proteases secreted
by Haemophilus influenzae. The sec-independent pathways
include the type 1 secretion system or ABC secretion system
(ATP binding cassette) and the type 3 secretion system. The
type 1 and type 3 pathways do not interact with proteins that
have been transported across the cytoplasmic membrane by
the Sec system. Instead, these systems translocate proteins
across both the cytoplasmic and outer membranes. The type
3, which is activated upon contact with a eukaryotic host cell,
promotes transport of proteins directly from inside the bacte-
rium to the inside of the host cell using a needlelike structure
called an injectosome; when in the host cell cytoplasm, the
transported proteins can manipulate host cell function. The
type 4 secretion pathway consists of a protein complex that
forms a “tunnel” that is able to directly transport proteins or
DNA. The most recent SS to be discovered is the type 6 SS.
This SS plays a role in the secretion of virulence proteins in
V cholerae and Pseudomonas aeruginosa among other gram-
negative pathogens. A seventh SS has been described in
M tuberculosis and is not well understood. Its function
appears to be transport of membrane proteins required
for virulence. Some other examples of the secretion sys-
tems and their roles in pathogenesis are shown in Table 9-5.
These examples are but a small sample designed to illustrate
the roles of the large number of molecular secretion activi-
ties used by bacteria to provide nutrients and facilitate their
pathogenesis.

The Requirement for Iron

Iron is an essential nutrient for the growth and metabolism
of nearly all microorganisms and is an essential cofactor of
numerous metabolic and enzymatic processes. The availability
ofiron in humans for microbial assimilation is limited because
the iron is sequestered by the high-affinity iron-binding pro-
teins transferrin in serum and lactoferrin on mucosal sur-
faces. The ability of a microbial pathogen to efficiently obtain
iron from the host environment is critical to its ability to cause
disease. The requirement for iron, how bacteria acquire iron,
and bacterial iron metabolism are discussed in Chapter 5.
Iron availability affects the virulence of many patho-
gens. For example, iron is an essential virulence factor in

P aeruginosa. The use of animal models in Listeria monocyto-
genes infection has demonstrated that increased iron results
in enhanced susceptibility to infection, but iron depletion
results in prolonged survival; iron supplementation therapy
yields an increase in lethal infections.

Decreased iron availability can also be important in
pathogenesis. For example, the gene for diphtheria toxin
resides on a lysogenic bacteriophage, and only strains of
C diphtheriae that carry the lysogenic bacteriophage are
toxigenic. In the presence of low iron availability, there is
increased production of diphtheria toxin and potentially
more severe disease. The virulence of N meningitidis for mice
is increased 1000-fold or more when the bacteria are grown
under iron-limited conditions.

Human iron deficiency also plays a role in the infectious
process. Iron deficiency affects hundreds of millions of people
worldwide. Iron deficiency can affect multiple organ systems,
including the immune system, and can result in impaired
cell-mediated immunity and decreased polymorphonuclear
cell function. Providing iron therapy during an active infec-
tion probably should be delayed because many pathogenic
microorganisms can use the small amounts of supplemental
iron, resulting in an increase in virulence.

The Role of Bacterial Biofilms

A biofilm is an aggregate of interactive bacteria attached to a
solid surface or to each other and encased in an exopolysac-
charide matrix. This is distinct from planktonic or free-living
bacteria, in which interactions of the microorganisms do not
occur in the same way. Biofilms form a slimy coat on solid
surfaces and occur throughout nature. A single species of
bacteria may be involved or more than one species may coag-
gregate to form a biofilm. Fungi, including yeasts, are occa-
sionally involved. After a biofilm is formed, quorum-sensing
molecules produced by the bacteria in the biofilm accumu-
late, resulting in a modification of the metabolic activity of
the bacteria. The basic biology of biofilm exopolysaccharide
(glycocalyx) is discussed in Chapter 2; the quorum-sensing
molecules are discussed in Chapter 1.

The bacteria in the exopolysaccharide matrix may be
protected from the host’s immune mechanisms. This matrix
also functions as a diffusion barrier for some antimicrobials,
but other antimicrobials may bind to it. Some of the bacteria
within the biofilm show marked resistance to antimicrobials
compared with the same strain of bacteria grown free living
in broth, which helps to explain why it is so difficult to treat
infections associated with biofilms.

Biofilms are important in human infections that are
persistent and difficult to treat. A few examples include
Staphylococcus epidermidis and S aureus infections of cen-
tral venous catheters, eye infections such as that occur with
contact lenses and intraocular lenses, in dental plaque, and in
prosthetic joint infections. Perhaps the most profound exam-
ple of a biofilm in human infection is in P aeruginosa airway
infections in cystic fibrosis patients.
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TABLE 9-5 Examples of Molecules Translocated by Bacterial Secretion Systems and Their Relevance to Pathogenesis

Secretion System Genus Species Substrate and Role in Pathogenesis
Type 1 (Sec-independent) Escherichia coli o Hemolysin makes holes in cell membranes
Proteus vulgaris Hemolysin
Morganella morganii Hemolysin
Bordetella pertussis Adenylate cyclase which catalyzes synthesis of cAMP
Pseudomonas aeruginosa Alkaline protease
Serratia marcescens Zn protease yields host cell damage
Type 2 (Sec dependent) Pseudomonas aeruginosa Elastase, exotoxin A, phospholipase C, others
Legionella pneumophila Acid phosphatase, lipase, phospholipase, protease, RNAse
Vibrio cholera Cholera toxin
Serratia marcescens Hemolysin
Type 3 (Sec-independent; Yersinia species Ysc-Yop system; toxins that block phagocytosis and induce

contact-dependent)
Pseudomonas aeruginosa
Shigella species
Salmonella enterica subspecies enterica
serotypes Choleraesuis, Dublin, Paratyphi,
Typhi, Typhimurium, and so on
Escherichia coli

Vibrio parahaemolyticus

Type 4 (Sec-dependent
and Sec-independent)
Protein substrates Bordetella pertussis
Helicobacter pylori
DNA substrates Neisseria gonorrhoeae
Helicobacter pylori
Type 5 (Sec dependent) Neisseria gonorrhoeae
Haemophilus influenzae
Escherichia coli
Shigella flexneri
Serratia marcescens
Bordetella species
Bordetella pertussis
Yersinia pestis
Type 6 (Sec Independent) Pseudomonas aeruginosa
Vibrio cholerae
Type 7 (Sec dependent) Mycobacterium tuberculosis

apoptosis

Cytotoxin

Controls host cell signaling, invasion, and death

Effectors from Salmonella pathogenicity islands | and Il
(SPIT and SPI2), which promote attachment to and invasion
of host cells

Enterohemorrhagic (EHEC) and enteropathogenic (EPEC);
disruption of epithelial barriers and tight junctions

Direct cytotoxicity

Pertussis toxin

Cytotoxin

DNA export system

DNA uptake and release system

IgA1 protease splits IgA1 in hinge region and destroys
antibody activity (sec-dependent)

IgA1 protease, adhesins

Serine protease, adhesins, type 1 pili, P-pili

Serine protease

Proteases

Adhesins

Filamentous hemagglutinin

Capsular antigen

Pore-forming toxin Hcp1
Virulence proteins

CFP-10, ESAT-6 T-cell antigen target

CFP, culture filtrate protein 10 kDa
ESAT-6, early secretory antigenic target-6 kDa

CHAPTER SUMMARY

o Animals and human are colonized with abundant
microbiota, normal commensals that do not cause dis-
ease and are protective to the host.

o Virulent bacteria cause disease through the elaboration
of factors that facilitate adherence, persistence, invasion,
and toxigenicity.

o Genes that encode virulence factors may be carried on
mobile genetic elements such as plasmids or bacterio-
phages or are found on large pathogenicity islands on
bacterial chromosomes.

o Pili and fimbriae are rodlike or hairlike structures,
respectively, that facilitate attachment to host cells.

Invasion of host cells is a complex mechanism that
involves elaboration of proteins that facilitate entry.
Bacterial toxins may be extracellular (exotoxins) or are
a component of the bacterial cell membrane (endotoxin,
LPS) and are among the most powerful toxins in nature
(eg, botulinum toxin).

Other mechanisms important to bacterial survival and
virulence include tissue-degrading enzymes, antiphago-
cytic factors, IgA proteases, antigenic heterogeneity, and
the ability to chelate iron.

There are at least seven known bacterial secretion sys-
tems, protein complexes, or channels that ensure trans-
port of structural and toxigenic proteins through the
bacterial cell after translation.
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REVIEW QUESTIONS

1.

A 22-year-old woman who works in a plant nursery presents

with a history of fever and cough for 2 months. Over this period

of time she has lost 5 kg. Chest radiography shows bilateral

upper lobe infiltrates with cavities. A stain of her sputum shows

acid-fast bacilli. The likely means by which the patient acquired

her infection is

(A) Sexual activity

(B) Ingesting the microorganisms in her food

(C) Holding onto contaminated hand rails when she takes
public transportation

(D) Handling potting soil

(E) Breathing aerosolized droplets containing the micro-
organism

. During a pandemic of a well-characterized disease, a group of

175 airline passengers flew from Lima, Peru, to Los Angeles.
Lunch on the plane included crab salad, which was eaten
by about two-thirds of the passengers. After landing in Los
Angeles, many of the passengers transferred to other flights
with destinations in other parts of California and other West-
ern states. Two of the passengers who stayed in Los Angeles
developed severe watery diarrhea. The status of the other
passengers was unknown. The likely cause of the diarrhea in
the two passengers is

(A) Escherichia coli O157:H7 (lipopolysaccharide O antigen
157; flagellar antigen 7)

(B) Vibrio cholerae type O139 (lipopolysaccharide O antigen
139)

(C) Shigella dysenteriae type 1

(D) Campylobacter jejuni

(E) Entamoeba histolytica

. A 65-year-old woman has a long-term central venous catheter

for intravenous therapy. She develops fever and subsequently
has multiple blood cultures positive for Staphylococcus epider-
midis. All of the S epidermidis isolates have the same colony
morphology and antimicrobial susceptibility pattern, suggest-
ing that they are the same strain. A S epidermidis biofilm is
thought to be present on the catheter. Which one of the follow-
ing statements about such an infection is correct?

(A) The biofilm containing the S epidermidis is likely to wash
off the catheter.

(B) Production of an extracellular polysaccharide inhibits
growth of the S epidermidis, limiting the infection.

(C) The S epidermidis in the biofilm are likely to be more sus-
ceptible to antimicrobial therapy because the bacteria have
decreased rates of metabolism.

(D) The quorum-sensing ability of S epidermidis results in in-
creased susceptibility to antimicrobial therapy.

(E) The complex molecular interactions within the biofilm
make it difficult to provide effective antimicrobial therapy,
and it is likely the catheter will have to be removed to cure
the infection.

. The first microorganism to satisfty Koch’s postulates (in the late

19th century) was

(A) Treponema pallidum

(B) Stenotrophomonas maltophilia
(C) Mycobacterium leprae

(D) Bacillus anthracis

(E) Neisseria gonorrhoeae

5. Which of the following statements about lipopolysaccharide is

correct?

(A) It interacts with macrophages and monocytes yielding
release of cytokines.

(B) The toxic component is the O side chain.

(C) It forms holes in red blood cell membranes yielding
hemolysis.

(D) It causes hypothermia.

(E) It causes paralysis.

. A 27-year-old man had a rhinoplasty. A nasal tampon was

placed to control the bleeding. Approximately 8 hours later, he
developed headache, muscle aches, and abdominal cramps with
diarrhea. He then developed an erythematous rash (resembling
sunburn) over much of his body, including the palms and soles.
His blood pressure is 80/50 mm Hg. The nasal tampon remained
in place. His liver enzyme tests were elevated, and there was evi-
dence of moderate renal failure. This patient’s illness was likely
to be caused by which of the following?

(A) Lipopolysaccharide

(B) Peptidoglycan

(C) A toxin that is a superantigen

(D) A toxin that has A and B subunits

(E) Lecithinase (alpha toxin)

. The organism most likely to be responsible for the patient’s

disease (Question 6) is

(A) Escherichia coli

(B) Corynebacterium diphtheriae
(C) Clostridium perfringens

(D) Neisseria meningitidis

(E) Staphylococcus aureus

8. Which of the following is most likely to be associated with the

formation of a bacterial biofilm?

(A) Airway colonizationina cysticfibrosis patient with amucoid
(alginate-producing) strain of Pseudomonas aeruginosa

(B) Urinary tract infection with Escherichia coli

(C) Meningitis with Neisseria meningitidis

(D) Tetanus

(E) Impetigo caused by Staphylococcus aureus

. Regarding bacterial type III secretions systems, which of the

following statements is correct?

(A) They are commonly found in gram-positive commensal
bacteria.

(B) They play an important role in the pathogenesis of toxin-
induced diseases of Clostridium species, tetanus, botulism,
gas gangrene, and pseudomembranous colitis.

(C) They cause release of effectors of pathogenesis into the
extracellular environment, promoting bacterial coloniza-
tion and multiplication.

(D) They directly inject bacterial proteins into host cells across
bacterial and host cell membranes, promoting pathogen-
esis of infections.

(E) Mutations that prevent the bacterial type III secretion from
functioning enhance pathogenesis

10. Which of the following statements is correct?

(A) Lipopolysaccharide is part of the cell wall of Escherichia coli.

(B) Cholera toxin is attached to the flagella of Vibrio cholerae.

(C) The lecithinase of Clostridium perfringens causes diarrhea.

(D) Toxic shock syndrome toxin-1 is produced by hemolytic
stains of Staphylococcus epidermidis.



11. A 15-year-old Bangladeshi girl develops severe watery diarrhea.
The stool looks like “rice water.” It is voluminous—more than
1 L in the last 90 minutes. She has no fever and seems otherwise
normal except for the effects of loss of fluid and electrolytes. The
most likely cause of her illness is

(A) Clostridium difficile enterotoxin

(B) A toxin with A and B subunits

(C) Shigella dysenteriae type 1 that produces Shiga toxin

(D) Enterotoxigenic Escherichia coli that produces heat-labile
and heat-stable toxins

(E) Staphylococcal enterotoxin F

12. The most important thing that can be done to treat the patient
(Question 11) is
(A) To give her ciprofloxacin
(B) To give her a toxoid vaccine
(C) To give her the appropriate antitoxin
(D) To treat her with fluid and electrolyte replacement
(E) To culture her stool to make the correct diagnosis and then
treat specifically

13. A 23-year-old woman has a history of recurrent urinary tract
infections, including at least one episode of pyelonephritis.
Blood typing shows the P blood group antigen. Which of the
following is likely to be the primary cause of her infections?
(A) Escherichia coli that produce heat-stable toxin
(B) Escherichia coli with K1 (capsular type 1) antigen
(C) Escherichia coli 0139 (lipopolysaccharide O antigen 139)
(D) Escherichia coli with P-pili (fimbriae)

(E) Escherichia coli O157:H7 (lipopolysaccharide O antigen
157; flagellar antigen 7)

14. A 55-year-old man presents with gradually increasing weight
loss, abdominal pain, diarrhea, and arthropathy. During the
evaluation process, a small bowel biopsy is done. After pro-
cessing, examination of the specimen by light microscopy
reveals periodic acid-Schiff-positive inclusions in the bowel
wall. Which of the following tests could be done to confirm the
diagnosis of Whipple disease, caused by Tropheryma whipplei?

(A) Culture on agar media

(B) Polymerase chain reaction amplification and sequencing
of an appropriate segment of DNA

(C) Cocultivation with Escherichia coli

(D) Insitu hybridization

(E) Direct fluorescent antibody test
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15. Which of the following best describes the mechanism of action
of diphtheria toxin?
(A) Forms pores in red blood cells causing hemolysis
(B) Degrades lecithin in eukaryotic cell membranes
(C) Causes release of tumor necrosis factor
(D) Inhibits elongation factor 2
(E) Causes increased adenylate cyclase activity

Answers

1. E 5 A 9. D 13. D
2. B 6. C 10. A 14. B
3. E 7. E 11. B 15. D
4. D 8. A 12. D
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CHAUPTER

Normal Human Microbiota

The term “normal microbial flora” denotes the population
of microorganisms that inhabit the skin and mucous mem-
branes of healthy normal persons. The microorganisms that
live inside and on humans (now referred to as the normal
microbiota) are estimated to outnumber human somatic
and germ cells by a factor of 10. The genomes of these micro-
bial symbionts are collectively defined as the microbiome.
Research has shown that the “normal microbiota” provides
a first line of defense against microbial pathogens, assist
in digestion, play a role in toxin degradation, and contribute
to maturation of the immune system. Shifts in the normal
microbiota or stimulation of inflammation by these com-
mensals may cause diseases such as inflammatory bowel
disease.

HUMAN MICROBIOME PROJECT

In a broad attempt to understand the role played by resi-
dent microbial ecosystems in human health and disease,
in 2007, the National Institutes of Health launched the Human
Microbiome Project. One of the main goals of this project is
to understand the range of human genetic and physiologic
diversity, the microbiome, and the factors that influence the
distribution and evolution of the constituent microorganisms.
One aspect of this project involves having several research
groups simultaneously embark upon surveying the micro-
bial communities on human skin and in mucosal areas such
as the mouth, esophagus, stomach, colon, and vagina using
small-subunit (16S) ribosomal RNA gene sequencing. Among
the questions that will be addressed by this project are How
stable and resilient is an individual’s microbiota through-
out one day and during his or her lifespan? How similar are
the microbiomes between members of a family or members
of a community or across communities in different environ-
ments? Do all humans have an identifiable “core” microbiome,
and if so, how is it acquired and transmitted? What affects
the genetic diversity of the microbiome, and how does this
diversity affect adaptation by the microorganisms and the
host to markedly different lifestyles and to various physio-
logical or pathophysiological states? Numerous observations
have already been made. For example, it has been determined

that there are large differences among individuals in terms of
the numbers and types of species of microorganisms inhab-
iting the colon and that obesity may be correlated with the
types of microbes involved in specific metabolic pathways
in the gastrointestinal tract. Readers should be aware that
this field is rapidly evolving, and our understanding of the
human microbiota will necessarily change as more informa-
tion about resident microbial communities becomes available
through the Human Microbiome Project.

ROLE OF THE RESIDENT MICROBIOTA

The skin and mucous membranes always harbor a variety
of microorganisms that can be arranged into two groups:
(1) the resident microbiota consists of relatively fixed types
of microorganisms regularly found in a given area at a given
age; if disturbed, it promptly reestablishes itself; and (2) the
transient microbiota consists of nonpathogenic or poten-
tially pathogenic microorganisms that inhabit the skin or
mucous membranes for hours, days, or weeks. The transient
microbiota is derived from the environment, does not pro-
duce disease, and does not establish itself permanently on the
surface. Members of the transient microbiota are generally of
little significance so long as the normal resident flora remains
intact. However, if the resident microbiota is disturbed, tran-
sient microorganisms may colonize, proliferate, and produce
disease.

Organisms frequently encountered in specimens
obtained from various areas of the human body—and con-
sidered normal microbiota—are listed in Table 10-1. The clas-
sification of anaerobic normal bacterial flora is discussed in
Chapter 21.

It is likely that microorganisms that can be cultured
in the laboratory represent only a fraction of those that are
part of the normal resident or transient microbiota. When
the broad range polymerase chain reaction (PCR) is used to
amplify bacterial 16S rDNA, many previously unidentified
bacteria can be detected, as in secretions from patients with
bacterial vaginosis. The number of species that make up the
normal microbiota has been shown to be much greater than
previously recognized. Thus, the understanding of normal
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TABLE 10-1

Normal Bacterial Microbiota

Skin
Staphylococcus epidermidis
Staphylococcus aureus (in small numbers)
Micrococcus species
a-Hemolytic and nonhemolytic streptococci (eg, Streptococcus mitis)
Corynebacterium species
Propionibacterium species
Peptostreptococcus species
Acinetobacter species

Small numbers of other organisms (Candida species, Pseudomonas aeruginosa, etc)

Nasopharynx

Any amount of the following: diphtheroids, nonpathogenic Neisseria species, a-hemolytic streptococci; S epidermidis, nonhemolytic streptococci,
anaerobes (too many species to list; varying amounts of Prevotella species, anaerobic cocci, Fusobacterium species, etc)
Lesser amounts of the following when accompanied by organisms listed above: yeasts, Haemophilus species, pneumococci, S aureus, gram-

negative rods, Neisseria meningitidis

Gastrointestinal tract and rectum

Various Enterobacteriaceae except Salmonella, Shigella, Yersinia, Vibrio, and Campylobacter species

Glucose non-fermenting gram-negative rods
Enterococci

a-Hemolytic and nonhemolytic streptococci
Diphtheroids

Staphylococcus aureus in small numbers

Yeasts in small numbers

Anaerobes in large numbers (too many species to list)

Genitalia

Any amount of the following: Corynebacterium species, Lactobacillus species, a-hemolytic and nonhemolytic streptococci, nonpathogenic

Neisseria species

The following when mixed and not predominant: enterococci, Enterobacteriaceae and other gram-negative rods, Staphylococcus epidermidis,

Candida albicans, and other yeasts

Anaerobes (too many to list); the following may be important when in pure growth or clearly predominant: Prevotella, Clostridium, and

Peptostreptococcus species

microbiota is in transition. As already mentioned, the rela-
tionship of previously unidentified microorganisms, which
are potentially part of the normal microbiota, to disease is
likely to change.

The microorganisms that are constantly present on body
surfaces are commensals. Their flourishing in a given area
depends on physiologic factors of temperature, moisture, and
the presence of certain nutrients and inhibitory substances.
Their presence is not essential to life because “germ-free”
animals can be reared in the complete absence of a nor-
mal microbiota. Yet the resident flora of certain areas plays
a definite role in maintaining health and normal function.
Members of the resident microbiota in the intestinal tract
synthesize vitamin K and aid in the absorption of nutrients.
On mucous membranes and skin, the resident microbiota
may prevent colonization by pathogens and possible disease
through “bacterial interference.” The mechanism of bacte-
rial interference may involve competition for receptors or
binding sites on host cells, competition for nutrients, mutual
inhibition by metabolic or toxic products, mutual inhibition

by antibiotic materials or bacteriocins, or other mechanisms.
Suppression of the normal microbiota clearly creates a par-
tial local void that tends to be filled by organisms from the
environment or from other parts of the body. Such organisms
behave as opportunists and may become pathogens.

On the other hand, members of the normal micro-
biota may themselves produce disease under certain cir-
cumstances. These organisms are adapted to a noninvasive
mode of life defined by the limitations of the environment. If
forcefully removed from the restrictions of that environment
and introduced into the bloodstream or tissues, these organ-
isms may become pathogenic. For example, streptococci of
the viridans group are the most common resident organisms
of the upper respiratory tract. If large numbers of them are
introduced into the bloodstream (eg, after tooth extraction
or oral surgery), they may settle on deformed or prosthetic
heart valves and produce infective endocarditis. Small num-
bers occur transiently in the bloodstream with minor trauma
(eg, dental scaling or vigorous brushing). Bacteroides species
are the most common resident bacteria of the large intestine



and are quite harmless in that location. However, if intro-
duced into the peritoneal cavity or into pelvic tissues along
with other bacteria as a result of trauma, they cause suppu-
ration and bacteremia. There are many other examples, but
the important point is that the normal resident microbiota
is harmless and may be beneficial in their normal location in
the host and in the absence of coincident abnormalities. They
may produce disease if introduced into foreign locations in
large numbers and if predisposing factors are present.

NORMAL MICROBIOTA OF THE SKIN

The skin is the human body’s largest organ, colonized by a
diverse array of microorganisms, most of which are harmless
or even beneficial to the host. Because of its constant expo-
sure to and contact with the environment, the skin is particu-
larly apt to contain transient microorganisms. Nevertheless,
there is a constant and well-defined resident flora, modified
in different anatomic areas by secretions, habitual wearing of
clothing, or proximity to mucous membranes (mouth, nose,
and perineal areas) ( Figure 10-1).

The predominant resident microorganisms of the
skin are aerobic and anaerobic diphtheroid bacilli (eg,
Corynebacterium, Propionibacterium); nonhemolytic aero-
bic and anaerobic staphylococci (Staphylococcus epidermidis
and other coagulase-negative staphylococci, occasionally
Staphylococcus aureus, and Peptostreptococcus species); gram-
positive, aerobic, spore-forming bacilli that are ubiquitous
in air, water, and soil; o-hemolytic streptococci (viridans
streptococci) and enterococci (Enterococcus species); and
gram-negative coliform bacilli and Acinetobacter. Fungi and
yeasts are often present in skin folds; acid-fast, nonpatho-
genic mycobacteria occur in areas rich in sebaceous secre-
tions (genitalia, external ear).

Among the factors that may be important in eliminating
nonresident microorganisms from the skin are the low pH,
the fatty acids in sebaceous secretions, and the presence of
lysozyme. Neither profuse sweating nor washing and bath-
ing can eliminate or significantly modify the normal resi-
dent flora. The number of superficial microorganisms may be
diminished by vigorous daily scrubbing with soap contain-
ing hexachlorophene or other disinfectants, but the flora is
rapidly replenished from sebaceous and sweat glands even
when contact with other skin areas or with the environment
is completely excluded. Placement of an occlusive dressing on
the skin tends to result in a large increase in the total micro-
bial population and may also produce qualitative alterations
in the flora.

Anaerobes and aerobic bacteria often join to form syn-
ergistic infections (gangrene, necrotizing fasciitis, and cel-
lulitis) of skin and soft tissues. The bacteria are frequently
part of the normal microbial flora. It is usually difficult to
pinpoint one specific organism as being responsible for the
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progressive lesion because mixtures of organisms are usually
involved.

In addition to being a physical barrier, the skin is an
immunologic barrier. Keratinocytes continuously sample the
microbiota colonizing the skin surface through pattern recog-
nition receptors (eg, Toll-like receptors, mannose receptors,
NOD-like receptors). The activation of keratinocyte pattern
recognition receptors by pathogen-associated molecular pat-
terns initiates the innate immune response, resulting in the
secretion of antimicrobial peptides, cytokines, and chemo-
kines. Despite being constantly exposed to large numbers of
microorganisms, the skin can distinguish between harmless
commensals and harmful pathogenic microorganisms. The
mechanism for this selectivity is unclear.

NORMAL MICROBIOTA OF THE MOUTH
AND UPPER RESPIRATORY TRACT

The flora of the nose consists of prominent corynebacteria,
staphylococci (S epidermidis, S aureus), and streptococci.

In direct contrast to the highly differentiated communi-
ties of their mothers, neonates harbored bacterial communi-
ties that were undifferentiated across multiple body habitats,
regardless of delivery mode. Thus, at its earliest stage of com-
munity development (<5 minutes postdelivery), the human
microbiota is homogeneously distributed across the body.
Vaginally delivered infants harbor bacterial communities
(in all body habitats) that are most similar in composition
to the vaginal communities of the mothers; C-section babies
lack bacteria from the vaginal community (eg, Lactobacillus,
Prevotella, Atopobium, and Sneathia spp.). Infants deliv-
ered via C-section harbor bacterial communities (across all
body habitats) that are most similar to the skin communi-
ties of the mothers (eg, Staphylococcus, Corynebacterium, or
Propionibacterium spp.).

Within 4-12 hours after birth, viridans streptococci
become established as the most prominent members of the
resident flora and remain so for life. These organisms prob-
ably originate in the respiratory tracts of the mother and
attendants. Early in life, aerobic and anaerobic staphylococci,
gram-negative diplococci (neisseriae, Moraxella catarrhalis),
diphtheroids, and occasional lactobacilli are added. When
teeth begin to erupt, the anaerobic spirochetes, Prevotella
species (especially Prevotella melaninogenica), Fusobacterium
species, Rothia species, and Capnocytophaga species (see
below) establish themselves along with some anaerobic
vibrios and lactobacilli. Actinomyces species are normally
present in tonsillar tissue and on the gingivae in adults,
and various protozoa may also be present. Yeasts (Candida
species) occur in the mouth.

In the pharynx and trachea, a similar flora establishes
itself, but few bacteria are found in normal bronchi. Small
bronchi and alveoli are normally sterile. The predominant
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organisms in the upper respiratory tract, particularly the
pharynx, are nonhemolytic and o-hemolytic streptococciand
neisseriae. Staphylococci, diphtheroids, haemophili, pneumo-
cocci, mycoplasmas, and prevotellae are also encountered.

More than 600 different species have been described
from the human oral cavity, but only limited informa-
tion is available on the normal microbiota of healthy indi-
viduals. The human oral microbiome, as represented by the
human salivary microbiome, has recently been characterized
in samples obtained from 120 healthy individuals from
12 worldwide locations by 16S rRNA sequencing. There is
considerable diversity in the saliva microbiome, both within
and among individuals; however, it does not vary substan-
tially around the world. The 16S rRNA sequences could be
assigned to 101 known bacterial genera, of which 39 were not
previously reported from the human oral cavity; phylogenetic
analysis suggests that an additional 64 unknown genera are
also present.

Infections of the mouth and respiratory tract are usu-
ally caused by mixed oronasal flora, including anaerobes.
Periodontal infections, perioral abscesses, sinusitis, and
mastoiditis may involve predominantly P melaninogenica,
Fusobacteria, and Peptostreptococci. Aspiration of saliva
(containing up to 10* of these organisms and aerobes) may
result in necrotizing pneumonia, lung abscess, and empyema.

The Role of the Normal Mouth Microbiota
in Dental Plaque and Caries

Dental plaque, which has come to be viewed and managed as
a complex biofilm, can be defined simplistically as an adher-
ent dental deposit that forms on the tooth surface composed
almost entirely of bacteria derived from the normal flora of the
mouth (Figure 10-2). Dental plaque is the most prevalent and
densest of human biofilms. The advantages for the microbes
in the biofilm include protection from environmental
hazards (including antimicrobials) and optimization of spa-
tial arrangements that maximize energy through movement
of nutrients. Organisms within the biofilm interact dynami-
cally at multiple metabolic and molecular levels. The biofilm
first forms in relation to the dental pellicle, which is a physio-
logic thin organic film covering the mineralized tooth surface
composed of proteins and glycoproteins derived from saliva
and other oral secretions (see Figure 10-2). As the plaque
biofilm evolves, it does so in relation to the pellicle and not
the mineralized tooth itself. Plaque formation takes place in
stages and layers at two levels. The first is the anatomical loca-
tion of the plaque in relation to the gingival line; the earliest
plaque is supragingival, which may then extend to subgingi-
val plaque. The second level is the layering within the plaque,
the bacterial species involved, and the bacteria—pellicle and
bacteria—bacteria binding mechanisms involved. The initial
colonizing organisms are mainly gram-positive bacteria that
use specific ionic and hydrophobic interactions as well as lec-
tin-like surface structures to adhere to the pellicle and to each
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other. The prototype early colonizer is Streptococcus sanguis,
but other streptococci (S mutans, S mitis, S salivarius, S oralis,
S gordonii), lactobacilli, and Actinomyces species are usually
present. Late colonizers can appear in the biofilm in as little
as 2—-4 days and consist primarily of gram-negative anaerobes
(eg, Porphyromonas, Prevotella, Fusobacterium, Veillonella
species), including anaerobic spirochetes (eg, Treponema
denticola), and more Actinomyces species. These bacteria
use similar mechanisms to bind to the early colonizers and
to each other. High-molecular-weight extracellular glucan
polymers are synthesized, which act like a cement bind-
ing the plaque biofilm together. The carbohydrate polymers
(glucans) are produced mainly by streptococci (Streptococcus
mutans), perhaps in association with Actinomyces species.
In all, there are thought to be 300-400 bacterial species pres-
ent in mature dental plaque.

Caries is a disintegration of the teeth beginning at the
surface and progressing inward. First the surface enamel,
which is entirely noncellular, is demineralized. This has been
attributed to the effect of acid products of glycolytic metabolic
activity when the plaque bacteria are fed the right substrate.
Subsequent decomposition of the dentin and cementum of
the exposed root surface involves bacterial digestion of the
protein matrix. S mutans is considered to be the dominant
organism for the initiation of caries; however, multiple mem-
bers of the plaque biofilm participate in the evolution of
the lesions. These include other streptococci (S salivarius, S
sanguis, S sobrinus), lactobacilli (L acidophilus, L casei), and
actinomycetes (A viscosis, A naeslundii). The large amounts
of organic acid products produced from carbohydrates by the
interaction of S mutans with these other species in plaque are
the underlying cause of caries. The accumulation of these acid
products causes the pH of the plaque to drop to levels suffi-
cient to react with the hydroxyapatite of the enamel deminer-
alizing it to soluble calcium and phosphate ions. Production
of acid and decreased pH is maintained until the substrate is
depleted after which the plaque pH returns to its more neutral
pH resting level and some recovery can take place.

Dietary monosaccharides (eg, glucose, fructose) and
disaccharides (eg, sucrose, lactose, and maltose) provide an
appropriate substrate for bacterial glycolysis (see Chapter 6)
and acid production to cause tooth demineralization. Foods
with high sugar content, particularly sucrose, which adhere to
the teeth and have long oral clearance times, are more cario-
genic than less retentive food stuffs such as sugar-containing
liquids. A possible edge for S mutans is its ability to meta-
bolize sucrose more efficiently than other oral bacteria. An
additional factor is that sucrose is also used for the synthesis
of extracellular polyglycans such as dextrans and levans by
transferase enzymes on the bacterial cell surface. Polyglycan
production contributes to aggregation and accumulation of
S mutans on the tooth surface and may also serve as an extra-
cellular storage form of substrate for other plaque bacteria.

Periodontal pockets in the gingiva are particularly rich
sources of organisms, including anaerobes that are rarely
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FIGURE 10-2 Dental plaque biofilm. The stages of formation of the bacterial biofilm called dental plaque are shown. Early colonizers bind
to the pellicle, and late colonizers bind to the other bacteria. (Reproduced with permission from Willey J, Sherwood L, Woolverton C, [editors].
Prescott’s Principles of Microbiology. McGraw-Hill, 2008. © The McGraw-Hill Companies, Inc.)

encountered elsewhere. Plaque-induced periodontal disease
encompasses two separate disease entities, gingivitis and
chronic periodontitis. Both conditions are caused by bacteria
inthe subgingival dental plaque found within the gingival crev-
ice or the sulcus around the necks of the teeth. Although they
may participate in periodontal disease and tissue destruction,

attention is drawn to them when they are implanted else-
where (eg, producing infective endocarditis or bacteremia
in a granulocytopenic host). Examples are Capnocytophaga
species and Rothia dentocariosa. Capnocytophaga species are
fusiform, gram-negative, gliding anaerobes; Rothia species
are pleomorphic, aerobic, gram-positive rods. Both probably



participate in the complex microbial flora of periodontal dis-
ease with prominent bone destruction. In granulocytopenic
immunodeficient patients, they can lead to serious opportu-
nistic lesions in other organs.

Control of caries involves physical removal of plaque,
limitation of sucrose intake, good nutrition with adequate
protein intake, and reduction of acid production in the mouth
by limitation of available carbohydrates and frequent cleans-
ing. The application of fluoride to teeth or its ingestion in
water results in enhancement of acid resistance of the enamel.
Control of periodontal disease requires removal of calculus
(calcified deposit) and good mouth hygiene.

Normal Microbiota of the Intestinal Tract

The human gastrointestinal tract is divided into sections,
allowing digestion and nutrient absorption in the proximal
region to be separate from the vast microbial populations in
the large intestine. At birth, the intestine is sterile, but organ-
isms are soon introduced with food. The environment (eg,
maternal vaginal, fecal, or skin microbiota) is a major factor
in determining the early microbial profile. Many early studies
reported that the intestinal microbiota of breastfed chil-
dren is dominated by Bifidobacteria. However, recent stud-
ies employing microarrays and quantitative PCR suggested
that in most babies, Bifidobacteria did not appear until sev-
eral months after birth and thereafter persisted as a minority
population. In bottle-fed children, a more mixed flora exists
in the bowel, and lactobacilli are less prominent. As food hab-
its develop toward the adult pattern, the bowel flora changes.
Diet has a marked influence on the relative composition of
the intestinal and fecal flora. Bowels of newborns in intensive
care nurseries tend to be colonized by Enterobacteriaceae,
such as Klebsiella, Citrobacter, and Enterobacter.

In normal adults, the esophagus contains microorgan-
isms arriving with saliva and food. The stomach’s acidity
keeps the number of microorganisms at a minimum (10*-
10°/mL of contents) unless obstruction at the pylorus favors
the proliferation of gram-positive cocci and bacilli. From
the hundreds of phylotypes detected in the human stomach,
only Helicobacter pylori persists in this environment. The
normal acid pH of the stomach markedly protects against
infection with some enteric pathogens (eg, Vibrio cholerae).
Administration of antacids, H,-receptor antagonists, and
proton pump inhibitors for peptic ulcer disease and gastro-
esophageal reflux disease leads to a great increase in micro-
bial flora of the stomach, including many organisms usually
prevalent in feces. As the pH of intestinal contents becomes
alkaline, the resident flora gradually increases. In the adult
duodenum, there are 10°-10* bacteria/mL of effluent; with
higher populations in the jejunum, 10*~10° bacteria/mL, and
ileum, 10® bacteria/mL; and in the cecum and transverse
colon, 10" bacteria/mL. In the upper intestine, the bacterial
population associated with the mucosa include the phylum
Bacteroidetes and members of the Clostridiales, and those of
the lumen can include members of the Enterobacteriales and
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enterococci. In the sigmoid colon and rectum, the bacteria
constitute about 60% of the fecal mass. Anaerobes outnum-
ber facultative organisms by 1000-fold. In diarrhea, the bac-
terial content may diminish greatly, but in intestinal stasis,
the count rises.

In a normal adult colon, 96-99% of the resident bacte-
rial flora consists of anaerobes. Six major phyla predomi-
nate; these are Bacteroidetes, Firmicutes, Actinobacteria,
Verrucomicrobiota, Fusobacteria, and Proteobacteria. More
than 100 distinct types of organisms, which can be cul-
tured routinely in the laboratory, occur regularly in nor-
mal fecal flora. Archae are represented primarily by the
methane producers Methanobrevibacter stadtmanae and,
to a lesser degree, by Methanosphaera stadtmanae. There
probably are more than 500 species of bacteria in the colon,
including many that are likely unidentified. In addition to
Bacteria and Archae, other types of microbes are present,
such as protozoans and fungi, whose functions are less well
understood. Viruses, mostly phages whose hosts are promi-
nent members of the microbiota, are remarkably common
in the colon. Minor trauma (eg, sigmoidoscopy, barium
enema) may induce transient bacteremia in about 10% of
procedures.

The important functions of intestinal microbiota can be
divided into three major categories (see review by O'Hara and
Shanahan, 2006). The first of these are protective functions
in which the resident bacteria displace and inhibit potential
pathogens indirectly by competing for nutrients and recep-
tors or directly through the production of antimicrobial
factors, such as bacteriocins and lactic acid. Second, com-
mensal organisms are important for the development and
function of the mucosal immune system. They induce the
secretion of IgA, influence the development of the intes-
tinal humoral immune system, and modulate local T-cell
responses and cytokine profiles. The third category consists
of a broad range of metabolic functions. The microbiota of
the small intestine can contribute to the amino acid require-
ments of the host if they are not provided by the diet itself.
Intestinal bacteria produce short-chain fatty acids that con-
trol intestinal epithelial cell differentiation. They synthesize
vitamin K, biotin, and folate and enhance ion absorption.
Certain bacteria metabolize dietary carcinogens and assist
with fermentation of nondigestible dietary residue. There is
now evidence that gut bacteria can influence fat deposition in
the host, leading to obesity.

Antimicrobial drugs taken orally can, in humans, tem-
porarily suppress the drug-susceptible components of the
fecal flora. The acute effects of antibiotic treatment on the
native gut microbiota range from self-limiting diarrhea to
life-threatening pseudomembranous colitis. Intentional sup-
pression of the fecal flora is commonly done by the preop-
erative oral administration of insoluble drugs. For example,
neomycin plus erythromycin can in 1-2 days suppress part
of the bowel flora, especially aerobes. Metronidazole accom-
plishes that for anaerobes. If lower bowel surgery is performed
when the counts are at their lowest, some protection against
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infection by accidental spill can be achieved. However, soon
thereafter, the counts of fecal flora rise again to normal or
higher than normal levels, principally of organisms selected
out because of relative resistance to the drugs used. The drug-
susceptible microorganisms are replaced by drug-resistant
ones, particularly staphylococci, enterobacters, enterococci,
protei, pseudomonads, Clostridium difficile, and yeasts.

The feeding of large quantities of Lactobacillus acidophi-
Ius may result in the temporary establishment of this organ-
ism in the gut and the concomitant partial suppression of
other gut microflora.

The anaerobic flora of the colon, including B fragilis,
clostridia, and peptostreptococci, plays a main role in abscess
formation originating in perforation of the bowel. Prevotella
bivia and Prevotella disiens are important in abscesses of
the pelvis, originating in the female genital organs. Similar
to B fragilis, these species are penicillin resistant; therefore,
another agent should be used.

Although the intestinal microbiota are normally an asset
for the host, in genetically susceptible individuals, some com-
ponents of the flora can result in disease. For example, inflam-
matory bowel diseases are believed to be associated with
a loss of immune tolerance to bacterial antigens. This leads
to intense inflammation caused by an exuberant immune
response. Similar mechanisms may be important in intestinal
malignancy such as colon cancer.

NORMAL MICROBIOTA OF THE URETHRA

The anterior urethras of both sexes contain small numbers of
the same types of organisms found on the skin and perineum.
These organisms regularly appear in normal voided urine in
numbers of 10>-10*/mL.

NORMAL MICROBIOTA OF THE VAGINA

Soon after birth, aerobic lactobacilli appear in the vagina
and persist as long as the pH remains acidic (several weeks).
When the pH becomes neutral (remaining so until puberty), a
mixed flora of cocci and bacilli is present. At puberty, aerobic
and anaerobic lactobacilli reappear in large numbers and
contribute to the maintenance of acid pH through the pro-
duction of acid from carbohydrates, particularly glycogen.
This appears to be an important mechanism in preventing
the establishment of other, possibly harmful microorganisms
in the vagina. If lactobacilli are suppressed by the admin-
istration of antimicrobial drugs, yeasts or various bacteria
increase in numbers and cause irritation and inflammation.
Bacterial vaginosis is a syndrome marked by dramatic shifts
in the types and relative proportions of the vaginal micro-
biota as the vaginal ecosystem changes from a healthy, char-
acterized by the presence of lactobacilli, to a diseased state
characterized by the presence of organisms belonging to

phylotaxa such as Actinobacteria and Bacteroidetes species.
After menopause, lactobacilli again diminish in number,
and a mixed flora returns. The normal vaginal flora includes
group B streptococci in as many as 25% of women of child-
bearing age. During the birth process, a baby can acquire
group B streptococci, which subsequently may cause neo-
natal sepsis and meningitis. The normal vaginal flora often
includes also o-hemolytic streptococci, anaerobic strep-
tococci (peptostreptococci), Prevotella species, clostridia,
Gardnerella vaginalis, Ureaplasma urealyticum, and some-
times Listeria or Mobiluncus species. The cervical mucus has
antibacterial activity and contains lysozyme. In some women,
the vaginal introitus contains a heavy flora resembling that of
the perineum and perianal area. This may be a predisposing
factor in recurrent urinary tract infections. Vaginal organ-
isms present at time of delivery may infect the newborn (eg,
group B streptococci).

NORMAL MICROBIOTA OF THE
CONJUNCTIVA

The predominant organisms of the conjunctiva are diph-
theroids, S epidermidis, and nonhemolytic streptococci.
Neisseriae and gram-negative bacilli resembling haemophili
(Moraxella species) are also frequently present. The con-
junctival flora is normally held in check by the flow of tears,
which contain antibacterial lysozyme.

CHAPTER SUMMARY

o The normal microbiota denotes the population of micro-
organism that inhabit the skin and mucous membranes
of healthy normal persons. The normal microbiota pro-
vides a first line of defense against microbial pathogens,
assists in digestion, and contributes to maturation of the
immune system.

o The skin and mucous membranes always harbor a
variety of microorganisms that can be divided into
(1) resident microbiota, which are fixed types of micro-
organisms regularly found in a given area at a given age
that, if disturbed, promptly reestablish themselves, and
(2) transient microbiota, which are nonpathogenic or
potentially pathogenic microorganisms that inhabit the
skin or mucous membranes for hours, days, or weeks.

o Various sites on the skin or mucous membranes are
unique environments with a characteristic microbiota.

o Results from the Human Microbiome Project reveal
that the microbiota is far more complex than previously
thought.

o Dental plaque is a complex biofilm composed of normal
microbiota. Metabolism of carbohydrates by organisms
in dental plaque such as Streptococcus mutans is respon-
sible for the initiation of caries.




More than 500 species of bacteria have been identified in
the colon. Anaerobes outnumber facultative organisms
in the colon by 1000-fold.

REVIEW QUESTIONS

1. A 26-year-old woman visits her physician because of an unusual

vaginal discharge. On examination, the physician observes a
thin, homogeneous, white-gray discharge that adheres to the
vaginal wall. The pH of the discharge is 5.5 (normal, <4.3). On
Gram stain, many epithelial cells covered with gram-variable
rods are seen. Bacterial vaginosis is diagnosed. Which one of
the following normal genital flora microorganisms is greatly
decreased in bacterial vaginosis?

(A) Corynebacterium species
(B) Staphylococcus epidermidis
(C) Prevotella species

(D) Candida albicans

(E) Lactobacillus species

. Certain microorganisms are never considered to be members of
the normal flora. They are always considered to be pathogens.
Which one of the following organisms fits into that category?

(A) Streptococcus pneumoniae

(B) Escherichia coli

(C) Mycobacterium tuberculosis

(D) Staphylococcus aureus

(E) Neisseria meningitidis

. A 9-year-old girl develops fever and severe pain on the right side
of her throat. On examination, redness and swelling in the right
peritonsillar area are seen. A peritonsillar abscess is diagnosed.
The most likely organisms to be cultured from this abscess are

(A) Staphylococcus aureus

(B) Streptococcus pneumoniae

(C) Corynebacterium species and Prevotella melaninogenica
(D) Normal oral nasal flora

(E) Viridans streptococci and Candida albicans

. A 70-year-old man with a history of diverticulosis of the sig-
moid colon experiences a sudden onset of severe left lower quad-
rant abdominal pain. Fever develops. The severe pain gradually
subsides and is replaced by a constant aching pain and marked
abdominal tenderness. A diagnosis of probable ruptured diver-
ticulum is made, and the patient is taken to the operating room.
The diagnosis of ruptured diverticulum is confirmed, and
an abscess next to the sigmoid colon is found. The most likely
bacteria to be found in the abscess are

(A) Mixed normal gastrointestinal flora

(B) Bacteroides fragilis alone

(C) Escherichia coli alone

(D) Clostridium perfringens alone

(E) Enterococcus species alone

. Antimicrobial therapy can decrease the amount of susceptible
bowel flora and allow proliferation of relatively resistant colonic
bacteria. Which one of the following species can proliferate and
produce a toxin that causes diarrhea?

(A) Enterococcus species

(B) Staphylococcus epidermidis

(C) Pseudomonas aeruginosa

10.

11.

12.

13.
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(D) Clostridium difficile
(E) Bacteroides fragilis

. Which one of the following microorganisms can be part of the

normal vaginal flora and cause meningitis in newborns?
(A) Candida albicans

(B) Corynebacterium species

(C) Staphylococcus epidermidis

(D) Ureaplasma urealyticum

(E) Group B streptococci

Dental plaque and periodontal disease can be thought of as a
continuum of what type of physiological process?

(A) Biofilm formation

(B) Normal aging

(C) Abnormal digestion

(D) Exaggerated immune response
(E) Chewing gum

. Which one of the following microorganisms is closely associ-

ated with dental caries?

(A) Candida albicans

(B) Streptococcus mutans

(C) Prevotella melaninogenica
(D) Neisseria subflava

(E) Staphylococcus epidermidis

. Anaerobic bacteria such as Bacteroides fragilis occur in the sigmoid

colon in a concentration of about 10"/g of stool. At what concen-
tration do facultative organisms such as Escherichia coli occur?
(A) 10%/g

(B) 10“/g

©) 10°/g

(D) 10%g

(E) 107/g

Streptococcus pneumoniae can be part of the normal flora of
5-40% of people. At what anatomic site can it be found?

(A) Conjunctiva

(B) Nasopharynx

(C) Colon

(D) Urethra

(E) Vagina

Hundreds of phylotypes have been identified in the human
stomach; however, the only microorganism that has been
shown to persist is

(A) Lactobacillus casei

(B) Lactobacillus acidophilus
(C) Escherichia coli

(D) Helicobacter pylori

(E) Bifidobacteria

Resident flora is commonly found in the
(A) Liver

(B) Urethra

(C) Kidneys

(D) Salivary glands

(E) Gall bladder

Resident flora is absent from the
(A) Pharynx

(B) Lungs

(C) Small intestine

(D) Synovial fluid

(E) Conjunctiva
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14. A 65-year-old woman was admitted with squamous cell carci-
noma of the cervix. She underwent extensive gynecologic sur-
gery and was maintained postoperatively on broad-spectrum
intravenous antibiotics. The patient had a central venous cath-
eter placed on the day of surgery. Beginning 3 days postopera-
tively, the patient became febrile. On day 8, cultures of blood
and of the tip of the central line both grew gram-positive
organisms that were ovoid and reproduced by budding. Which
of the following microorganisms is most likely responsible for
the patient’s condition?

(A) Staphylococcus aureus

(B) Staphylococcus epidermidis
(C) Enterococcus faecalis

(D) Candida albicans

(E) Saccharomyces cerevisae

15. The most likely portal of entry for the organism in Question
14 is
(A) During gynecologic surgery
(B) Aspiration
(C) During placement of the central line
(D) During placement of IV line for administration of

antibiotics
(E) Intubation while under anesthesia

Answers

1. E 5. D 9. D 13. D
2. C 6. E 10. B 14. D
3. D 7. A 11. D 15. C
4. A 8. B 12. B
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CHAUPTER

Spore-Forming Gram-Positive

Bacilli: Bacillus and
Clostridium Species

The gram-positive spore-forming bacilli are the Bacillus and
Clostridium species. These bacilli are ubiquitous, and because
they form spores, they can survive in the environment for
many years. Whereas the Bacillus species are aerobes, the
Clostridium species are anaerobes.

Of the many species of Bacillus and related genera, most
do not cause disease and are not well characterized in medical
microbiology. There are a few species, however, that cause
important diseases in humans. Anthrax, a classical disease
in the history of microbiology, is caused by Bacillus anthracis.
Anthrax remains an important disease of animals and occa-
sionally of humans. Because of its potent toxins, B anthracis is
a major potential agent of bioterrorism and biologic warfare.
Bacillus cereus and Bacillus thuringiensis cause food poison-
ing and occasionally eye or other localized infections.

The genus Clostridium is extremely heterogeneous, and
more than 190 species have been described. The list of patho-
genic organisms, as well as novel species isolated from human
feces whose pathogenic potential remain undetermined, con-
tinues to grow. Clostridia cause several important toxin-
mediated diseases, including Clostridium tetani, tetanus;
Clostridium botulinum, botulism; Clostridium perfringens,
gas gangrene; and Clostridium difficile, pseudomembranous
colitis. Other clostridia are also found in mixed anaerobic
infections in humans (see Chapter 21).

BACILLUS SPECIES

The genus Bacillus includes large aerobic, gram-positive
rods occurring in chains. Most members of this genus are
saprophytic organisms prevalent in soil, water, and air and
on vegetation, such as Bacillus cereus and Bacillus subtilis.
Some are insect pathogens, such as B thuringiensis. This
organism is also capable of causing disease in humans.
B cereus can grow in foods and cause food poisoning by pro-
ducing either an enterotoxin (diarrhea) or an emetic toxin
(vomiting). Both B cereus and B thuringiensis may occasion-
ally produce disease in immunocompromised humans (eg,
meningitis, endocarditis, endophthalmitis, conjunctivitis, or
acute gastroenteritis). B anthracis, which causes anthrax, is
the principal pathogen of the genus.

Morphology and Identification
A. Typical Organisms

The typical cells, measuring 1 x 3-4 um, have square ends
and are arranged in long chains; spores are located in the
center of the nonmotile bacilli.

B. Culture

Colonies of B anthracis are round and have a “cut glass”
appearance in transmitted light. Hemolysis is uncommon
with B anthracis but common with B cereus and the sapro-
phytic bacilli. Gelatin is liquefied, and growth in gelatin stabs
resembles an inverted fir tree.

C. Growth Characteristics

The saprophytic bacilli use simple sources of nitrogen and
carbon for energy and growth. The spores are resistant to
environmental changes, withstand dry heat and certain
chemical disinfectants for moderate periods, and persist
for years in dry earth. Animal products contaminated with
anthrax spores (eg, hides, bristles, hair, wool, bone) can be
sterilized by autoclaving.

BACILLUS ANTHRACIS

Pathogenesis

Anthrax is primarily a disease of herbivores—goats, sheep,
cattle, horses, and so on; other animals (eg, rats) are relatively
resistant to the infection. Anthrax is endemic among agrarian
societies in developing countries in Africa, the Middle East,
and Central America. A website maintained by the World
Health Organization provides current information on dis-
ease in animals and is listed among the references. Humans
become infected incidentally by contact with infected animals
or their products. In animals, the portal of entry is the mouth
and the gastrointestinal tract. Spores from contaminated soil
find easy access when ingested with spiny or irritating veg-
etation. In humans, the infection is usually acquired by the
entry of spores through injured skin (cutaneous anthrax) or
rarely the mucous membranes (gastrointestinal anthrax) or
by inhalation of spores into the lung (inhalation anthrax).
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The spores germinate in the tissue at the site of entry, and
growth of the vegetative organisms results in formation of a
gelatinous edema and congestion. Bacilli spread via lymphat-
ics to the bloodstream, and they multiply freely in the blood
and tissues shortly before and after the animal’s death.

B anthracis (Figure 11-1) isolates that do not produce a
capsule are not virulent and do not induce anthrax in test
animals. The poly-D-glutamic acid capsule is antiphagocytic.
The capsule gene is present on a plasmid, pXO2.

Anthrax toxins are made up of three proteins, protective
antigen (PA), edema factor (EF), and lethal factor (LF). PA
binds to specific cell receptors, and after proteolytic activa-
tion, it forms a membrane channel that mediates entry of EF
and LF into the cell. EF is an adenylate cyclase; with PA, it
forms a toxin known as edema toxin. LF plus PA form lethal
toxin, which is a major virulence factor and cause of death

-
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FIGURE 11-1 A: Bacillus anthracis in broth culture (original
magnification x1000). B: In tissue (original magnification x400).
(Courtesy of PS Brachman.)

in infected animals and humans. When injected into labora-
tory animals (eg, rats), the lethal toxin can quickly kill the
animals. The anthrax toxin genes are encoded on another
plasmid, pXOl. The exact mechanism of action of both toxins
is not entirely clear, but they both have potent immunomodu-
lating effects.

In inhalation anthrax (woolsorters” disease), the spores
from the dust of wool, hair, or hides are inhaled; phagocy-
tosed in the lungs; and transported by the lymphatic drainage
to the mediastinal lymph nodes, where germination occurs.
This is followed by toxin production and the development
of hemorrhagic mediastinitis and sepsis, which are usually
rapidly fatal. In anthrax sepsis, the number of organisms in
the blood exceeds 107/mL just before death. In the Sverdlovsk
inhalation anthrax outbreak of 1979 and the U.S. bioterrorism
inhalation cases of 2001 (see Chapter 48), the pathogenesis
was the same as in inhalation anthrax from animal products.

Pathology

In susceptible animals and humans, the organisms proliferate
at the site of entry. The capsules remain intact, and the organ-
isms are surrounded by a large amount of proteinaceous fluid
containing few leukocytes from which they rapidly dissemi-
nate and reach the bloodstream.

In resistant animals, the organisms proliferate for a
few hours, by which time there is massive accumulation of
leukocytes. The capsules gradually disintegrate and disap-
pear. The organisms remain localized.

Clinical Findings

In humans, approximately 95% of cases are cutaneous
anthrax, and 5% are inhalation. Gastrointestinal anthrax
is very rare; it has been reported from Africa, Asia, and the
United States when people have eaten meat from infected
animals.

The bioterrorism events in the fall of 2001 (see Chapter 48)
resulted in 22 cases of anthrax—11 inhalation and 11 cutane-
ous. Five of the patients with inhalation anthrax died. All of
the other patients survived.

Cutaneous anthrax generally occurs on exposed surfaces
of the arms or hands followed in frequency by the face and
neck. A pruritic papule develops 1-7 days after entry of the
organisms or spores through a scratch. Initially, it resembles
an insect bite. The papule rapidly changes into a vesicle or
small ring of vesicles that coalesce, and a necrotic ulcer devel-
ops. The lesions typically are 1-3 cm in diameter and have
a characteristic central black eschar. Marked edema occurs.
Lymphangitis and lymphadenopathy and systemic signs
and symptoms of fever, malaise, and headache may occur.
After 7-10 days, the eschar is fully developed. Eventually, it
dries, loosens, and separates; healing is by granulation and
leaves a scar. It may take many weeks for the lesion to heal
and the edema to subside. Antibiotic therapy does not appear
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to change the natural progression of the disease but pre-
vents dissemination. In as many as 20% of patients, cutane-
ous anthrax can lead to sepsis, the consequences of systemic
infection—including meningitis—and death.

The incubation period in inhalation anthrax may be as
long as 6 weeks. The early clinical manifestations are asso-
ciated with marked hemorrhagic necrosis and edema of
the mediastinum. Substernal pain may be prominent, and
there is pronounced mediastinal widening visible on chest
radiographs. Hemorrhagic pleural effusions follow involve-
ment of the pleura; cough is secondary to the effects on the
trachea. Sepsis occurs, and there may be hematogenous
spread to the gastrointestinal tract, causing bowel ulcer-
ation, or to the meninges, causing hemorrhagic meningitis.
The fatality rate in inhalation anthrax is high in the setting
of known exposure; it is higher when the diagnosis is not
initially suspected.

Animals acquire anthrax through ingestion of spores
and spread of the organisms from the intestinal tract. This
is rare in humans, and gastrointestinal anthrax is extremely
uncommon. Abdominal pain, vomiting, and bloody diarrhea
are clinical signs.

Diagnostic Laboratory Tests

Specimens to be examined are fluid or pus from a local lesion,
blood, pleural fluid, and cerebrospinal fluid in inhalational
anthrax associated with sepsis and stool or other intesti-
nal contents in the case of gastrointestinal anthrax. Stained
smears from the local lesion or of blood from dead animals
often show chains of large gram-positive rods. Anthrax can
be identified in dried smears by immunofluorescence stain-
ing techniques.

When grown on blood agar plates, the organisms produce
nonhemolytic gray to white, tenacious colonies with a rough
texture and a ground-glass appearance. Comma-shaped
outgrowths (Medusa head, “curled hair”) may project from
the colony. Demonstration of capsule requires growth on
bicarbonate-containing medium in 5-7% carbon dioxide.
Gram stain shows large gram-positive rods. Carbohydrate
fermentation is not useful. In semisolid medium, anthrax
bacilli are always nonmotile, but related organisms (eg, B
cereus) exhibit motility by “swarming.” Clinical laboratories
that recover large gram-positive rods from blood, cerebro-
spinal fluid, or suspicious skin lesions, which phenotypically
match the description of B anthracis as mentioned, should
immediately contact their public health laboratory and send
the organism for confirmation. Definitive identification
requires lysis by a specific anthrax y-bacteriophage, detection
of the capsule by fluorescent antibody, or identification of
toxin genes by polymerase chain reaction (PCR). These tests
are available in most public health laboratories.

A rapid enzyme-linked immunoassay (ELISA) that mea-
sures total antibody to PA has been approved by the U.S. Food
and Drug Administration (FDA), but the test result is not
positive early in disease.

Resistance and Immunity

Immunization to prevent anthrax is based on the clas-
sic experiments of Louis Pasteur. In 1881, he proved that
cultures grown in broth at 42-52°C for several months
lost much of their virulence and could be injected live into
sheep and cattle without causing disease; subsequently, such
animals proved to be immune. Active immunity to anthrax
can be induced in susceptible animals by vaccination with
live attenuated bacilli, with spore suspensions, or with PAs
from culture filtrates. Animals that graze in known anthrax
districts should be immunized for anthrax annually.

In the United States, the current FDA-approved vac-
cine (AVA BioThrax) is made from the supernatant of a cell-
free culture of an unencapsulated but toxigenic strain of B.
anthracis that contains PA adsorbed to aluminum hydroxide.
The dose schedule is 0.5 mL administered intramuscularly
at 0, and 4 weeks and then at 6, 12, and 18 months followed
by annual boosters. The vaccine is available only to the U.S.
Department of Defense and to persons at risk for repeated
exposure to B anthracis. Because the current anthrax vac-
cines provide short-lived immunity and hence require
repeated vaccinations, a number of new recombinant PA
vaccines (rPA) adsorbed to aluminum hydroxide are cur-
rently in phase I and II clinical trials. These novel vac-
cines have been shown to be very well-tolerated and highly
immunogenic.

Other immunotherapies available or in development
include anthrax immunoglobulin and human monoclonal
antibodies with high affinity for PA (eg, raxibacumab). These
are available for use in consultation with the Centers for
Disease Control and Prevention.

Treatment

Many antibiotics are effective against anthrax in humans,
but treatment must be started early. Ciprofloxacin is recom-
mended for treatment; penicillin G, along with gentamicin or
streptomycin, has previously been used to treat anthrax.

In the setting of potential exposure to B anthracis as
an agent of biologic warfare, prophylaxis with ciprofloxacin
or doxycycline should be continued for 4 weeks while three
doses of vaccine are being given or for 8 weeks if no vaccine
is administered.

Some other gram-positive bacilli, such as B cereus, are
resistant to penicillin by virtue of B-lactamase production.
Doxycycline, erythromycin, and ciprofloxacin may be effec-
tive alternatives to penicillin.

Epidemiology, Prevention, and Control

Soil is contaminated with anthrax spores from the carcasses of
dead animals. These spores remain viable for decades. Perhaps
spores can germinate in soil at a pH of 6.5 at proper tempera-
ture. Grazing animals infected through injured mucous mem-
branes serve to perpetuate the chain of infection. Contact
with infected animals or with their hides, hair, and bristles is
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the source of infection in humans. Control measures include
(1) disposal of animal carcasses by burning or by deep burial
in lime pits, (2) decontamination (usually by autoclaving) of
animal products, (3) protective clothing and gloves for han-
dling potentially infected materials, and (4) active immuni-
zation of domestic animals with live attenuated vaccines.
Persons with high occupational risk should be immunized.

BACILLUS CEREUS

Food poisoning caused by B cereus has two distinct forms, the
emetic type, which is associated with fried rice, and the diar-
rheal type, which is associated with meat dishes and sauces.
B cereus produces toxins that cause disease that is more an
intoxication than a foodborne infection. The emetic form is
manifested by nausea, vomiting, abdominal cramps, and occa-
sionally diarrhea and is self-limiting, with recovery occurring
within 24 hours. It begins 1-5 hours after ingestion of rice
and occasionally pasta dishes. B cereus is a soil organism that
commonly contaminates rice. When large amounts of rice
are cooked and allowed to cool slowly, the B cereus spores
germinate, and the vegetative cells produce the toxin during
log-phase growth or during sporulation. The diarrheal form
has an incubation period of 1-24 hours and is manifested by
profuse diarrhea with abdominal pain and cramps; fever and
vomiting are uncommon. The enterotoxin may be preformed
in the food or produced in the intestine. The presence of
B cereus in a patient’s stool is not sufficient to make a diagnosis
of B cereus disease because the bacteria may be present in nor-
mal stool specimens; a concentration of 10° bacteria or more
per gram of food is considered diagnostic.

B cereus is an important cause of eye infections, such
as severe keratitis, endophthalmitis, and panophthalmitis.
Typically, the organisms are introduced into the eye by for-
eign bodies associated with trauma. B cereus has also been
associated with localized infections and with systemic infec-
tions, including endocarditis, meningitis, osteomyelitis, and
pneumonia; the presence of a medical device or intravenous
drug use predisposes to these infections. B cereus is resistant
to a variety of antimicrobial agents, including penicillins and
cephalosporins. Serious non-foodborne infections should be
treated with vancomycin or clindamycin with or without an
aminoglycoside.

Other Bacillus species are rarely associated with human
disease. It is difficult to differentiate superficial contamina-
tion with Bacillus from genuine disease caused by the organ-
ism. Five Bacillus species (B thuringiensis, B popilliae [now
called Paenibacillus popilliae], B sphaericus, B larvae, and
B lentimorbus [Paenibacillus lentimorbus]) are pathogens
for insects, and some have been used as commercial insec-
ticides. Genes from B thuringiensis coding for insecticidal
compounds have been inserted into the genetic material of
some commercial plants. This has been associated with con-
cern on the part of environmental activists about genetically
engineered plants and food products.

Concept Checks

o Bacillus species constitute a large group of mostly sapro-
phytic, aerobic, spore-forming organisms ubiquitous in
soil.

o The major pathogen in the Bacillus genus is B anthracis,
a virulent and toxic organism of historical importance.

o Humans acquire infection from spores inoculated via
contact with animals or animal products, such as hides.

o Banthracis causes three categories of disease in humans
depending on the point of entry of the spores: cutaneous
(95%), inhalational (5%), and gastrointestinal (rare).

o DProtective antigen combines with two factors, edema
factor and lethal factor, to form potent toxins, edema
toxin and lethal toxin, respectively, both of which have
cytotoxic and immunomodulating effects. These toxins
are responsible for the edema, tissue destruction, and the
hemorrhage characteristic of anthrax.

o B cereus and B thuringiensis cause food poisoning
and opportunistic infections in immunocompromised
patients.

e B cereus can be differentiated from B anthracis on the
basis of colony morphology, 3-hemolysis, motility, and
antimicrobial susceptibility patterns.

CLOSTRIDIUM SPECIES

The clostridia are large anaerobic, gram-positive, motile rods.
Many decompose proteins or form toxins, and some do both.
Their natural habitat is the soil or the intestinal tract of ani-
mals and humans, where they live as saprophytes. Among the
pathogens are the organisms causing botulism, tetanus, gas
gangrene, and pseudomembranous colitis.

Morphology and Identification
A. Typical Organisms

Spores of clostridia are usually wider than the diameter of
the rods in which they are formed. In the various species,
the spore is placed centrally, subterminally, or terminally.
Most species of clostridia are motile and possess peritrichous
flagella. A Gram stain of a Clostridium species with terminal
spores is shown in Figure 11-2.

B. Culture

Clostridia are anaerobes and grow under anaerobic conditions;
a few species are aerotolerant and also grow in ambient air.
Anaerobic culture conditions are discussed in Chapter 21. In
general, the clostridia grow well on the blood-enriched media
or other media used to grow anaerobes.

C. Colony Forms

Some clostridia produce large raised colonies (eg, C perfringens);
others produce smaller colonies (eg, C tetani). Some clostridia
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FIGURE 11-2 Clostridium Gram stain. Individual gram-positive
bacilli are present. Many are in chains. Some of the bacilli have
spores, which are the unstained or clear ovoid shapes (arrows).

form colonies that spread on the agar surface. Many clos-
tridia produce a zone of B-hemolysis on blood agar. C perfrin-
gens characteristically produces a double zone of B-hemolysis
around colonies.

D. Growth Characteristics

Clostridia can ferment a variety of sugars; many can digest
proteins. These metabolic characteristics are used to divide
the Clostridia into groups, saccharolytic or proteolytic. Milk
is turned acid by some and digested by others and undergoes
“stormy fermentation” (ie, clot torn by gas) with a third group
(eg, C perfringens). Various enzymes are produced by differ-
ent species (see below).

E. Antigenic Characteristics

Clostridia share some antigens but also possess specific solu-
ble antigens that permit grouping by precipitin tests or other
assays.

CLOSTRIDIUM BOTULINUM

C botulinum, which causes botulism, is worldwide in distri-
bution; it is found in soil and occasionally in animal feces.
Types of C botulinum are distinguished by the antigenic
type of toxin they produce. Spores of the organism are highly
resistant to heat, withstanding 100°C for several hours. Heat
resistance is diminished at acid pH or high salt concentration.

Toxin

During the growth of C botulinum and during autolysis of
the bacteria, toxin is liberated into the environment. Seven
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antigenic varieties of toxin (A-G) are known. Types A, B, E,
and F are the principal causes of human illness. Types A and
B have been associated with a variety of foods and type E pre-
dominantly with fish products. Type C produces limberneck
in birds; type D causes botulism in mammals. Type G is
not associated with disease. The toxin is a 150,000-MW
(molecular weight) protein that is cleaved into 100,000-
MW and 50,000-MW proteins linked by a disulfide bond.
Botulinum toxin is absorbed from the gut and binds to
receptors of presynaptic membranes of motor neurons of the
peripheral nervous system and cranial nerves. Proteolysis—
by the light chain of botulinum toxin—of the target SNARE
proteins in the neurons inhibits the release of acetylcholine
at the synapse, resulting in lack of muscle contraction and
paralysis. The SNARE proteins are synaptobrevin, SNAP
25, and syntaxin. The toxins of C botulinum types A and E
cleave the 25,000-MW SNAP 25. Type B toxin cleaves syn-
aptobrevin. C botulinum toxins are among the most toxic
substances known: The lethal dose for a human is probably
about 1-2 pg/kg. The toxins are destroyed by heating for 20
minutes at 100°C. Rare strains of C butyricum and C baratii
have also been shown to produce botulinum neurotoxin and
cause botulism in humans. Strains that produce toxins A, B,
or F are associated with infant botulism.

Pathogenesis

Resurgence of wound botulism caused by types A or B
toxin has occurred recently in the United States, the United
Kingdom, and Germany in association with skin-popping
using contaminated “black tar” heroin. However, most cases
of botulism represent an intoxication resulting from the
ingestion of food in which C botulinum has grown and pro-
duced toxin. The most common offenders are spiced, smoked,
vacuum packed, or canned alkaline foods that are eaten with-
out cooking. In such foods, spores of C botulinum germinate;
that is, under anaerobic conditions, vegetative forms grow
and produce toxin.

In infant botulism, honey is the most frequent vehicle of
infection. The pathogenesis differs from the way that adults
acquire infection. The infant ingests the spores of C botuli-
num (or C butyricum or C baratii), and the spores germinate
within the intestinal tract. The vegetative cells produce toxin
as they multiply; the neurotoxin then gets absorbed into the
bloodstream.

The toxin acts by blocking release of acetylcholine at
synapses and neuromuscular junctions (see earlier discus-
sion). The result is flaccid paralysis. The electromyogram and
edrophonium strength test results are typical.

Clinical Findings

Symptoms begin 18-24 hours after ingestion of the toxic food,
with visual disturbances (incoordination of eye muscles,
double vision), inability to swallow, and speech difficulty;
signs of bulbar paralysis are progressive, and death occurs
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from respiratory paralysis or cardiac arrest. Gastrointestinal
symptoms are not regularly prominent. There is no fever. The
patient remains fully conscious until shortly before death. The
mortality rate is high. Patients who recover do not develop
antitoxin in the blood.

In the United States, infant botulism is as common as
or more common than the classic form of paralytic botulism
associated with the ingestion of toxin-contaminated food.
The infants in the first months of life develop poor feed-
ing, weakness, and signs of paralysis (floppy baby). Infant
botulism may be one of the causes of sudden infant death
syndrome. C botulinum and botulinum toxin are found in
feces but not in serum.

Diagnostic Laboratory Tests

Toxin can often be demonstrated in serum, gastric secretions,
or stool from the patient, and toxin may be found in leftover
food. Mice injected intraperitoneally with such specimens
from these patients die rapidly. The antigenic type of toxin
is identified by neutralization with specific antitoxin in mice.
This mouse bioassay is the test of choice for the confirmation
of botulism. C botulinum may be grown from food remains
and tested for toxin production, but this is rarely done and is
of questionable significance. In infant botulism, C botulinum
and toxin can be demonstrated in bowel contents but not in
serum. Other methods used to detect toxin include ELISAs
and PCR, but the latter may detect organisms that carry the
gene but do not express toxin.

Treatment

Potent antitoxins to three types of botulinum toxins have
been prepared in horses. Because the type responsible for
an individual case is usually not known, trivalent (A, B, E)
antitoxin must be promptly administered intravenously with
customary precautions. Adequate respiration must be main-
tained by mechanical ventilation if necessary. These mea-
sures have reduced the mortality rate from 65% to below 25%.
Although most infants with botulism recover with sup-
portive care alone, antitoxin therapy is recommended.

Epidemiology, Prevention, and Control

Because spores of C botulinum are widely distributed in soil,
they often contaminate vegetables, fruits, and other materi-
als. A large restaurant-based outbreak was associated with
sautéed onions. When such foods are canned or otherwise
preserved, they either must be sufficiently heated to ensure
destruction of spores or must be boiled for 20 minutes before
consumption. Strict regulation of commercial canning has
largely overcome the danger of widespread outbreaks, but
commercially prepared foods have caused deaths. A chief risk
factor for botulism lies in home-canned foods, particularly
string beans, corn, peppers, olives, peas, and smoked fish or
vacuum-packed fresh fish in plastic bags. Toxic foods may be

spoiled and rancid, and cans may “swell,” or the appearance
may be innocuous. The risk from home-canned foods can be
reduced if the food is boiled for more than 20 minutes before
consumption. Toxoids are used for active immunization of
cattle in South Africa.

Botulinum toxin is considered to be a major agent for
bioterrorism and biologic warfare (see Chapter 48).

CLOSTRIDIUM TETANI

C tetani, which causes tetanus, is worldwide in distribution
in the soil and in the feces of horses and other animals.
Several types of C tetani can be distinguished by specific
flagellar antigens. All share a common O (somatic) antigen,
which may be masked, and all produce the same antigenic
type of neurotoxin, tetanospasmin.

Toxin

The vegetative cells of C tetani produce the toxin tetanospas-
min (MW, 150,000) that is cleaved by a bacterial protease into
two peptides (MW, 50,000 and 100,000) linked by a disulfide
bond. The toxin initially binds to receptors on the pre-
synaptic membranes of motor neurons. It then migrates by
the retrograde axonal transport system to the cell bodies of
these neurons to the spinal cord and brainstem. The toxin
diffuses to terminals of inhibitory cells, including both gly-
cinergic interneurons and y-aminobutyric acid (GABA)-
secreting neurons from the brainstem. The toxin degrades
synaptobrevin, a protein required for docking of neurotrans-
mitter vesicles on the presynaptic membrane. Release of the
inhibitory glycine and GABA is blocked, and the motor neu-
rons are not inhibited. Hyperreflexia, muscle spasms, and
spastic paralysis result. Extremely small amounts of toxin can
be lethal for humans.

Pathogenesis

C tetani is not an invasive organism. The infection remains
strictly localized in the area of devitalized tissue (wound,
burn, injury, umbilical stump, surgical suture) into which
the spores have been introduced. The volume of infected
tissue is small, and the disease is almost entirely a toxemia.
Germination of the spore and development of vegetative
organisms that produce toxin are aided by (1) necrotic tissue,
(2) calcium salts, and (3) associated pyogenic infections, all of
which aid establishment of low oxidation-reduction potential.

The toxin released from vegetative cells reaches the
central nervous system and rapidly becomes fixed to recep-
tors in the spinal cord and brainstem and exerts the actions
described.

Clinical Findings
The incubation period may range from 4 to 5 days to as many
weeks. The disease is characterized by tonic contraction of
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voluntary muscles. Muscular spasms often involve first the
area of injury and infection and then the muscles of the jaw
(trismus, lockjaw), which contract so that the mouth can-
not be opened. Gradually, other voluntary muscles become
involved, resulting in tonic spasms. Any external stimulus
may precipitate a tetanic generalized muscle spasm. The
patient is fully conscious, and pain may be intense. Death
usually results from interference with the mechanics of res-

piration. The mortality rate in generalized tetanus is very
high.

Diagnosis

The diagnosis rests on the clinical picture and a history of
injury, although only 50% of patients with tetanus have an
injury for which they seek medical attention. The primary
differential diagnosis of tetanus is strychnine poisoning.
Anaerobic culture of tissues from contaminated wounds may
yield C tetani, but neither preventive nor therapeutic use of
antitoxin should ever be withheld pending such demonstra-
tion. Proof of isolation of C tetani must rest on production of
toxin and its neutralization by specific antitoxin.

Prevention and Treatment

The results of treatment of tetanus are not satisfactory.
Therefore, prevention is all important. Prevention of tetanus
depends on (1) active immunization with toxoids, (2) proper
care of wounds contaminated with soil (3) prophylactic use of
antitoxin, and (4) administration of penicillin.

The intramuscular administration of 250-500 units of
human antitoxin (tetanus immune globulin) gives adequate
systemic protection (0.01 unit or more per milliliter of serum)
for 2-4 weeks. It neutralizes the toxin that has not been fixed
to nervous tissue. Active immunization with tetanus toxoid
should accompany antitoxin prophylaxis.

Patients who develop symptoms of tetanus should
receive muscle relaxants, sedation, and assisted ventila-
tion. Sometimes they are given very large doses of antitoxin
(3000-10,000 units of tetanus immune globulin) intrave-
nously in an effort to neutralize toxin that has not yet been
bound to nervous tissue. However, the efficacy of antitoxin
for treatment is doubtful except in neonatal tetanus, in which
it may be lifesaving.

Surgical debridement is vitally important because it
removes the necrotic tissue that is essential for proliferation
of the organisms. Hyperbaric oxygen has no proven effect.

Penicillin strongly inhibits the growth of C tetani and
stops further toxin production. Antibiotics may also control
associated pyogenic infection.

When a previously immunized individual sustains a
potentially dangerous wound, an additional dose of toxoid
should be injected to restimulate antitoxin production. This
“recall” injection of toxoid may be accompanied by a dose of
antitoxin if the patient has not had current immunization or
boosters or if the history of immunization is unknown.
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Control

Tetanus is a totally preventable disease. Universal active immu-
nization with tetanus toxoid should be mandatory. Tetanus
toxoid is produced by detoxifying the toxin with formalin and
then concentrating it. Aluminum salt-adsorbed toxoids are
used. Three injections comprise the initial course of immu-
nization followed by another dose about 1 year later. Initial
immunization should be carried out in all children during the
first year of life. A “booster” injection of toxoid is given upon
entry into school. Thereafter, “boosters” can be spaced 10 years
apart to maintain serum levels of more than 0.01 unit antitoxin
per milliliter. In young children, tetanus toxoid is often com-
bined with diphtheria toxoid and acellular pertussis vaccine.

Control measures are not possible because of the wide
dissemination of the organism in the soil and the long
survival of its spores.

CLOSTRIDIA THAT PRODUCE
INVASIVE INFECTIONS

Many different toxin-producing clostridia (C perfringens and
related clostridia) (Figure 11-3) can produce invasive infec-
tion (including myonecrosis and gas gangrene) if introduced
into damaged tissue. About 30 species of clostridia may pro-
duce such an effect, but the most common in invasive disease
is C perfringens (90%). An enterotoxin of C perfringens is a
common cause of food poisoning.

Toxins

The invasive clostridia produce a large variety of toxins and
enzymes that result in a spreading infection. Many of these
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FIGURE 11-3 Gas gangrene bacilli. Clostridium perfringens
typically does not form spores when grown on laboratory media.
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toxins have lethal, necrotizing, and hemolytic properties.
In some cases, these are different properties of a single sub-
stance; in other instances, they are attributable to different
chemical entities. The o toxin of C perfringens type A is a
lecithinase, and its lethal action is proportionate to the rate
at which it splits lecithin (an important constituent of cell
membranes) to phosphorylcholine and diglyceride. The theta
toxin has similar hemolytic and necrotizing effects but is not
a lecithinase. DNase and hyaluronidase, a collagenase that
digests collagen of subcutaneous tissue and muscle, are also
produced.

Some strains of C perfringens produce a powerful entero-
toxin, especially when grown in meat dishes. When more
than 10°® vegetative cells are ingested and sporulate in the
gut, enterotoxin is formed. The enterotoxin is a protein (MW,
35,000) that may be a nonessential component of the spore
coat; it is distinct from other clostridial toxins. It induces
intense diarrhea in 7-30 hours. The action of C perfringens
enterotoxin involves marked hypersecretion in the jejunum
and ileum, with loss of fluids and electrolytes in diarrhea.
Much less frequent symptoms include nausea, vomiting,
and fever. This illness is similar to that produced by B cereus
and tends to be self-limited. Enterotoxin-producing strains
of C perfringens may also play a role in antibiotic associated
diarrhea.

Pathogenesis

In invasive clostridial infections, spores reach tissue either
by contamination of traumatized areas (soil, feces) or from
the intestinal tract. The spores germinate at low oxidation-
reduction potential; vegetative cells multiply, ferment carbo-
hydrates present in tissue, and produce gas. The distention
of tissue and interference with blood supply, together with
the secretion of necrotizing toxin and hyaluronidase, favor
the spread of infection. Tissue necrosis extends, providing
an opportunity for increased bacterial growth; hemolytic
anemia; and, ultimately, severe toxemia and death.

In gas gangrene (clostridial myonecrosis), a mixed
infection is the rule. In addition to the toxigenic clostridia,
proteolytic clostridia and various cocci and gram-negative
organisms are also usually present. C perfringens occurs
in the genital tracts of 5% of women. Before legalization
of abortion in the United States, clostridial uterine infec-
tions followed instrumented abortions. Clostridium sordel-
lii has many of the properties of C perfringens. C sordellii
has been reported to cause a toxic shock syndrome after
medical abortion with mifepristone and intravaginal
misoprostol. Endometrial infection with C sordellii is impli-
cated. Clostridial bacteremia, especially that caused by
C septicum, is a frequent occurrence in patients with neo-
plasms. In New Guinea, C perfringens type C produces a
necrotizing enteritis (pigbel) that can be highly fatal in chil-
dren. Immunization with type C toxoid appears to have pre-
ventive value.

Clinical Findings

From a contaminated wound (eg, a compound fracture,
postpartum uterus), the infection spreads in 1-3 days to
produce crepitation in the subcutaneous tissue and muscle,
foul-smelling discharge, rapidly progressing necrosis, fever,
hemolysis, toxemia, shock, and death. Treatment is with early
surgery (amputation) and antibiotic administration. Until
the advent of specific therapy, early amputation was the only
treatment. At times, the infection results only in anaerobic
fasciitis or cellulitis.

C perfringens food poisoning usually follows the inges-
tion of large numbers of clostridia that have grown in warmed
meat dishes. The toxin forms when the organisms sporu-
late in the gut, with the onset of diarrhea—usually without
vomiting or fever—in 7-30 hours. The illness lasts only
1-2 days.

Diagnostic Laboratory Tests

Specimens consist of material from wounds, pus, and tissue.
The presence of large gram-positive rods in Gram-stained
smears suggests gas gangrene clostridia; spores are not regu-
larly present.

Material is inoculated into chopped meat-glucose
medium and thioglycolate medium and onto blood agar
plates incubated anaerobically. The growth from one of the
media is transferred into milk. A clot torn by gas in 24 hours
is suggestive of C perfringens. After pure cultures have been
obtained by selecting colonies from anaerobically incubated
blood plates, they are identified by biochemical reactions
(various sugars in thioglycolate, action on milk), hemolysis,
and colony morphology. Lecithinase activity is evaluated by
the precipitate formed around colonies on egg yolk media.
Final identification rests on toxin production and neutral-
ization by specific antitoxin. C perfringens rarely produces
spores when cultured on agar in the laboratory.

Treatment

The most important aspect of treatment is prompt and exten-
sive surgical debridement of the involved area and excision
of all devitalized tissue, in which the organisms are prone to
grow. Administration of antimicrobial drugs, particularly
penicillin, is begun at the same time. Hyperbaric oxygen may
be of help in the medical management of clostridial tissue
infections. It is said to “detoxify” patients rapidly.

Antitoxins are available against the toxins of C per-
fringens, Clostridium novyi, Clostridium histolyticum, and
Clostridium septicum, usually in the form of concentrated
immune globulins. Polyvalent antitoxin (containing anti-
bodies to several toxins) has been used. Although such
antitoxin is sometimes administered to individuals with con-
taminated wounds containing much devitalized tissue, there
is no evidence for its efficacy. Food poisoning caused by C per-
fringens enterotoxin usually requires only symptomatic care.
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Prevention and Control

Early and adequate cleansing of contaminated wounds and
surgical debridement, together with the administration of
antimicrobial drugs directed against clostridia (eg, penicillin),
are the best available preventive measures. Antitoxins should
not be relied on. Although toxoids for active immunization
have been prepared, they have not come into practical use.

CLOSTRIDIUM DIFFICILE AND
DIARRHEAL DISEASE

Pseudomembranous Colitis

Pseudomembranous colitis is diagnosed by detection of one
or both C difficile toxins in stool and by endoscopic observa-
tion of pseudomembranes or microabscesses in patients who
have diarrhea and have been given antibiotics. Plaques and
microabscesses may be localized to one area of the bowel.
The diarrhea may be watery or bloody, and the patient fre-
quently has associated abdominal cramps, leukocytosis, and
fever. Although many antibiotics have been associated with
pseudomembranous colitis, the most common are ampicil-
lin and clindamycin and more recently, the fluoroquinolones.
The disease is treated by discontinuing administration of the
offending antibiotic and orally giving either metronidazole or
vancomycin.

Administration of antibiotics results in proliferation of
drug-resistant C difficile that produces two toxins. Toxin A,
a potent enterotoxin that also has some cytotoxic activity,
binds to the brush border membranes of the gut at receptor
sites. Toxin B is a potent cytotoxin. Both toxins are usually
found in the stools of patients with pseudomembranous coli-
tis. However, toxin A-negative, toxin B-positive infections
have been described. Not all strains of C difficile produce the
toxins, and the toxin genes are found on a large, chromo-
somal pathogenicity island along with three other genes that
regulate toxin expression.

Antibiotic-Associated Diarrhea

The administration of antibiotics frequently leads to a mild
to moderate form of diarrhea, termed antibiotic-associ-
ated diarrhea. This disease is generally less severe than the
classic form of pseudomembranous colitis. As many as 25%
of cases of antibiotic-associated diarrhea are caused by C dif-
ficile infection. Other Clostridium species such as C. perfrin-
gens and C. sordelli have also been implicated. The latter two
species are not associated with pseudomembranous colitis.

Concept Checks

o Clostridium species are large, spore-forming anaerobic
gram positive rods that are found in the environment
and in the gastrointestinal tracts of a large number of
animals and humans.

Spore-Forming Gram-Positive Bacilli: Bacillus and Clostridium Species 183

o The clostridia are categorized by their ability to ferment
carbohydrates and to digest proteins.

«  Toxins produced by pathogenic clostridia are responsible
for a variety of serious diseases that include botulism,
tetanus, and gas gangrene.

o C botulinum produces botulinum toxin, one of the
most potent neurotoxins on the planet, responsible for
botulism, a disease characterized by flaccid paralysis.

o C tetani also produces a neurotoxin, tetanospasmin,
that blocks release of inhibitory neurotransmitters
resulting in tetanus, a disease characterized by spastic
paralysis.

o Other Clostridium species cause invasive wound infec-
tions (gangrene), septicemia, antibiotic-associated diar-
rhea, and food poisoning depending on the epidemio-
logic circumstances and the types of enzymes or toxins
elaborated.

REVIEW QUESTIONS

1. A housewife who lives on a small farm is brought to the emer-
gency department complaining of double vision and difficulty
talking. Within the past 2 hours, she noted a dry mouth and
generalized weakness. Last night she served home-canned
green beans as part of the meal. She tasted the beans before
they were boiled. None of the other family members are ill. On
examination, there is symmetrical descending paralysis of the
cranial nerves, upper extremities, and trunk. The correct diag-
nosis is which one of the following?

(A) Tetanus

(B) Strychnine poisoning
(C) Botulism

(D) Morphine overdose
(E) Ricin intoxication

2. Which one of the following is an important virulence factor of
Bacillus anthracis?

(A) Protective antigen
(B) Lipopolysaccharide
(©) Pili
(D) A toxin that inhibits peptide chain elongation factor EF-2
(E) Lecithinase

3. A young man sustains major soft tissue injury and open frac-
tures of his right leg after a motorcycle accident. One day later,
he has a temperature of 38°C, increased heart rate, sweating,
and restlessness. On examination, the leg is swollen and tense,
with thin, dark serous fluid draining from the wounds. The
skin of the leg is cool, pale, white, and shining. Crepitus can be
felt in the leg. His hematocrit is 20% (~50% of normal), and
his circulating hemoglobin is normal. His serum shows free
hemoglobin. Which of the following microorganisms is the
most likely cause of this infection?
(A) Clostridium tetani
(B) Staphylococcus aureus
(C) Escherichia coli
(D) Bacillus anthracis
(E) Clostridium perfringens
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. For the patient described in Question 3, which of the following

is likely to be responsible for the hemolysis?
(A) EF

(B) Tetanospasmin

(C) Lecithinase

(D) Streptolysin O

(E) Toxin B

. The reported incubation period for inhalational anthrax can be

up to

(A) 2 days
(B) 10 days
(C) 3 weeks
(D) 6 weeks
(E) 6 months

. A food commonly associated with Bacillus cereus food

poisoning is

(A) Fried rice

(B) Baked potato

(C) Hot freshly steamed rice
(D) Green beans

(E) Honey

. Tetanus toxin (tetanospasmin) diffuses to terminals of inhibi-

tory cells in the spinal cord and brainstem and blocks which of
the following?

(A) Release of acetylcholine

(B) Cleavage of SNARE proteins

(C) Release of inhibitory glycine and y-aminobutyric acid

(D) Release of PA

(E) Activation of acetylcholine esterase

. A 45-year-old man who immigrated to the United States 5 years

ago sustained a puncture injury to the lower part of his right leg
when his rotary lawn mower threw a small stick into his leg. Six
days later, he noticed spasms in the muscles of his right leg; on
day 7, the spasms increased. Today—day 8—he had generalized
muscle spasms, particularly noticeable in the muscles of his
jaw. He was unable to open his jaw and came to the emergency
department (ED). In the ED, you see a man who is alert and
lying quietly in bed. A door slams down the hall, and suddenly
he has general muscle spasm with arching of his back. The
correct diagnosis is which of the following?

(A) Botulism

(B) Anthrax

(C) Gas gangrene

(D) Tetanus

(E) Toxic shock syndrome

. Which of the following statements about tetanus and tetanus

toxoid is correct?

(A) Tetanus toxin kills neurons.

(B) Tetanus toxoid immunization has a 10% failure rate.

(C) The mortality rate of generalized tetanus is less than 1%.
(D) Double vision is commonly the first sign of tetanus.

(E) Tetanus toxin acts on inhibitor interneuron synapses.

A 67-year-old man had surgery for a ruptured sigmoid colon
diverticulum with an abscess. A repair was done, and the
abscess was drained. He was treated with intravenous gen-
tamicin and ampicillin. Ten days later and 4 days after being
discharged from the hospital, the patient developed malaise,
fever, and cramping abdominal pain. He had multiple episodes
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14.

15.

of diarrhea. His stool was positive for occult blood and the
presence of polymorphonuclear cells. On sigmoidoscopy, the
mucosa was erythematous and appeared to be inflamed, and
there were many raised white to yellowish plaques 4-8 mm
in diameter. Which of the following is the likely cause of the
patient’s problem?

(A) Staphylococcus aureus enterotoxin

(B) Bacillus cereus toxin

(C) Clostridium difficile toxins

(D) Clostridium perfringens toxin

(E) Enterohemorrhagic Escherichia coli

Infant botulinum has been associated with all of the following
Clostridium species except:

(A) Clostridium baratii

(B) Clostridium septicum

(C) Clostridium butyricum

(D) Clostridium botulinum

Which of the following food items is most frequently associated
with infant botulism?

(A) Corn syrup

(B) Canned infant formula

(C) Liquid multivitamins

(D) Honey

(E) Jarred baby food

All of the following are properties characteristic of Bacillus
anthracis EXCEPT

(A) Motility on wet mount examination

(B) Medusa head colonies

(C) Poly-d-glutamic acid capsule

(D) Invitro susceptibility to penicillin

(E) Absence of hemolysis on 5% sheep blood agar

Which of the following statements regarding vaccination for
Bacillus anthracis is correct?

(A) It is routinely available for all citizens of the United States.

(B) Recombinant vaccine trials have shown good safety and
efficacy.

(C) The current vaccine is well tolerated.

(D) A single dose is adequate after exposure to spores.

(E) Vaccination of animals is not useful.

All of the following statements regarding Clostridium perfrin-

gens are correct EXCEPT

(A) It produces an enterotoxin.

(B) It produces a double zone of 3-hemolysis when grown on
blood agar.

(C) Some strains are aerotolerant.

(D) It is the most common cause of antibiotic-associated
diarrhea.

(E) Itcan cause intravascular hemolysis.

Answers

1.C
2.A
3.E
4.C

5.D
6. A
7.C
8.D

9.E
10.C
11.B
12.D

13.A
14.B
15.D
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Aerobic Non-Spore-Forming
Gram-Positive Bacilli:
Corynebacterium, Listeria,
Erysipelothrix, Actinomycetes,

CHAUPTER

and Related Pathogens

The non-spore-forming gram-positive bacilli are a diverse
group of aerobic and anaerobic bacteria. This chapter focuses
on the aerobic members of this group. The anaerobic, non-
spore-forming gram-positive bacilli such as Propionibacte-
rium species and Actinomyces species are discussed in
Chapter 21 on anaerobic infections. Specific genera of
both groups, namely Corynebacterium species and Propi-
onibacterium species, are members of the normal flora of
skin and mucous membranes of humans and, as such, are
frequently contaminants of clinical specimens submit-
ted for diagnostic evaluation. However, among the aerobic
Actinomycetes are significant pathogens such as Coryne-
bacterium diphtheriae, an organism that produces a pow-
erful exotoxin that causes diphtheria in humans, and
Mpycobacterium tuberculosis, the causative agent of tubercu-
losis. Listeria monocytogenes and Erysipelothrix rhusiopath-
iae are primarily found in animals and occasionally cause
severe disease in humans. Nocardia species and Gordonia
and Tsukamurella are emerging pathogens among immuno-
compromised patients.

Corynebacterium species and related bacteria tend to be
clubbed or irregularly shaped; although not all isolates have
the irregular shapes, the terms coryneform or diphtheroid
bacteria are convenient ones for denoting this broad group.
These bacteria have a high guanosine plus cytosine content
and include the genera Corynebacterium, Arcanobacterium,
Brevibacterium, Mycobacterium, and others (Table 12-1).
Actinomyces and Propionibacterium are classified as anaer-
obes, but some isolates grow well aerobically (aerotolerant)
and must be differentiated from the aerobic coryneform bac-
teria. Other non-spore-forming gram-positive bacilli have
more regular shapes and a lower guanosine plus cytosine
content. The genera include Listeria and Erysipelothrix; these
bacteria are more closely related to the anaerobic Lactobacillus
species, which sometimes grow well in air, to the spore-
forming Bacillus and Clostridium species—and to the
gram-positive cocci of the Staphylococcus and Streptococcus
species—than they are to the coryneform bacteria. The medi-
cally important genera of gram-positive bacilli are listed in

Table 12-1 and include some spore-forming and anaerobic
genera. Anaerobic bacteria are discussed in Chapter 21.

There is no unifying method for identification of the
gram-positive bacilli. Few laboratories are equipped to mea-
sure guanosine plus cytosine content. Growth only under
anaerobic conditions implies that the isolate is an anaer-
obe, but many isolates of Lactobacillus, Actinomyces, and
Propionibacterium species and others are aerotolerant.
Most isolates of Mycobacterium species, Nocardia and
Rhodococcus  species, Gordonia and Tsukamurella are
acid fast and therefore readily distinguished from the coryne-
form bacteria. Many, but not all, genera of Bacillus and
Clostridium produce spores, and the presence of spores read-
ily distinguishes the isolate from the coryneform bacteria
when present; however, Clostridium perfringens and other
filamentous clostridia generally do not produce spores
on laboratory media. Determination that an isolate is a
Lactobacillus (or Propionibacterium) may require gas-liquid
chromatography to measure lactic acid (or propionic acid)
metabolic products, but this is generally not practical. Other
tests that are used to help identify an isolate of non-spore-
forming gram-positive bacilli as a member of a genus or
species include catalase production, indole production,
nitrate reduction, and fermentation of carbohydrates, among
others. Many clinical laboratories have developed sequenc-
ing technologies targeting the 16S rRNA gene or other
gene targets for identification of many of these organisms,
but especially for Mycobacterium and Nocardia species
recovered from clinical specimens. A relatively new tech-
nology recently introduced into microbiology laboratories
involves the use of matrix-assisted laser desorption ioniza-
tion-time of flight mass spectroscopy (MALDI-TOF MS) that
allows for assessment of ribosomal proteins whose spectral
patterns are unique enough to identify organisms to the
species level. This technology works well for anaerobic bac-
teria and other organisms, although less data are avail-
able on the more complex aerobic Actinomycetes such as
Mpycobacterium species. This technology is discussed in more
detail in Chapter 47.
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TABLE 12-1 Some of the More Common
Gram-Positive Bacilli of Medical Importance

Aerobic Gram-Positive Bacilli
With Lower G + C Content and
More Regular Shape

Aerobic Gram-Positive Bacilli
With High G + C Content and
Irregular Shape®

Genera Genera
Common Common
Corynebacterium Listeria
Uncommon Erysipelothrix
Arcanobacterium Gardnerella
Rothia Aerotolerant anaerobes/
Acid fast positive strict anaerobes
Rhodococcus Lactobacillus
Nocardia Clostridium (spore
Tsukamurella forming) (see Chapter 11)
Gordonia Aerobes
Many other genera of skin Bacillus (spore forming)
and environmental flora (see Chapter 11)
Aerotolerant anaerobes
Actinomyces (see Chapter 21)
Propionibacterium
(see Chapter 21)
Major pathogen: Major pathogens

Corynebacterium diphtheriae
Common or clinically important
isolates of the genus
Corynebacterium
Corynebacterium amycolatum
Corynebacterium
minutissimum
Corynebacterium jeikeium
Corynebacterium
pseudodiphtheriticum
Corynebacterium striatum
Corynebacterium urealyticum
Corynebacterium xerosis
Most frequently recovered
Nocardia species from
human clinical material
Nocardia abscessus
Nocardia brasiliensis
Nocardia cyriacigeorgica
Nocardia farcinica
Nocardia nova
Nocardia otitidiscaviarum
Nocardia paucivorans
Nocardia pseudobrasiliensis
Nocardia transvalensis
Nocardia veterana

Listeria monocytogenes
Erysipelothrix rhusiopathiae

“The medically important coryneform bacteria. G + C = guanine plus cytosine
base.

CORYNEBACTERIUM DIPHTHERIAE
Morphology and Identification

Corynebacteria are 0.5-1 um in diameter and several
micrometers long. Characteristically, they possess irregu-
lar swellings at one end that give them the “club-shaped”
appearance (Figure 12-1). Irregularly distributed within the
rod (often near the poles) are granules staining deeply with
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FIGURE 12-1 Corynebacterium diphtheriae from Pai medium
stained with methylene blue. Typically, they are 0.5-1 x 3-4 um. Some
of the bacteria have clubbed ends (original magnification x1000).

aniline dyes (metachromatic granules) that give the rod a
beaded appearance. Individual corynebacteria in stained
smears tend to lie parallel or at acute angles to one another.
True branching is rarely observed in cultures.

On blood agar, the C diphtheriae colonies are small,
granular, and gray with irregular edges and may have small
zones of hemolysis. On agar containing potassium tellurite,
the colonies are brown to black with a brown-black halo
because the tellurite is reduced intracellularly (staphylococci
and streptococci can also produce black colonies). Four bio-
types of C diphtheriae have been widely recognized: gravis,
mitis, intermedius, and belfanti. These variants have been
classified on the basis of growth characteristics such as colony
morphology, biochemical reactions, and severity of disease
produced by infection. Very few reference laboratories are
equipped with methods to provide reliable biotype character-
ization. The incidence of diphtheria has greatly decreased and
the association of severity of disease with biovar is no longer
important to clinical or public health management of cases
or outbreaks. If necessary, in the setting of an outbreak,
immunochemical and molecular methods can be used to
type the C diphtheriae isolates.

C diphtheriae and other corynebacteria grow aerobi-
cally on most ordinary laboratory media. On Loeffler serum
medium, corynebacteria grow much more readily than other
respiratory organisms, and the morphology of organisms is
typical in smears made from these colonies.

Corynebacteria tend to pleomorphism in micro-
scopic and colonial morphology. When some nontoxigenic
diphtheria organisms are infected with bacteriophage from
certain toxigenic diphtheria bacilli, the offspring of the
exposed bacteria are lysogenic and toxigenic, and this trait
is subsequently hereditary. When toxigenic diphtheria bacilli
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are serially subcultured in specific antiserum against the
temperate phage that they carry, they tend to become non-
toxigenic. Thus, acquisition of phage leads to toxigenicity
(lysogenic conversion). The actual production of toxin occurs
perhaps only when the prophage of the lysogenic C diphthe-
riae becomes induced and lyses the cell. Whereas toxigenic-
ity is under control of the phage gene, invasiveness is under
control of bacterial genes.

Pathogenesis

The principal human pathogen of the genus Corynebacterium
is C diphtheriae, the causative agent of respiratory or cutane-
ous diphtheria. In nature, C diphtheriae occurs in the respi-
ratory tract, in wounds, or on the skin of infected persons or
normal carriers. It is spread by droplets or by contact to sus-
ceptible individuals; the bacilli then grow on mucous mem-
branes or in skin abrasions, and those that are toxigenic start
producing toxin.

All toxigenic C diphtheriae are capable of elaborating
the same disease-producing exotoxin. In vitro production
of this toxin depends largely on the concentration of iron.
Toxin production is optimal at 0.14 ug of iron per milliliter
of medium but is virtually suppressed at 0.5 pg/mL. Other
factors influencing the yield of toxin in vitro are osmotic
pressure, amino acid concentration, pH, and availability of
suitable carbon and nitrogen sources. The factors that control
toxin production in vivo are not well understood.

Diphtheria toxin is a heat-labile polypeptide (molecular
weight [MW], 62,000) that can be lethal in a dose of 0.1 pug/kg.
If disulfide bonds are broken, the molecule can be split into two
fragments. Fragment B (MW, 38,000), which has no indepen-
dent activity, is functionally divided into a receptor domain and
a translocation domain. The binding of the receptor domain
to host cell membrane proteins CD-9 and heparin-binding
epidermal growth factor (HB-EGF), triggers the entry of the
toxin into the cell through receptor-mediated endocytosis.
Acidification of the translocation domain within a develop-
ing endosome leads to creation of a protein channel that facili-
tates movement of Fragment A into the host cell cytoplasm.
Fragment A inhibits polypeptide chain elongation—provided
nicotinamide adenine dinucleotide (NAD) is present—by inac-
tivating the elongation factor EF-2. This factor is required for
translocation of polypeptidyl-transfer RNA from the acceptor
to the donor site on the eukaryotic ribosome. Toxin fragment
A inactivates EF-2 by catalyzing a reaction that yields free
nicotinamide plus an inactive adenosine diphosphate-ribose-
EF-2 complex (ADP-ribosylation). It is assumed that the abrupt
arrest of protein synthesis is responsible for the necrotizing and
neurotoxic effects of diphtheria toxin. An exotoxin with a simi-
lar mode of action can be produced by strains of Pseudomonas
aeruginosa.

Pathology

Diphtheria toxin is absorbed into the mucous membranes
and causes destruction of epithelium and a superficial
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inflammatory response. The necrotic epithelium becomes
embedded in exuding fibrin and red and white cells, so that
a grayish “pseudomembrane” is formed—commonly over
the tonsils, pharynx, or larynx. Any attempt to remove the
pseudomembrane exposes and tears the capillaries and thus
results in bleeding. The regional lymph nodes in the neck
enlarge, and there may be marked edema of the entire neck,
with distortion of the airway, often referred to as “bull neck”
clinically. The diphtheria bacilli within the membrane con-
tinue to produce toxin actively. This is absorbed and results
in distant toxic damage, particularly parenchymatous
degeneration, fatty infiltration, and necrosis in heart muscle
(myocarditis), liver, kidneys (tubular necrosis), and adre-
nal glands, sometimes accompanied by gross hemorrhage.
The toxin also produces nerve damage (demyelination),
often resulting in paralysis of the soft palate, eye muscles, or
extremities.

Wound or skin diphtheria occurs chiefly in the tropics,
although cases have also been described in temperate climates
among alcoholic, homeless individuals and other impover-
ished groups. A membrane may form on an infected wound
that fails to heal. However, absorption of toxin is usually slight
and the systemic effects negligible. The small amount of toxin
that is absorbed during skin infection promotes development
of antitoxin antibodies. The “virulence” of diphtheria bacilli is
attributable to their capacity for establishing infection, grow-
ing rapidly, and then quickly elaborating toxin that is effec-
tively absorbed. C diphtheriae does not need to be toxigenic to
establish localized infection—in the nasopharynx or skin, for
example—but nontoxigenic strains do not yield the localized
or systemic toxic effects. C diphtheriae does not actively invade
deep tissues and practically never enters the bloodstream,
although rare cases of endocarditis have been described.

Clinical Findings
When diphtheritic inflammation begins in the respira-
tory tract, sore throat and low-grade fever usually develop.
Prostration and dyspnea soon follow because of the obstruc-
tion caused by the membrane. This obstruction may even
cause suffocation if not promptly relieved by intubation or
tracheostomy. Irregularities of cardiac rhythm indicate dam-
age to the heart. Later there may be difficulties with vision,
speech, swallowing, or movement of the arms or legs. All of
these manifestations tend to subside spontaneously.

In general, var gravis tends to produce more severe
disease than var mitis, but similar illness can be produced by
all types.

Diagnostic Laboratory Tests

These serve to confirm the clinical impression and are of
epidemiologic significance. Note: Specific treatment must
never be delayed for laboratory reports if the clinical picture
is strongly suggestive of diphtheria. Physicians should notify
the clinical laboratory before collecting or submitting sam-
ples for culture.
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Dacron swabs from the nose, throat, or other suspected
lesions must be obtained before antimicrobial drugs are
administered. Swabs should be collected from beneath any
visible membrane. The swab should then be placed in semi-
solid transport media such as Amies. Smears stained with
alkaline methylene blue or Gram stain show beaded rods in
typical arrangement.

Specimens should be inoculated to a blood agar plate (to
rule out hemolytic streptococci), and a selective medium such
as a tellurite plate (eg, cystine-tellurite blood agar (CTBA) or
modified Tinsdale’s medium) and incubated at 37°C in 5% CO,.
Plates should be examined in 18-24 hours. In 36-48 hours,
the colonies on tellurite medium are sufficiently definite for
recognition of C diphtheriae. On cystine tellurite agar, the
colonies are black with a brown halo.

A presumptive C diphtheriae isolate should be subjected
to testing for toxigenicity. Such tests are performed only
in reference public health laboratories. There are several
methods, as follows:

1. A filter paper disk containing antitoxin (10 IU/disk) is
placed on an agar plate. The cultures to be tested (at least
10 colonies should be chosen) for toxigenicity are spot
inoculated 7-9 mm away from the disk. After 48 hours of
incubation, the antitoxin diffusing from the paper disk
has precipitated the toxin diffusing from toxigenic cul-
tures and has resulted in precipitin bands between the
disk and the bacterial growth. This is the modified Elek
method described by the World Health Organization
Diphtheria Reference Unit.

2. Polymerase chain reaction (PCR)-based methods have
been described for detection of the diphtheria toxin gene
(tox). PCR assays for tox can also be used directly on
patient specimens before culture results are available. A
positive culture result confirms a positive PCR assay. A
negative culture result after antibiotic therapy along with
a positive PCR assay result suggests that the patient prob-
ably has diphtheria.

3. Enzyme-linked immunosorbent assays can be used
to detect diphtheria toxin from clinical C diphtheriae
isolates.

4. An immunochromographic strip assay allows detection
of diphtheria toxin in a matter of hours. This assay is
highly sensitive.

The latter two assays are not widely available.

Resistance and Immunity

Because diphtheria is principally the result of the action of
the toxin formed by the organism rather than invasion by the
organism, resistance to the disease depends largely on the
availability of specific neutralizing antitoxin in the blood-
stream and tissues. It is generally true that diphtheria occurs
only in persons who possess no antitoxin (or less than
0.01 Lf unit/mL). Assessment of immunity to diphtheria

toxin for individual patients can best be made by review of
documented diphtheria toxoid immunizations and primary
or booster immunization if needed.

Treatment

The treatment of diphtheria rests largely on rapid suppression
of toxin-producing bacteria by antimicrobial drugs and the
early administration of specific antitoxin against the toxin
formed by the organisms at their site of entry and multipli-
cation. Diphtheria antitoxin is produced in various animals
(horses, sheep, goats, and rabbits) by the repeated injection
of purified and concentrated toxoid. Treatment with anti-
toxin is mandatory when there is strong clinical suspicion of
diphtheria. From 20,000 to 120,000 units are injected intra-
muscularly or intravenously depending on the duration of
symptoms and severity of illness after suitable precautions
have been taken (skin test) to rule out hypersensitivity to the
animal serum. The antitoxin should be given intravenously
on the day the clinical diagnosis of diphtheria is made and
need not be repeated. Intramuscular injection may be used
in mild cases.

Antimicrobial drugs (penicillin, erythromycin) inhibit
the growth of diphtheria bacilli. Although these drugs have
virtually no effect on the disease process, they arrest toxin
production. They also help to eliminate coexistent strepto-
cocciand C diphtheriae from the respiratory tracts of patients
or carriers.

Epidemiology, Prevention, and Control

Before artificial immunization, diphtheria was mainly a dis-
ease of small children. The infection occurred either clinically
or subclinically at an early age and resulted in the widespread
production of antitoxin in the population. An asymptom-
atic infection during adolescence and adult life served as a
stimulus for maintenance of high antitoxin levels. Thus, most
members of the population, except children, were immune.

By age 6-8 years, approximately 75% of children in devel-
oping countries where skin infections with C diphtheriae are
common have protective serum antitoxin levels. Absorption
of small amounts of diphtheria toxin from the skin infection
presumably provides the antigenic stimulus for the immune
response; the amount of absorbed toxin does not produce
disease.

Active immunization in childhood with diphtheria
toxoid yields antitoxin levels that are generally adequate until
adulthood. Young adults should be given boosters of tox-
oid because toxigenic diphtheria bacilli are not sufficiently
prevalent in the population of many developed countries to
provide the stimulus of subclinical infection with stimulation
of resistance. Levels of antitoxin decline with time, and many
older persons have insufficient amounts of circulating anti-
toxin to protect them against diphtheria.

The principal aims of prevention are to limit the distri-
bution of toxigenic diphtheria bacilli in the population and to
maintain as high a level of active immunization as possible.
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To limit contact with diphtheria bacilli to a minimum,
patients with diphtheria should be isolated. Without treat-
ment, a large percentage of infected persons continue to shed
diphtheria bacilli for weeks or months after recovery (conva-
lescent carriers). This danger may be greatly reduced by active
early treatment with antibiotics.

A filtrate of broth culture of a toxigenic strain is treated
with 0.3% formalin and incubated at 37°C until toxicity has
disappeared. This fluid toxoid is purified and standardized in
flocculating units (Lf doses). Fluid toxoids prepared as above
are adsorbed onto aluminum hydroxide or aluminum phos-
phate. This material remains longer in a depot after injection
and is a better antigen. Such toxoids are commonly com-
bined with tetanus toxoid (Td) and sometimes with pertus-
sis vaccine (DPT or DaPT) as a single injection to be used
in initial immunization of children. For booster injection of
adults, only Td toxoids or Td toxoids combined with acellular
pertussis vaccine (Tdap) (for a one-time injection for those
individuals who received whole-cell pertussis vaccine as
children) are used; these combine a full dose of tetanus
toxoid with a 10-fold smaller dose of diphtheria toxoid to
diminish the likelihood of adverse reactions.

All children must receive an initial course of immuni-
zations and boosters. Regular boosters with Td are particu-
larly important for adults who travel to developing countries,
where the incidence of clinical diphtheria may be 1000-fold
higher than in developed countries, where immunization is
universal.

OTHER CORYNEFORM BACTERIA

Many other Corynebacterium species have been associated
with disease in humans. The coryneform bacteria are clas-
sified as nonlipophilic or lipophilic depending on enhance-
ment of growth by addition of lipid to the growth medium.
The lipophilic corynebacteria grow slowly on sheep blood
agar, producing colonies smaller than 0.5 mm in diameter
after 24 hours of incubation. Additional key reactions for
the classification of the coryneform bacteria include but are
not limited to the following tests: fermentative or oxidative
metabolism, catalase production, motility, nitrate reduction,
urease production, and esculin hydrolysis. Corynebacterium
species are typically nonmotile and catalase positive. The
coryneform bacteria are normal inhabitants of the mucous
membranes of the skin, respiratory tract, urinary tract, and
conjunctiva.

Nonlipophilic Corynebacteria

The group of nonlipophilic corynebacteria includes mul-
tiple species that can be further differentiated on the basis
of fermentative or oxidative metabolism. Corynebacterium
ulcerans and Corynebacterium pseudotuberculosis are closely
related to C diphtheriae and may carry the diphtheria tfox
gene. Whereas the toxigenic C ulcerans can cause disease
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similar to clinical diphtheria, C pseudotuberculosis rarely
causes disease in humans. Other species in the nonlipo-
philic fermentative group include Corynebacterium xerosis,
Corynebacterium striatum, Corynebacterium minutissimum,
and Corynebacterium amycolatum. These are among the
most commonly isolated coryneform bacteria from clinical
material. Many isolates previously identified as C xerosis may
have been misidentified and were really C amycolatum. There
are few well-documented cases of disease caused by C minu-
tissimum, although the organism is frequently isolated from
clinical specimens. Historically, C xerosis and C striatum
have caused a variety of infections in humans. C striatum has
been associated with hospital-acquired respiratory tract and
other infections.

Three nonfermentative corynebacteria are most fre-
quently associated with clinical infections. Corynebacterium
auris has been associated with ear infections in children, and
Corynebacterium pseudodiphtheriticum has been associated
with respiratory tract infections. Corynebacterium gluc-
uronolyticum is often urease positive and is a urinary tract
pathogen.

Lipophilic Corynebacteria

Corynebacterium jeikeium is one of the coryneform bacteria
most commonly isolated from acutely ill patients. It can cause
disease in immunocompromised patients and is impor-
tant because it produces infections, including bacteremia,
that have a high mortality rate and because it is resistant to
many commonly used antimicrobial drugs. Corynebacterium
urealyticum is a slowly growing species that is multiply resis-
tant to antibiotics. As its name implies, it is urease positive. It
has been associated with acute or chronic encrusted urinary
tract infections manifested by alkaline urine pH and crystal
formation.

Other Coryneform Genera

There are many other genera and species of coryneform bac-
teria. Arcanobacterium haemolyticum produces B-hemolysis
on blood agar. It is occasionally associated with pharyngitis
and can grow in media selective for streptococci. A haemo-
Iyticum is catalase-negative, similar to group A streptococci,
and must be differentiated by Gram stain morphology
(rods vs. cocci) and biochemical characteristics. Most of the
coryneform bacteria in the other genera are infrequent causes
of disease and are not commonly identified in the clinical
laboratory.

Rothia dentocariosa is a gram-positive rod that forms
branching filaments. It has been associated with abscesses
and endocarditis, presumably after entry into the blood
from the mouth. The gram-positive coccus, Stomatococcus
mucilaginosus has been moved to the genus Rothia (Rothia
mucilaginosa). It is a common inhabitant of the oral cavity
and has been associated with bacteremia in compromised
hosts and endocarditis in intravenous drug users.
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Concept Checks:

o The group of aerobic gram-positive bacilli incorporates a
large number of species that range from normal micro-
biota to virulent pathogens.

o The genus Corynebacterium includes the pathogenic
organism C diphtheriae, which causes disease through
elaboration of a potent exotoxin, diphtheria toxin, that
inhibits protein synthesis.

o Diphtheria toxin is encoded on a lysogenic bacteriophage
and is responsible for both the local (usually membra-
nous pharyngitis) and systemic manifestations of dis-
ease, such as myocarditis and renal failure.

o In developed countries, diphtheria is rare as it is pre-
vented by sustained primary and booster vaccination
programs.

LISTERIA MONOCYTOGENES

There are several species in the genus Listeria. Of these,
L monocytogenes is important as a cause of a wide spectrum
of disease in animals and humans. L monocytogenes is capa-
ble of growing and surviving over a wide range of environ-
mental conditions. It can survive at refrigerator temperatures
(4°C), under conditions of low pH and high salt conditions.
Therefore, it is able to overcome food preservation and safety
barriers, making it an important foodborne pathogen. Recent
data from the Centers for Disease Control and Prevention
indicate that foodborne listeriosis is declining. However,
one of the largest and most deadly outbreaks of listeriosis in
the United States (84 cases across 19 states and >15 deaths)
has been recently traced to contaminated cantaloupe from a
packaging plant in Colorado. This outbreak emphasizes the
ubiquitous nature of this organism and its ability to easily
contaminate a variety of foods during any stage of the food
handling process.

Morphology and Identification

L monocytogenes is a short, gram-positive, non-spore-
forming rod (Figure 12-2). It is catalase positive and has a
tumbling end-over-end motility at 22-28°C but not at 37°C;
the motility test rapidly differentiates Listeria from diphthe-
roids that are members of the normal microbiota of the skin.

Culture and Growth Characteristics

Listeria grows well on media such as 5% sheep blood agar on
which it exhibits the characteristic small zone of hemolysis
around and under colonies. The organism is a facultative
anaerobe and is catalase positive, esculin hydrolysis positive,
and motile. Listeria produces acid but not gas from utiliza-
tion of a variety of carbohydrates.

The motility at room temperature and hemolysin pro-
duction are primary findings that help differentiate Listeria
from coryneform bacteria.

FIGURE 12-2 Gram stain of the gram-positive bacillus Listeria
monocytogenes in a blood culture. Original magnification x1000. Red
blood cells are present in the background. Listeria organisms isolated
from clinical specimens frequently show variation in length and
often in shape as well. Typically, they are 0.4-0.5 um in diameter and
0.5-2 um long. (Courtesy of H. Tran.)

Antigenic Classification

Serologic classification is done only in reference laboratories
and is primarily used for epidemiologic studies. There are
13 known serovars based on O (somatic) and H (flagellar)
antigens. Serotypes 1/2a, 1/2b, and 4b make up more than
95% of the isolates from humans. Serotype 4b causes most of
the foodborne outbreaks.

Pathogenesis and Immunity

L monocytogenes enters the body through the gastrointestinal
tract after ingestion of contaminated foods such as cheese or
vegetables. The organism has several adhesin proteins (Ami,
Fbp A, and flagellin proteins) that facilitate bacterial binding
to the host cells and that contribute to virulence. It has cell
wall surface proteins called internalins A and B that inter-
act with E-cadherin, a receptor on epithelial cells, promot-
ing phagocytosis into the epithelial cells. After phagocytosis,
the bacterium is enclosed in a phagolysosome, where the low
pH activates the bacterium to produce listeriolysin O. This
enzyme lyses the membrane of the phagolysosome and allows
the listeriae to escape into the cytoplasm of the epithelial cell.
The organisms proliferate, and ActA, another listerial surface
protein, induces host cell actin polymerization, which pro-
pels them to the cell membrane. Pushing against the host cell
membrane, they cause formation of elongated protrusions
called filopods. These filopods are ingested by adjacent epi-
thelial cells, macrophages, and hepatocytes, the listeriae are
released, and the cycle begins again. L monocytogenes can
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move from cell to cell without being exposed to antibodies,
complement, or polymorphonuclear cells. Shigella flexneri
and rickettsiae also usurp the host cells’ actin and contractile
system to spread their infections.

Iron is an important virulence factor. Listeriae produce
siderophores and are able to obtain iron from transferrin.

Immunity to L monocytogenes is primarily cell mediated,
as demonstrated by the intracellular location of infection and
by the marked association of infection with conditions of
impaired cell-mediated immunity such as pregnancy, AIDS,
lymphoma, and organ transplantation. Immunity can be
transferred by sensitized lymphocytes but not by antibodies.

Clinical Findings

There are two forms of perinatal human listeriosis. Early-
onset syndrome (granulomatosis infantiseptica) is the result
of infection in utero and is a disseminated form of the disease
characterized by neonatal sepsis, pustular lesions, and granu-
lomas containing L monocytogenes in multiple organs. Death
may occur before or after delivery. The late-onset syndrome
causes the development of meningitis between birth and the
third week of life; it is often caused by serotype 4b and has a
significant mortality rate.

Adults can develop Listeria meningoencephalitis, bacte-
remia, and (rarely) focal infections. Meningoencephalitis and
bacteremia occur most commonly in immunosuppressed
patients, in whom Listeria is one of the more common causes
of meningitis. Clinical presentation of Listeria meningitis in
these patients varies from insidious to fulminant and is non-
specific. In immunocompetent individuals, illness may not
occur after ingestion of contaminated food or patients may
develop a symptomatic febrile gastroenteritis. This devel-
ops after an incubation period of 6-48 hours. Symptoms
include fever, chills, headache, myalgias, abdominal pain,
and diarrhea. Illness is usually self-limiting in 1-3 days;
most clinical laboratories do not routinely culture for Listeria
from routine stool samples. The diagnosis of listeriosis rests
on isolation of the organism in cultures of blood and spinal
fluid.

Spontaneous infection occurs in many domestic and
wild animals. In ruminants (eg, sheep), Listeria may cause
meningoencephalitis with or without bacteremia. In smaller
animals (eg, rabbits, chickens), there is septicemia with
focal abscesses in the liver and heart muscle and marked
monocytosis.

Many antimicrobial drugs inhibit Listeria species in
vitro. Clinical cures have been obtained with ampicillin, eryth-
romycin, or intravenous trimethoprim-sulfamethoxazole.
Cephalosporins and fluoroquinolones are not active against
L monocytogenes. Ampicillin plus gentamicin is often rec-
ommended for therapy, but gentamicin does not enter
host cells and may not help treat the Listeria infection.
Trimethoprim-sulfamethoxazole is the drug of choice for
central nervous system infections in patients who are aller-
gic to penicillin.
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ERYSIPELOTHRIX RHUSIOPATHIAE

Erysipelothrix rhusiopathiae is a gram-positive bacillus that
produces small, transparent glistening colonies. It may be
o-hemolytic on blood agar. On Gram stains, it sometimes
looks gram negative because it decolorizes easily. The bacteria
may appear singly, in short chains, randomly, or in long non-
branching filaments. The colony morphology and Gram stain
appearance vary depending on the growth medium, incuba-
tion temperature, and pH. Erysipelothrix is catalase, oxidase,
and indole negative. When Erysipelothrix is grown on triple
sugar iron (TSI) agar, hydrogen sulfide is produced, turning
the TSI butt black.

E rhusiopathiae must be differentiated from L monocy-
togenes, Arcanobacterium pyogenes, and A haemolyticum,
but these three species are B-hemolytic and do not produce
hydrogen sulfide when grown on TSI medium. It is more
difficult to differentiate E rhusiopathiae from aerotolerant
lactobacilli; both may be o-hemolytic. They are catalase
negative and vancomycin resistant (80% of lactobacilli). In
addition, some strains of lactobacilli produce H,S much like
E rhusiopathiae.

E rhusiopathiae is distributed in land and sea animals
worldwide, including a variety of vertebrates and inverte-
brates. It causes disease in domestic swine, turkeys, ducks,
and sheep. The most important impact is in swine, in which
it causes erysipelas. In humans, erysipelas is caused by group
A B-hemolytic streptococci and is much different from
erysipelas of swine. People obtain E rhusiopathiae infec-
tion by direct inoculation from animals or animal products.
Persons at greatest risk are fishermen, fish handlers, abattoir
workers, butchers, and others who have contact with animal
products.

The most common E rhusiopathiae infection in humans
is called erysipeloid. It usually occurs on the fingers by direct
inoculation at the site of a cut or abrasion (and has been
called “seal finger” and “whale finger”). After 2-7 days’ incu-
bation, pain, which can be severe, and swelling occur. The
lesion is raised, and violaceous in color. Pus is usually not
present at the infection site, which helps differentiate it from
staphylococcal and streptococcal skin infections. Erysipeloid
can resolve after 3-4 weeks or more rapidly with antibiotic
treatment. Additional clinical forms of infection (both rare)
are a diffuse cutaneous form and bacteremia with endocar-
ditis. Erysipelothrix is highly susceptible to penicillin G, the
drug of choice for severe infections. The organism is intrinsi-
cally resistant to vancomycin.

Concept Checks:

o Both L monocytogenes and E rhusiopathiae are widely
distributed in nature can cause significant disease in
humans.

o L monocytogenes is usually transmitted by ingestion
of contaminated processed foods such as deli meats or
from vegetables and fruits.
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o After ingestion, the organism engineers its phagocytosis
by a variety of cell types, and it is capable of intra-
cellular survival and systemic spread, resulting in bac-
teremia and meningitis among patients with altered
cell-mediated immunity.

o Erysipelothrix is usually acquired by direct inoculation
from a contaminated source such as a fish scale resulting
in erysipeloid, a nodular type of cellulitis.

o E rhusiopathiae is unique among gram-positive rods in
that it produces H,S on TSI slant.

ACTINOMYCETES

The aerobic Actinomycetes are a large, diverse group
of gram-positive bacilli with a tendency to form chains
or filaments. They are related to the corynebacteria and
include multiple genera of clinical significance such as
Mycobacteria (discussed in Chapter 23) and saprophytic
organisms such as Streptomyces. As the bacilli grow, the
cells remain together after division to form elongated chains
of bacteria (I um in width) with occasional branches. The
extent of this process varies in different taxa. It is rudimen-
tary in some actinomycetes—the chains are short, break
apart after formation, and resemble diphtheroids; others
develop extensive substrate or aerial filaments (or both); or
fragment into coccobacillary forms. Members of the aerobic
Actinomycetes can be categorized on the basis of the acid-
fast stain. Mycobacteria are truly positive acid-fast organ-
isms; weakly positive genera include Nocardia, Rhodococcus,
and a few others of clinical significance. Streptomyces and
Actinomadura, two agents that cause actinomycotic myceto-
mas, are acid-fast stain negative.

R equi may appear to be a bacillus after a few hours of
incubation in broth, but with further incubation, the organ-
isms become coccoid in shape. This species of Rhodococcus
also frequently produces pigmented colonies after 24 hours
of incubation that range from salmon pink to red. The organ-
isms are generally weakly acid-fast positive when stained by
the modified Kinyoun method. R equi occasionally causes
infections such as necrotizing pneumonia in immunosup-
pressed patients with abnormal cell-mediated immunity
(eg, AIDS patients). R equi is present in soil and in dung of
herbivores. The organism is an occasional cause of disease
in cattle, sheep, and swine and can cause severe lung infec-
tions in foals. Other species of the diverse genus Rhodococcus
are present in the environment but rarely cause disease in
humans.

NOCARDIOSIS

The genus Nocardia continues to undergo extensive taxo-
nomic reclassification. New species continue to be recog-
nized, and at least 30 species have been implicated as causes
of human infections.

The most common species associated with the vast
majority of case of human infections are listed in Table 12-1.
Each of these is responsible for a broad range of diseases,
and each species or complex has unique drug susceptibility
patterns. The pathogenic nocardiae, similar to many non-
pathogenic species of Nocardia, are found worldwide in soil
and water. Nocardiosis is initiated by inhalation of these
bacteria. The usual presentation is as a subacute to chronic
pulmonary infection that may disseminate to other organs,
usually the brain or skin. Nocardiae are not transmitted from
person to person.

Morphology and Identification

Nocardia species are aerobic and grow on a variety of media.
Over the course of several days to 1 week or more, they
develop heaped, irregular, waxy colonies. Strains vary in their
pigmentation from white to orange to red. These bacteria are
gram-positive, catalase-positive, and partially acid-fast bacilli.
They produce urease and can digest paraffin. Nocardiae form
extensive branching substrates and aerial filaments that frag-
ment after formation, breaking into coccobacillary cells. The
cell walls contain mycolic acids that are shorter chained than
those of Mycobacteria. They are considered to be weakly
acid fast, that is, they stain with the routine acid-fast reagent
(carbol-fuchsin) and retain this dye when decolorized with
1-4% sulfuric acid instead of the stronger acid-alcohol
decolorant. The species of Nocardia are identified primarily
by molecular methods such as 16S rRNA gene sequencing
and restriction fragment length polymorphism (RFLP) anal-
ysis of amplified gene fragments such as hsp or secA.

Pathogenesis and Clinical Findings

In most cases, nocardiosis is an opportunistic infection
associated with several risk factors, most of which impair
the cell-mediated immune responses, including corticoste-
roid treatment, immunosuppression, organ transplantation,
AIDS, and alcoholism. Nocardiosis begins as chronic lobar
pneumonia, and a variety of symptoms may occur, including
fever, weight loss, and chest pain. The clinical manifestations
are not distinctive and mimic tuberculosis and other infec-
tions. Pulmonary consolidations may develop, but granu-
loma formation and caseation are rare. The usual pathologic
process is abscess formation (neutrophilic inflammation).
Spread from the lung often involves the central nervous sys-
tem, where abscesses develop in the brain, leading to a variety
of clinical presentations. Some patients have subclinical lung
involvement and present with brain lesions. Dissemination
may also occur to the skin, kidney, eye, or elsewhere.

Diagnostic Laboratory Tests

Specimens consist of sputum, pus, spinal fluid, and biopsy
material. Gram-stained smears reveal gram-positive bacilli,
coccobacillary cells, and branching filaments. With the
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modified acid-fast stain, most isolates will be acid fast.
Nocardia species grow on most laboratory media. Serologic
tests are not useful. As already mentioned, molecular meth-
ods are required for species-level identification, which is nec-
essary for both epidemiologic and treatment purposes.

Treatment

The treatment of choice is trimethoprim-sulfamethoxazole.
If patients fail to respond, a number of other antibiotics have
been used with success, such as amikacin, imipenem, mino-
cycline, linezolid, and cefotaxime. However, because the
susceptibility patterns vary by species, susceptibility testing
should be performed to guide treatment approaches. Surgical
drainage or resection may be required.

Emerging Actinomycetes: Gordonia and
Tsukamurella

Members of the genera Gordonia and Tsukamurella are
modified acid-fast positive bacteria that are becoming more
frequently responsible for opportunistic infections among
hospitalized immunocompromised patients. Gordonia pro-
duce orange, wrinkled colonies. On Gram stain, the organisms
appear coryneform and do not branch. When these organisms
are recovered from nonsterile sources such as sputum, they
may be mistakenly disregarded as normal flora or contami-
nants. Tsukamurella species form whitish to orange colonies
and on stain appear as long, straight, sometimes curved rods.
Members of both genera are best identified by cell wall fatty
acid analysis or 16S rRNA gene sequencing. These organisms
have been associated with a variety of infections, including
postoperative wound infections, catheter-associated blood-
stream infections, ear drainage, and pulmonary infections.
Treatment has been based on anecdotal experiences but does
require removal of catheters and drainage of abscesses. For
infections caused by Gordonia species, vancomycin, carbap-
enems, aminoglycosides, fluoroquinolones, and linezolid
have all been used successfully for treatment. In the case of
Tsukamurella infections, in vitro susceptibility has been dem-
onstrated with the aminoglycosides, sulfamethoxazole, fluo-
roquinolones, carbapenems, and clarithromycin.

Concept Checks

o Several members of the large group of aerobic Actino-
mycetes are modified acid fast positive, most commonly
Nocardia, Tsukamurella, and Gordonia.

o Nocardia species are branching, beaded gram-positive
rods found in soil and other environmental sources that
cause systemic disease primarily in immunocompro-
mised patients.

o Tsukamurella and Gordonia species are less commonly
isolated and are associated primarily with hospital-
acquired infections.
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o Allthree groups are best identified after recovery on rou-
tine media by using molecular methods such as 16STRNA
gene sequencing.

o Trimethoprim-sulfamethoxazole is the drug of choice
for treatment of Nocardia infections. The use of other
agents should be dictated by results of susceptibility
testing.

ACTINOMYCETOMA

Mycetoma (Madura foot) is a localized, slowly progressive,
chronic infection that begins in subcutaneous tissue and
spreads to adjacent tissues. It is destructive and often pain-
less. In many cases, the cause is a soil fungus that has been
implanted into the subcutaneous tissue by minor trauma.
This form of mycetoma is discussed in Chapter 45. An acti-
nomycetoma is a mycetoma caused by filamentous branch-
ing bacteria. The actinomycetoma granule is composed
of tissue elements and gram-positive bacilli and bacillary
chains or filaments (I um in diameter). The most common
causes of actinomycetoma are Nocardia asteroides, Nocardia
brasiliensis, Streptomyces somaliensis, and Actinomadura
madurae. N brasiliensis may be acid-fast. These and other
pathogenic actinomycetes are differentiated by biochemical
tests and chromatographic analysis of cell wall components.
Actinomycetomas respond well to various combinations
of streptomycin, trimethoprim-sulfamethoxazole, and dap-
sone if therapy is begun early before extensive damage has
occurred.

Often students are confused by the terms actinomycetes
and actinomycosis. The former have been described earlier;
the latter is an infection caused by members of the anaero-
bic gram-positive genus Actinomyces. Actinomyces species
and the disease actinomycosis are described in more detail
in Chapter 21.

REVIEW QUESTIONS

1. Three months ago, a 53-year-old woman had surgery and
chemotherapy for breast cancer. Four weeks ago, she developed
a cough occasionally productive of purulent sputum. About
2 weeks ago, she noted a slight but progressive weakness of her
left arm and leg. On chest examination, rales were heard over
the left upper back when the patient breathed deeply. Neuro-
logic examination confirmed weakness of the left arm and leg.
Chest radiography showed a left upper lobe infiltrate. Contrast-
enhanced computed tomography showed two lesions in the
right hemisphere. Gram stain of a purulent sputum specimen
showed branching gram-positive rods that were partially acid
fast. Which of the following organisms is the cause of this
patient’s current illness?

(A) Actinomyces israelii

(B) Corynebacterium pseudodiphtheriticum
(C) Aspergillus fumigatus

(D) Nocardia farcinica

(E) Erysipelothrix rhusiopathiae
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. The drug of choice to treat this patient’s infection (Question 1) is
(A) Penicillin G

(B) Trimethoprim-sulfamethoxazole

(C) Gentamicin

(D) Amphotericin B

(E) A third-generation cephalosporin

. It is particularly difficult to differentiate Erysipelothrix
rhusiopathiae from

(A) Corynebacterium diphtheriae
(B) Bacillus cereus

(C) Actinomyces israelii

(D) Nocardia asteroides

(E) Lactobacillus species

. Movement of Listeria monocytogenes inside of host cells is
caused by

(A) Inducing host cell actin polymerization

(B) The formation of pili (fimbriae) on the listeriae surface

(C) Pseudopod formation

(D) The motion of listeriae flagella

(E) Tumbling motility

. An 8-year-old boy develops a severe sore throat. On exami-

nation, a grayish exudate (pseudomembrane) is seen over the

tonsils and pharynx. The differential diagnosis of severe phar-

yngitis such as this includes group A streptococcal infection,

Epstein-Barr virus (EBV) infection, Neisseria gonorrhoeae

pharyngitis, and diphtheria. The cause of the boy’s pharyngitis

is most likely

(A) A gram-negative bacillus

(B) A single-stranded positive-sense RNA virus

(C) A catalase-positive gram-positive coccus that grows in
clusters

(D) A club-shaped gram-positive bacillus

(E) A double stranded RNA virus

. The primary mechanism in the pathogenesis of the boy’s

disease (Question 5) is

(A) A net increase in intracellular cyclic adenosine mono-
phosphate

(B) Action of pyrogenic exotoxin (a superantigen)

(C) Inactivation of acetylcholine esterase

(D) Action of enterotoxin A

(E) Inactivation of elongation factor 2

. Corynebacterium jeikeium is

(A) Catalase negative

(B) Gram negative

(C) Often multidrug resistant

(D) Motile

(E) Common but clinically unimportant

. Which of the following aerobic gram-positive bacilli is modi-

fied acid-fast positive?

(A) Nocardia brasiliensis

(B) Lactobacillus acidophilus

(C) Erysipelothrix rhusiopathiae

(D) Listeria monocytogenes

. Skin diphtheria as occurs in children in tropical areas

typically

(A) Does not occur in children who have been immunized
with diphtheria toxoid

10.

11.

12.

13.

14.

15.

(B) Isclinically distinct from skin infections (pyoderma, impe-
tigo) caused by Streptococcus pyogenes and Staphylococcus
aureus

(C) Isalso common in northern latitudes

(D) Results in protective antitoxin levels in most children by
the time they are 6-8 years old

(E) Yields toxin-mediated cardiomyopathy
A 45-year-old fisherman imbedded a fishhook into his right
forefinger. He removed it and did not seek immediate medi-
cal therapy. Five days later, he noted fever, severe pain, and
nodular-type swelling of the finger. He sought medical ther-
apy. The violaceous nodule was aspirated, and after 48 hours
of incubation, colonies of a gram-positive bacillus that caused
greenish discoloration of the agar and formed long filaments
in the broth culture were noted. The most likely cause of this
infection is

(A) Lactobacillus acidophilus

(B) Erysipelothrix rhusiopathiae

(C) Listeria monocytogenes

(D) Rhodococcus equi

(E) Nocardia brasiliensis

A biochemical reaction that is useful in the identification of the
causative agent of the infection in question 10 is

(A) Catalase positivity

(B) Acid fastness using modified Kinyoun stain

(C) Esculin hydrolysis

(D) Tumbling motility

(E) Production of H S

Listeria monocytogenes is frequently a foodborne pathogen
because

(A) It can survive at 4°C.

(B) It survives under conditions of low pH.

(C) Itsurvives in the presence of high salt concentrations.
(D) All of the above are correct.

After recovery on laboratory media, the aerobic Actinomycetes
are best identified by

(A) An automated system used in the laboratory

(B) Classical biochemicals

(C) Antigen detection tests such as an ELISA

(D) Molecular methods such as 16SrRNA gene sequencing
Which of the following statements regarding Rhodococcus equi
is correct?

(A) Itistransmitted person to person.

(B) It causes tuberculosis in cattle.

(C) Itisarare cause of pulmonary infection in humans.

(D) It produces a black pigment on sheep blood agar.

A hospitalized patient who had an indwelling urinary cath-
eter develops fever, chills, suprapubic pain and difficulty void-
ing 48 hours after the catheter is removed. His bladder appears
obstructed, and he has white blood cells and bacteria on a urinaly-
sis. Cystoscopy reveals a large bladder stone, and the urine culture
grows greater than 10,000 CFU/mL of a short, irregular gram-
positive rod. The most likely organism causing this infection is

(A) Corynebacterium urealyticum
(B) Nocardia brasiliensis

(C) Actinomadura

(D) Erysipelothrix
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Answers
1.D 5.D 9.D 13.D
2.B 6.E 10.B 14.C
3.E 7.C 11.E 15. A
4. A 8. A 12.D
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The Staphylococci

The staphylococci are gram-positive spherical cells, usually
arranged in grapelike irregular clusters. They grow readily
on many types of media and are active metabolically, fer-
menting carbohydrates and producing pigments that vary
from white to deep yellow. Some are members of the normal
microbiota of the skin and mucous membranes of humans;
others cause suppuration, abscess formation, a variety of pyo-
genic infections, and even fatal septicemia. The pathogenic
staphylococci often hemolyze blood, coagulate plasma, and
produce a variety of extracellular enzymes and toxins. The
most common type of food poisoning is caused by a heat-
stable staphylococcal enterotoxin. Staphylococci rapidly
develop resistance to many antimicrobial agents, which con-
sequently presents difficult therapeutic problems.

The genus Staphylococcus has at least 40 species. The
four most frequently encountered species of clinical impor-
tance are Staphylococcus aureus, Staphylococcus epidermidis,
Staphylococcus lugdunensis, and Staphylococcus saprophyti-
cus. S aureus is coagulase positive, which differentiates it from
the other species. S aureus is a major pathogen for humans.
Almost every person will have some type of S aureus infection
during a lifetime, ranging in severity from food poisoning or
minor skin infections to severe life-threatening infections.
The coagulase-negative staphylococci are normal human
microbiota and sometimes cause infection, often associated
with implanted devices, such as joint prostheses, shunts, and
intravascular catheters, especially in very young, old, and
immunocompromised patients. Approximately 75% of these
infections caused by coagulase-negative staphylococci are
caused by S epidermidis; infections caused by Staphylococcus
lugdunensis, Staphylococcus warneri, Staphylococcus homi-
nis, and other species are less common. S saprophyticus is a
relatively common cause of urinary tract infections in young
women, although it rarely causes infections in hospitalized
patients. Other species are important in veterinary medicine.

Morphology and Identification

A. Typical Organisms

Staphylococci are spherical cells about 1 um in diameter
arranged in irregular clusters (Figure 13-1). Single cocci,
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pairs, tetrads, and chains are also seen in liquid cultures.
Young cocci stain strongly gram positive; on aging, many
cells become gram negative. Staphylococci are nonmotile
and do not form spores. Under the influence of drugs such as
penicillin, staphylococci are lysed.

Micrococcus species often resemble staphylococci. They
are found free living in the environment and form regular
packets of four (tetrads) or eight cocci. Their colonies can be
yellow, red, or orange. Micrococci are rarely associated with
disease.

B. Culture

Staphylococci grow readily on most bacteriologic media
under aerobic or microaerophilic conditions. They grow most
rapidly at 37°C but form pigment best at room temperature
(20-25°C). Colonies on solid media are round, smooth,
raised, and glistening (Figure 13-2). S aureus usually forms
gray to deep golden yellow colonies. S epidermidis colonies
usually are gray to white on primary isolation; many colonies
develop pigment only upon prolonged incubation. No pig-
ment is produced anaerobically or in broth. Various degrees
of hemolysis are produced by S aureus and occasionally by
other species. Peptostreptococcus and Peptoniphilus species,
which are anaerobic cocci, often resemble staphylococci in
morphology. The genus Staphylococcus contains two species,
S saccharolyticus and S aureus subsp. anaerobius, which ini-
tially grow only under anaerobic conditions but become more
aerotolerant on subcultures. This may be seen on rare occa-
sions with some strains of S epidermidis as well.

C. Growth Characteristics

The staphylococci produce catalase, which differentiates them
from the streptococci. Staphylococci slowly ferment many
carbohydrates, producing lactic acid but not gas. Proteolytic
activity varies greatly from one strain to another. Pathogenic
staphylococci produce many extracellular substances, which
are discussed below.

Staphylococci are relatively resistant to drying, heat
(they withstand 50°C for 30 minutes), and 9% sodium chlo-
ride but are readily inhibited by certain chemicals (eg, 3%
hexachlorophene).
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FIGURE 13-1 Gram stain of Staphylococcus aureus showing
gram-positive cocci in pairs, tetrads, and clusters. Original
magnification x1000. (Courtesy of L. Ching.)

Staphylococci are variably susceptible to many antimi-
crobial drugs. Resistance is caused by several mechanisms:

1. B-Lactamase production is common, is under plasmid
control, and makes the organisms resistant to many peni-
cillins (penicillin G, ampicillin, ticarcillin, piperacillin,

FIGURE 13-2 Colonies of Staphylococcus aureus on a blood
agar plate after 24 hours incubation. The yellow-gray colonies
are 3to 4 mm in diameter on the 10-cm plate. The colonies are
surrounded by clear zones of hemolysis about 1 cm in diameter.
(Courtesy of H. Reyes.)

and similar drugs). The plasmids are transmitted by
transduction and perhaps also by conjugation.

. Resistance to nafcillin (and to methicillin and oxacillin)

is independent of B-lactamase production. Resistance to
nafcillin is encoded and regulated by a sequence of genes
found in a region of the chromosome called the staphylo-
coccal cassette chromosome mec (SCCmec). Specifically,
the mecA gene on thislocus encodes a low-affinity penicil-
lin binding protein (PBP2a) that is responsible for the re-
sistance. There are 12 different SCCrmec types. Types I, 11,
and IIT are associated with hospital-acquired infections
and may contain genes that encode resistance to other
antimicrobials as well. SCCmec type IV has principally
been found in community-acquired methicillin-resistant
S aureus (CA-MRSA) strains that tend to be less resistant,
more transmissible, and responsible for outbreaks over
the past decade in the United States and some countries
in Europe. The other types have been limited to various
geographic locations around the world.

. In the United States, S aureus and S lugdunensis are con-

sidered to be susceptible to vancomycin if the minimum
inhibitory concentration (MIC) is 2 ig/mL or less; of inter-
mediate susceptibility if the MIC is 4-8 pig/mL; and resis-
tant if the MIC is 16 pg/mL or greater. Strains of S aureus
with intermediate susceptibility to vancomycin have been
isolated in Japan, the United States, and several other coun-
tries. These are often known as vancomycin-intermediate
S aureus (VISA). They generally have been isolated from pa-
tients with complex infections who have received prolonged
vancomycin therapy. Often there has been vancomycin
treatment failure. The mechanism of resistance is associated
with increased cell wall synthesis and alterations in the cell
wall and is not caused by the van genes found in enterococci.
S aureus strains of intermediate susceptibility to vancomy-
cin usually are nafcillin resistant but generally are suscep-
tible to oxazolidinones and to quinupristin—dalfopristin.

. Since 2002, several isolates of vancomycin-resistant

S aureus (VRSA) strains were isolated from patients in
the United States. The isolates contained the vancomy-
cin resistance gene vanA from enterococci (see Chapter
14) and the nafcillin resistance gene mecA (see above).
Both of the initial VRSA strains were susceptible to other
antibiotics. Vancomycin resistance in S aureus is of
major concern worldwide.

. Plasmid-mediated resistance to tetracyclines, erythro-

mycins, aminoglycosides, and other drugs is frequent in
staphylococci.

. “Tolerance” implies that staphylococci are inhibited by

a drug but not killed by it—that is, there is great differ-
ence between minimal inhibitory and minimal lethal
concentrations of an antimicrobial drug. Patients with
endocarditis caused by a tolerant S aureus may have a
prolonged clinical course compared with patients who
have endocarditis caused by a fully susceptible S aureus.
Tolerance can at times be attributed to lack of activation
of autolytic enzymes in the cell wall.



D. Variation

A culture of staphylococci contains some bacteria that dif-
fer from the bulk of the population in expression of colony
characteristics (colony size, pigment, hemolysis), in enzyme
elaboration, in drug resistance, and in pathogenicity. In vitro,
the expression of such characteristics is influenced by growth
conditions: When nafcillin-resistant S aureus is incubated at
37°C on blood agar, one in 107 organisms expresses nafcillin
resistance; when it is incubated at 30°C on agar containing
2-5% sodium chloride, one in 10° organisms expresses nafcillin
resistance.

Antigenic Structure

Staphylococci contain antigenic polysaccharides and proteins
as well as other substances important in cell wall structure.
Peptidoglycan, a polysaccharide polymer containing linked
subunits, provides the rigid exoskeleton of the cell wall.
Peptidoglycan is destroyed by strong acid or exposure to
lysozyme. It is important in the pathogenesis of infection: It
elicits production of interleukin-1 (endogenous pyrogen) and
opsonic antibodies by monocytes, and it can be a chemoat-
tractant for polymorphonuclear leukocytes, have endotoxin-
like activity, and activate complement.

Teichoic acids, which are polymers of polyribitol-
phosphate, are cross-linked to the peptidoglycan and can
be antigenic. Antiteichoic acid antibodies detectable by gel
diffusion may be found in patients with active endocarditis
caused by S aureus.

Protein A is a cell wall component of S aureus strains
and is a bacterial surface protein that has been charac-
terized among a group of adhesins called microbial sur-
face components recognizing adhesive matrix molecules
(MSCRAMMS). Bacterial attachment to host cells is medi-
ated by MSCRAMMS, and these are important virulence
factors. Protein A binds to the Fc portion of IgG molecules
except IgG,. The Fab portion of the IgG bound to protein A is
free to combine with a specific antigen. Protein A has become
an important reagent in immunology and diagnostic labo-
ratory technology; for example, protein A with attached IgG
molecules directed against a specific bacterial antigen agglu-
tinates bacteria that have that antigen (“coagglutination”).
Another important MSCRAMM is clumping factor on the
cell wall surface; clumping factor binds nonenzymatically to
fibrinogen and platelets, yielding aggregation of the bacteria.
The remaining MSCRAMMs, too numerous to mention here
(see references), play important roles in establishing S aureus
colonization and invasion.

Most S aureus strains of clinical importance have
polysaccharide capsules, which inhibit phagocytosis by
polymorphonuclear leukocytes unless specific antibod-
ies are present. At least 11 serotypes have been identified,
with types 5 and 8 responsible for the majority of infec-
tions. These capsule types are targets for a conjugate vac-
cine. Serologic tests have limited usefulness in identifying
staphylococci.
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Enzymes and Toxins

Staphylococci can produce disease both through their ability
to multiply and spread widely in tissues and through their
production of many extracellular substances. Some of these
substances are enzymes; others are considered to be toxins,
although they may function as enzymes. Many of the toxins
are under the genetic control of plasmids; some may be under
both chromosomal and extrachromosomal control; and for
others, the mechanism of genetic control is not well defined.

A. Catalase

Staphylococci produce catalase, which converts hydrogen
peroxide into water and oxygen. The catalase test differenti-
ates the staphylococci, which are positive, from the strepto-
cocci, which are negative.

B. Coagulase and Clumping Factor

S aureus produces coagulase, an enzyme-like protein that
clots oxalated or citrated plasma. Coagulase binds to pro-
thrombin; together they become enzymatically active and
initiate fibrin polymerization. Coagulase may deposit fibrin
on the surface of staphylococci, perhaps altering their inges-
tion by phagocytic cells or their destruction within such cells.
Coagulase production is considered synonymous with inva-
sive pathogenic potential.

Clumping factor is another example of an MSCRAMM
(see earlier) that is responsible for adherence of the organisms
to fibrinogen and fibrin. When mixed with plasma, S aureus
forms clumps. Clumping factor is distinct from coagulase.
Because clumping factor induces a strong immunogenic
response in the host, it has been the focus of vaccine efforts.
However, no human vaccines against this factor are available
to date.

C. Other Enzymes

Other enzymes produced by staphylococci include a hyal-
uronidase, or spreading factor; a staphylokinase resulting in
fibrinolysis but acting much more slowly than streptokinase;
proteinases; lipases; and B-lactamase.

D. Hemolysins

o-Hemolysin is a heterogeneous protein that acts on a
broad spectrum of eukaryotic cell membranes. The B-toxin
degrades sphingomyelin and therefore is toxic for many
kinds of cells, including human red blood cells. The §-toxin
is heterogeneous and dissociates into subunits in nonionic
detergents. It disrupts biologic membranes and may have a
role in S aureus diarrheal diseases. The y hemolysin is a leu-
kocidin that lyses white blood cells and is composed of two
proteins designated S and F. y-Hemolysin can interact with
the two proteins comprising the Panton-Valentine leuko-
cidin (PVL; see later discussion) to form six potential two-
component toxins. All six of these protein toxins are capable of
efficiently lysing white blood cells by causing pore formation
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in the cellular membranes that increase cation permeability.
This leads to massive release of inflammatory mediators such
as IL-8, leukotriene, and histamine, which are responsible for
necrosis and severe inflammation.

E. Panton-Valentine Leukocidin

This toxin of S aureus has two components, and unlike the
chromosomally encoded hemolysins above, PVL is encoded
on a mobile phage. It can kill white blood cells of humans and
rabbits. The two components designated as S and F act syn-
ergistically on the white blood cell membrane as described
for y toxin. This toxin is an important virulence factor in
CA-MRSA infections. Both groups of hemolysins are regu-
lated by agr (see Pathogenesis next).

F. Exfoliative Toxins

These epidermolytic toxins of S aureus are two distinct pro-
teins of the same molecular weight. Exfoliative toxin A is
encoded by eta located on a phage and is heat stable (resists
boiling for 20 minutes). Exfoliative toxin B is plasmid medi-
ated and heat labile. These epidermolytic toxins yield the
generalized desquamation of the staphylococcal scalded skin
syndrome by dissolving the mucopolysaccharide matrix of
the epidermis. The toxins are superantigens.

G. Toxic Shock Syndrome Toxin

Most S aureus strains isolated from patients with toxic
shock syndrome produce a toxin called toxic shock syn-
drome toxin-1 (TSST-1), which is the same as enterotoxin F.
TSST-1 is the prototypical superantigen (see Chapter 8).
TSST-1 binds to major histocompatibility class (MHC) class
IT molecules, yielding T-cell stimulation, which promotes
the protean manifestations of the toxic shock syndrome.
The toxin is associated with fever, shock, and multisys-
tem involvement, including a desquamative skin rash. The
gene for TSST-1 is found in about 20% of S aureus isolates,
including MRSA.

H. Enterotoxins

There are multiple (A-E, G-J, K-R and U, V) enterotoxins
that, similar to TSST-1, are superantigens. Approximately
50% of S aureus strains can produce one or more of them.
The enterotoxins are heat stable and resistant to the action
of gut enzymes. Important causes of food poisoning, entero-
toxins are produced when S aureus grows in carbohydrate
and protein foods. Ingestion of 25 g of enterotoxin B results
in vomiting and diarrhea. The emetic effect of enterotoxin
is probably the result of central nervous system stimulation
(vomiting center) after the toxin acts on neural receptors in
the gut.

The exfoliative toxins, TSST-1, and the enterotoxin genes
are on a chromosomal element called a pathogenicity island. It
interacts with accessory genetic elements—bacteriophages—
to produce the toxins.

Pathogenesis

Staphylococci, particularly S epidermidis, are members of
the normal microbiota of the human skin and respiratory
and gastrointestinal tracts. Nasal carriage of S aureus occurs
in 20-50% of humans. Staphylococci are also found regu-
larly on clothing, bed linens, and other fomites in human
environments.

The pathogenic capacity of a given strain of S aureusis the
combined effect of extracellular factors and toxins together
with the invasive properties of the strain. At one end of the
disease spectrum is staphylococcal food poisoning, attribut-
able solely to the ingestion of preformed enterotoxin; at the
other end are staphylococcal bacteremia and disseminated
abscesses in all organs.

Pathogenic, invasive S aureus produces coagulase and
tends to produce a yellow pigment and to be hemolytic.
Nonpathogenic, noninvasive staphylococci such as S epi-
dermidis are coagulase negative and tend to be nonhemo-
lytic. Such organisms rarely produce suppuration but may
infect orthopedic or cardiovascular prostheses or cause
disease in immunosuppressed persons. They may be refrac-
tory to treatment because of the formation of bioflims.
S lugdunensis has emerged as a virulent organism causing
a disease spectrum similar to S aureus with whom it shares
phenotypic characteristics such as hemolysis and clumping
factor. S saprophyticus is typically nonpigmented, novo-
biocin resistant, and nonhemolytic; it causes urinary tract
infections in young women.

Regulation of Virulence Determinants

The expression of staphylococcal virulence determinants is
regulated by several systems that sense and respond to envi-
ronmental signals. The first of these systems consists of two
proteins (two-component systems), an example of which is
accessory gene regulator (agr). The other two systems consist
of DNA-binding proteins (eg, Sar proteins) and small regula-
tory RNAs, respectively (eg, RNAIII). Binding of sensors to
specific extracellular ligands or to a receptor results in a phos-
phorylation cascade that leads to binding of the regulator to
specific DNA sequences. This ultimately leads to activation
of transcription-regulating functions. There are several well-
described two-component regulatory systems in S aureus.
These include agr, the best described, sae RS, srrAB, arISR,
and IytRS. A summary of how these systems interact is briefly
described below.

The accessory gene regulator (agr) is essential in quorum-
sensing control of gene expression. It controls the preferential
expression of surface adhesins (protein A, coagulase, and
fibronectin binding protein) and production of exoproteins
(toxins such as TSST-1) depending upon the growth phase
(and hence bacterial density).

At low cell density, the promoter P2 is off, and tran-
scriptions of transmembrane protein, AgrB, peptide precur-
sor, AgrD, transmembrane sensor, AgrC, and transcription



regulator, Agr A, are at low levels. As cell density increases
during stationary growth phase, the AgrC sensor activates
the regulator AgrA. AgrA is a DNA-binding protein that
activates promoter P2 and promoter P3. Promoter P3 initiates
transcription of §-hemolysin and an effector called RNATII,
which downregulates the expression of surface adhesins and
activates secretion of exoproteins at both the transcriptional
and translational levels. Agr is also positively controlled by a
DNA-binding protein called SarA (encoded by sar) and pos-
sibly by other regulatory systems.

At least four additional two-component regulatory sys-
tems have been shown to affect virulence gene expression.
These are called sae, S aureus exoproteins; srrAB, staphy-
lococcal respiratory response; arlS, autolysis-related locus
sensor; and IytRS. Sae regulates gene expression at the tran-
scriptional level and is essential for production of o-toxin,
B-hemolysins, and coagulase. Its activity is independent from
that of agr. SsrAB is important for regulation of virulence fac-
tor expression that is influenced by environmental oxygen.
The arISR locus is important to the control of autolysis and
decreases the activation of the agr locus. The IytRS locus is
also involved in autolysis.

Pathology

The prototype of a staphylococcal lesion is the furuncle or
other localized abscess. Groups of S aureus established in a
hair follicle lead to tissue necrosis (dermonecrotic factor).
Coagulase is produced and coagulates fibrin around the
lesion and within the lymphatics, resulting in formation of
a wall that limits the process and is reinforced by the accu-
mulation of inflammatory cells and, later, fibrous tissue.
Within the center of the lesion, liquefaction of the necrotic
tissue occurs (enhanced by delayed hypersensitivity), and
the abscess “points” in the direction of least resistance.
Drainage of the liquid center necrotic tissue is followed by
slow filling of the cavity with granulation tissue and even-
tual healing.

Focal suppuration (abscess) is typical of staphylococcal
infection. From any one focus, organisms may spread via
the lymphatics and bloodstream to other parts of the body.
Suppuration within veins, associated with thrombosis, is a
common feature of such dissemination. In osteomyelitis,
the primary focus of S aureus growth is typically in a ter-
minal blood vessel of the metaphysis of a long bone, leading
to necrosis of bone and chronic suppuration. S aureus may
cause pneumonia, meningitis, empyema, endocarditis, or
sepsis with suppuration in any organ. Staphylococci of low
invasiveness are involved in many skin infections (eg, acne,
pyoderma, or impetigo). Anaerobic cocci (Peptostreptococcus
species) participate in mixed anaerobic infections.

Staphylococci also cause disease through the elaboration
of toxins without apparent invasive infection. Bullous exfo-
liation, the scalded skin syndrome, is caused by the produc-
tion of exfoliative toxins. Toxic shock syndrome is associated
with TSST-1.
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Clinical Findings

A localized staphylococcal infection appears as a “pimple,”
hair follicle infection, or abscess. There is usually an intense,
localized, painful inflammatory reaction that undergoes cen-
tral suppuration and heals quickly when the pus is drained.
The wall of fibrin and cells around the core of the abscess tend
to prevent spread of the organisms and should not be broken
down by manipulation or trauma.

S aureus infection can also result from direct contami-
nation of a wound, such as a postoperative staphylococcal
wound infection or infection after trauma (chronic osteomy-
elitis subsequent to an open fracture, meningitis after skull
fracture).

If S aureus disseminates and bacteremia ensues, endo-
carditis, acute hematogenous osteomyelitis, meningitis, or
pulmonary infection can result. The clinical presentations
resemble those seen with other bloodstream infections.
Secondary localization within an organ or system is accom-
panied by the symptoms and signs of organ dysfunction and
intense focal suppuration.

Food poisoning caused by staphylococcal enterotoxin is
characterized by a short incubation period (1-8 hours); vio-
lent nausea, vomiting, and diarrhea; and rapid convalescence.
There is no fever.

Toxic shock syndrome is manifested by an abrupt onset
of high fever, vomiting, diarrhea, myalgias, a scarlatiniform
rash, and hypotension with cardiac and renal failure in the
most severe cases. It often occurs within 5 days after the
onset of menses in young women who use high-absorbency
tampons, but it also occurs in children and men with staphy-
lococcal wound infections. The syndrome can recur. Toxic
shock syndrome-associated S aureus can be found in the
vagina, on tampons, in wounds or other localized infections,
or in the throat but virtually never in the bloodstream.

Diagnostic Laboratory Tests

A. Specimens

Surface swab pus or aspirate from an abscess, blood, tra-
cheal aspirate, or spinal fluid for culture, depending on the
localization of the process, are all appropriate specimens for
testing. The anterior nares are frequently swabbed to deter-
mine nasal colonization, either by culture or nucleic acid
amplification tests, for epidemiological purposes.

B. Smears

Typical staphylococci appear as gram-positive cocci in
clusters in Gram-stained smears of pus or sputum. It is not
possible to distinguish saprophytic (S epidermidis) from
pathogenic (S aureus) organisms on smears.

C. Culture

Specimens planted on blood agar plates give rise to typical
colonies in 18 hours at 37°C, but hemolysis and pigment
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production may not occur until several days later and are
optimal at room temperature. S aureus but not other staphy-
lococci ferment mannitol. Specimens contaminated with
a mixed flora can be cultured on media containing 7.5%
NaCl; the salt inhibits most other normal microbiota but
not S aureus. Mannitol salt agar or commercially available
chromogenic media are used to screen for nasal carriers of
S aureus and patients with cystic fibrosis.

D. Catalase Test

This test is used to detect the presence of cytochrome oxi-
dase enzymes. A drop of 3% hydrogen peroxide solution is
placed on a slide, and a small amount of the bacterial growth
is placed in the solution. The formation of bubbles (the release
of oxygen) indicates a positive test result.

E. Coagulase Test

Citrated rabbit (or human) plasma diluted 1:5 is mixed with
an equal volume of broth culture or growth from colonies
on agar and incubated at 37°C. A tube of plasma mixed with
sterile broth is included as a control. If clots form in 1-4 hours,
the test result is positive.

Coagulase-positive staphylococci are considered patho-
genic for humans; however, coagulase-positive staphylo-
cocci of dogs (Staphylococcus intermedius) and dolphins
(Staphylococcus delphini) rarely cause disease in humans.
Infections of prosthetic devices can be caused by organisms
of the coagulase-negative S epidermidis group.

F. Susceptibility Testing

Broth microdilution or disk diffusion susceptibility testing
should be done routinely on staphylococcal isolates from
clinically significant infections. Resistance to penicillin G can
be predicted by a positive test result for f-lactamase; approxi-
mately 90% of S aureus produce -lactamase. Resistance to
nafcillin (and oxacillin and methicillin) occurs in about 65%
of S aureus and approximately 75% of S epidermidis isolates.
Nafcillin resistance correlates with the presence of mecA, the
gene that codes for a penicillin-binding protein (PBP 2a) not
affected by these drugs. The gene can be detected using the
polymerase chain reaction (PCR). Most clinical laboratories
use a phenotypic method such as an oxacillin screening agar
plate. Staphylococci that grow on Mueller-Hinton agar con-
taining 4% NaCl and 6 pg/mL of oxacillin typically are mecA
positive and nafcillin resistant. Alternatively, an assay for the
mecA gene product, PBP2a, is commercially available and is
much more rapid than PCR for mecA or than testing for resis-
tance using growth on oxacillin-containing salt agar.

G. Serologic and Typing Tests

Serologic tests for diagnosis of S aureus infections have little
practical value.

Antibiotic susceptibility patterns are helpful in trac-
ing S aureus infections and in determining if multiple

S epidermidis isolates from blood cultures represent bactere-
mia caused by the same strain, seeded by a nidus of infection.

Molecular typing techniques have been used to docu-
ment the spread of epidemic disease-producing clones of
S aureus. Pulsed-field gel electrophoresis and multilocus
sequence typing are highly discriminatory.

Treatment

Most persons harbor staphylococci on the skin and in the nose
or throat. Even if the skin can be cleared of staphylococci (eg,
in eczema), reinfection by droplets will occur almost imme-
diately. Because pathogenic organisms are commonly spread
from one lesion (eg, a furuncle) to other areas of the skin by
fingers and clothing, scrupulous local antisepsis is important
to control recurrent furunculosis.

Serious multiple skin infections (acne, furunculosis)
occur most often in adolescents. Similar skin infections occur
in patients receiving prolonged courses of corticosteroids.
In acne, lipases of staphylococci and corynebacteria liber-
ate fatty acids from lipids and thus cause tissue irritation.
Tetracyclines are used for long-term treatment.

Abscesses and other closed suppurating lesions are treated
by drainage, which is essential, and antimicrobial therapy.
Many antimicrobial drugs have some effect against staphylo-
cocci in vitro. However, it is difficult to eradicate pathogenic
staphylococci from infected persons because the organisms
rapidly develop resistance to many antimicrobial drugs and the
drugs cannot act in the central necrotic part of a suppurative
lesion. It is also difficult to eradicate the S aureus carrier state.

Acute hematogenous osteomyelitis responds well to
antimicrobial drugs. In chronic and recurrent osteomyelitis,
surgical drainage and removal of dead bone is accompanied
by long-term administration of appropriate drugs, but eradi-
cation of the infecting staphylococci is difficult. Hyperbaric
oxygen and the application of vascularized myocutaneous
flaps have aided healing in chronic osteomyelitis.

Bacteremia, endocarditis, pneumonia, and other severe
infections caused by S aureus require prolonged intravenous
therapy with a B-lactamase-resistant penicillin. Vancomycin
is often reserved for use with nafcillin-resistant staphylococci.
In recent years, an increase in MICs to vancomycin among
many MRSA strains recovered from hospitalized patients
has led physicians to seek alternative therapies. Alternative
agents for the treatment of MRSA bacteremia and endocar-
ditis include newer antimicrobials such as daptomycin, line-
zolid, and quinupristin-dalfopristin (see Chapter 28). Also,
these agents may be bactericidal and offer alternatives when
allergies preclude the use of other compounds or the patient’s
infection appears to be failing clinically. However, the use
of these agents should be discussed with infectious diseases
physicians or pharmacists because the side effect profiles and
pharmacokinetics are quite unique to each agent. Recently,
a novel cephalosporin called ceftaroline, which has activ-
ity against MRSA and other gram-positive and some gram-
negative bacteria, has been approved for the treatment of skin



and soft tissue infections and community acquired pneumo-
nia. This drug does not yet have an indication for bacteremia.
If the infection is found to be caused by non-B-lactamase-
producing S aureus, penicillin G is the drug of choice, but
these S aureus strains are rarely encountered.

S epidermidis infections are difficult to cure because they
occur in prosthetic devices where the bacteria can sequester
themselves in a biofilm. S epidermidis is more often resistant
to antimicrobial drugs than is S aureus; approximately 75% of
S epidermidis strains are nafcillin resistant.

Because of the frequency of drug-resistant strains, mean-
ingful staphylococcal isolates should be tested for antimicro-
bial susceptibility to help in the choice of systemic drugs.
Resistance to drugs of the erythromycin group tends to
emerge so rapidly that these drugs should not be used singly
for treatment of chronic infection. Drug resistance (to peni-
cillins, tetracyclines, aminoglycosides, erythromycins, and
so on) determined by plasmids can be transmitted among
staphylococci by transduction and perhaps by conjugation.

Penicillin G-resistant S aureus strains from clinical
infections always produce penicillinase. They constitute more
than 95% of S aureus isolates in communities in the United
States. They are often susceptible to B-lactamase-resistant
penicillins, cephalosporins, or vancomycin. Nafcillin resis-
tance is independent of P-lactamase production, and its
clinical incidence varies greatly in different countries and
at different times. The selection pressure of B-lactamase—
resistant antimicrobial drugs may not be the sole determi-
nant for resistance to these drugs: For example, in Denmark,
nafcillin-resistant S aureus comprised 40% of isolates in
1970 and only 10% in 1980 without notable changes in the
use of nafcillin or similar drugs. In the United States, naf-
cillin-resistant S aureus accounted for only 0.1% of isolates
in 1970 but in the 1990s constituted 20-30% of isolates from
infections in some hospitals. In 2003, 60% of nosocomial
S aureus among intensive care patients were resistant to
nafcillin. Fortunately, S aureus strains of intermediate suscep-
tibility to vancomycin have been relatively uncommon, and
the isolation of vancomycin-resistant strains has been rare.

Epidemiology and Control

Staphylococci are ubiquitous human parasites. The chief
sources of infection are shedding human lesions, fomites
contaminated from such lesions, and the human respira-
tory tract and skin. Contact spread of infection has assumed
added importance in hospitals, where a large proportion of
the staff and patients may carry antibiotic-resistant staphy-
lococci in the nose or on the skin. Although cleanliness,
hygiene, and aseptic management of lesions can control the
spread of staphylococci from lesions, few methods are avail-
able to prevent the wide dissemination of staphylococci from
carriers. Aerosols (eg, glycols) and ultraviolet irradiation of
air have little effect.

In hospitals, the areas at highest risk for severe staphylo-
coccal infections are newborn nurseries, intensive care units,
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operating rooms, and cancer chemotherapy wards. Massive
introduction of “epidemic” pathogenic S aureus into these
areas may lead to serious clinical disease. Personnel with
active S aureus lesions and carriers may have to be excluded
from these areas. In such individuals, the application of topi-
cal antiseptics such as mupirocin to nasal or perineal car-
riage sites may diminish shedding of dangerous organisms.
Rifampin coupled with a second oral antistaphylococcal drug
sometimes provides long-term suppression and possibly cure
of nasal carriage; this form of therapy is usually reserved for
major problems of staphylococcal carriage because staphylo-
cocci can rapidly develop resistance to rifampin.

To diminish transmission within the hospital setting,
high-risk patients, such as those in intensive care units and
patients transferred from chronic care facilities where preva-
lence is high, are frequently surveyed for anterior nares col-
onization. Patients who test positive by culture or PCR are
placed on contact precautions to minimize spread on the
hands of health care workers. Health care workers should
strictly adhere to infection control policies by wearing gloves
and washing hands before and after patient contact.

Until relatively recently, MRSA was confined primarily to
the hospital setting. Worldwide dissemination of a few distinct
clones of CA-MRSA has resulted in an increase in skin and
soft tissue infections and necrotizing pneumonia, primarily in
younger patients without known risk factors for MRSA acqui-
sition. These strains appear to be more virulent. CA-MRSA iso-
lates are characterized by the presence of PVL and the presence
of staphylococcal cassette chromosome mec type IV, which
may explain the increased susceptibility to other antimicrobial
agents compared with health care-associated MRSA strains.

CHAPTER SUMMARY

o Staphylococci are catalase-positive, gram-positive
organisms that grow in clusters and are common inhab-
itants of the skin and mucous membranes of humans and
animals.

o The pathogenic staphylococci, most importantly, S aureus,
hemolyze blood, coagulate plasma, and produce a variety
of extracellular enzymes and toxins that make them
virulent.

o S aureus has complex regulatory systems that respond
to environmental stimuli to control the expression of
its various virulence genes encoded on pathogenicity
islands.

o S aureus causes a broad range of invasive and toxigenic
diseases; coagulase-negative staphylococci are less
virulent and more often associated with opportunistic
infections (S epidermidis) or specific syndromes, such as
S saprophyticus and urinary tract infections.

« Antimicrobial resistance among staphylococci can be
quite extensive, encoded by a variety of mechanisms
such as B-lactamase production and chromosomal mecA
and other resistance determinants.
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REVIEW QUESTIONS

1.

A 54-year-old woman develops a right shoulder abscess with
a strain of Staphylococcus aureus (S aureus) that is resistant to
nafcillin. She was treated with a 2-week course of intravenous
vancomycin and improved. Three weeks later (week 5), the in-
fection recurred, and she was given 2 more weeks of intravenous
vancomycin and again improved. Four weeks later (week 11),
the infection recurred and the patient was again started on
intravenous vancomycin. The MICs for vancomycin for the
S aureus isolates were as follows: initial isolate (day 1), 1 pg/mL;
week 5, 2 ug/mL; and week 11, 8 ug/mL. The patient failed to
improve with the third course of vancomycin, and alternative
therapy was used. The mechanism that best explains the relative
resistance of the patient’s strain of S aureus to vancomycin is

(A) Acquisition of the vanA gene from another microorganism

(B) Active transport of vancomycin out of the S aureus cell

(C) Action of B-lactamase

(D) Increased cell wall synthesis and alterations in the cell wall
structure

(E) Phosphorylation and
vancomycin

resultant inactivation of the

. An 11-year-old boy develops a mild fever and pain in his upper

arm. A radiograph of his arm shows a lytic lesion (dissolution)
in the upper part of the humerus with periosteal elevation over
the lesion. The patient is taken to surgery, where the lesion is
debrided (dead bone and pus removed). Culture from the lesion
yields gram-positive cocci. A test shows that the organism is a
staphylococcus and not a streptococcus. Based on this informa-
tion, you know the organism is

(A) Susceptible to nafcillin

(B) B-Lactamase-positive

(C) A producer of protein A

(D) Encapsulated

(E) Catalase positive

. A 36-year-old male patient has an abscess with a strain of

S aureus that is B-lactamase positive. This indicates that the or-
ganism is resistant to which of the following antibiotics?

(A) Penicillin G, ampicillin, and piperacillin

(B) Trimethoprim-sulfamethoxazole

(C) Erythromycin, clarithromycin, and azithromycin

(D) Vancomycin

(E) Cefazolin and ceftriaxone

. Seven days ago, a 27-year-old medical student returned from

Central America, where she had spent the summer working in
a clinic for indigenous people. Four days ago, she developed an
erythematous sunburn-like rash. She also has had headache,
muscle aches, and abdominal cramps with diarrhea. Her blood
pressure is 70/40 mm Hg. Pelvic examination shows she is hav-
ing her menstrual period with a tampon in place; otherwise, the
pelvic examination is normal. Her kidney function test (serum
urea nitrogen and creatinine) results are abnormal, indicating
mild renal failure. A blood smear for malaria is negative. Her
illness is likely to be caused by which of the following?
(A) A toxin that results in greatly increased levels of intracel-
lular cyclic adenosine monophosphate (CAMP)
(B) A toxin that degrades sphingomyelin
(C) A toxin that binds to the class II major histocompatibility
complex (MHC) of an antigen-presenting cell and the V3
region of a T cell

(D) A two-component toxin that forms pores in white blood
cells and increases cation permeability
(E) A toxin that blocks elongation factor 2 (EF2)

. Over a period of 3 weeks, a total of five newborns in the

hospital nursery developed S aureus infections with S aureus
bacteremia. The isolates all had the same colony morphology
and hemolytic properties and identical antimicrobial suscepti-
bility patterns, suggesting that they were the same. (Later mo-
lecular methods showed the isolates were identical.) Which of
the following should be done now?

(A) Prophylactic treatment of all newborns with intravenous
vancomycin

(B) Protective isolation of all newborns

(C) Closing the nursery and referring pregnant women to
another hospital

(D) Hiring all new staff for the hospital nursery

(E) Culture using mannitol salt agar of the anterior nares
of the physicians, nurses, and others who cared for the
infected babies

. The exfoliative toxins, TSST-1, and the enterotoxins are all

superantigens. The genes for these toxins are

(A) Present in all strains of S aureus

(B) Widely distributed on the staphylococcal chromosome

(C) On both the staphylococcal chromosome (TSST-1 and
exfoliative toxins) and on plasmids (enterotoxins)

(D) On the staphylococcal chromosome in a pathogenicity island

(E) On plasmids

. A 16-year-old bone marrow transplant patient has a central

venous line that has been in place for 2 weeks. He also has a uri-

nary tract catheter, which has been in place for 2 weeks as well.

He develops fever while his white blood cell count is very low

and before the transplant has engrafted. Three blood cultures

are done, and all grow Staphylococcus epidermidis. Which one

of the following statements is correct?

(A) The S epidermidis organisms are likely to be susceptible to
penicillin G.

(B) The S epidermidis organisms are likely to be from the sur-
face of the urinary tract catheter.

(C) The S epidermidis organisms are likely to be resistant to
vancomycin.

(D) TheSepidermidis organisms are likely to be from a skin source.

(E) The S epidermidis organisms are likely to be in a biofilm on
the central venous catheter surface.

. A 65-year-old man develops an abscess on the back of his neck.

Culture yields S aureus. The isolate is tested and found to be
positive for the mecA gene, which means that

(A) The isolate is susceptible to vancomycin.
(B) The isolate is resistant to vancomycin.
(C) The isolate is susceptible to nafcillin.

(D) The isolate is resistant to nafcillin

(E) The isolate is susceptible to clindamycin.
(F) The isolate is resistant to clindamycin.

. Antimicrobial resistance has become a significant problem.

Which one of the following is of major concern worldwide?

(A) Nafcillin resistance in S aureus

(B) Penicillin resistance in Streptococcus pneumoniae
(C) Penicillin resistance in Neisseria gonorrhoeae

(D) Vancomycin resistance in S aureus

(E) Tobramycin resistance in Escherichia coli



10. A group of six children younger than 8 years of age live in a
semitropical country. Each of the children has several crusted
weeping skin lesions of impetigo (pyoderma). The lesions are
predominantly on the arms and faces. Which of the following
microorganisms is a likely cause of the lesions?

(A) Escherichia coli

(B) Chlamydia trachomatis
(C) Saureus

(D) Streptococcus pneumoniae
(E) Bacillus anthracis

11. Which of the following statements regarding the role of pro-
tein A in the pathogenesis of infections caused by S aureus is
correct?

(A) Itisresponsible for the rash in toxic shock syndrome.

(B) It converts hydrogen peroxide into water and oxygen.

(C) Itisa potent enterotoxin.

(D) It is directly responsible for lysis of neutrophils.

(E) Itisa bacterial surface protein that binds to the Fc portion
of IgGl.

12. Which of the following staphylococcal organisms produces
coagulase and has been implicated in infections following a
dog bite?

(A) Staphylococcus intermedius
(B) Staphylococcus epidermidis
(C) Staphylococcus saprophyticus
(D) Staphylococcus hominis

(E) Staphylococcus hemolyticus

13. All of the following statements regarding Panton-Valentine
leukocidin are correct except:

(A) Itisatwo-component toxin.

(B) Itis commonly produced by community-associated MRSA
strains.

(C) Itisan important virulence factor.

(D) Itis identical to one of the staphylococcal enterotoxins.

(E) It forms pores in the membranes of white blood cells.

14. Which of the following statements best describes the function
of the accessory gene regulator in Staphylococcus aureus?
(A) It regulates production of B-hemolysins.
(B) Itisinfluenced by environmental oxygen.
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(C) It controls the preferential expression of surface adhesins.
(D) Itisimportant in the control of autolysis.
15. All of the following are important infection control strategies in

containing spread of MRSA in hospitals except:

(A) Aggressive hand hygiene

(B) Routine surveillance for nasal colonization among high-
risk individuals

(C) Contact isolation for patients who are colonized or infected
with MRSA

(D) Routine antimicrobial prophylaxis for all patients hospital-
ized for more than 48 hours

(E) Aseptic management of skin lesions

Answers

1. D 5. E 9. D 13. D
2. E 6. D 10. C 14. C
3. A 7. E 11. E 15. D
4. C 8. D 12. A
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The Streptococci, Enterococci,

and Related Genera

The streptococci are gram-positive spherical bacteria that
characteristically form pairs or chains during growth. They
are widely distributed in nature. Some are members of the
normal human microbiota; others are associated with impor-
tant human diseases attributable to the direct effects of infec-
tion by streptococci or in other cases to an immunologic
response to them. Streptococci elaborate a variety of extra-
cellular substances and enzymes.

The streptococci are a large and heterogeneous group
of bacteria, and no one system suffices to classify them. Yet
understanding their taxonomy is key to understanding their
medical importance.

CLASSIFICATION OF STREPTOCOCCI

The classification of streptococci into major categories has
been based on a series of observations over many years:
(1) colony morphology and hemolytic reactions on blood
agar, (2) serologic specificity of the cell wall group-specific
substance (Lancefield antigens) and other cell wall or cap-
sular antigens, (3) biochemical reactions and resistance
to physical and chemical factors, and (4) ecologic features.
Molecular genetics have also been used to study the strep-
tococci. Combinations of these methods have permitted the
classification of streptococci for purposes of clinical and
epidemiologic convenience, but as the knowledge evolved,
new methods have been introduced with the result that
several classification systems have been described. In some
cases, different species names have been used to describe
the same organisms; in other instances, some members of
the same species have been included in another species or
classified separately. The genus Enterococcus, for example,
now includes some species previously classified as group D
streptococci. The classification of streptococci described in
the following paragraphs and summarized in Table 14-1 is
one logical approach.

A.Hemolysis

Many streptococci are able to hemolyze red blood cells in vitro
in varying degrees. Complete disruption of erythrocytes with
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clearing of the blood around the bacterial growth is called
B-hemolysis. Incomplete lysis of erythrocytes with reduction
of hemoglobin and the formation of green pigment is called
o-hemolysis. Other streptococci are nonhemolytic (some-
times called y- [gamma-] hemolysis).

The hemolysis patterns of the streptococci of medical
importance to humans are shown in Table 14-1. The classifi-
cation of hemolytic patterns is used primarily with the strep-
tococci and not with other bacteria that cause disease and
typically produce a variety of hemolysins.

B. Group-Specific Substance (Lancefield
Classification)

This carbohydrate is contained in the cell wall of many strepto-
cocciand forms the basis of serologic grouping into Lancefield
groups A-H and K-U. The serologic specificity of the group-
specific carbohydrate is determined by an amino sugar. For
group A streptococci, this is rhamnose-N-acetylglucosamine;
for group B, it is rhamnose-glucosamine polysaccharide; for
group C, it is rhamnose-N-acetylgalactosamine; for group D,
it is glycerol teichoic acid containing d-alanine and glucose;
and for group F, it is glucopyranosyl-N-acetylgalactosamine.

Extracts of group-specific antigen for grouping strepto-
cocci are prepared by a variety of methods, including extrac-
tion of centrifuged culture treated with hot hydrochloric
acid, nitrous acid, or formamide; by enzymatic lysis of strep-
tococcal cells (eg, with pepsin or trypsin); or by autoclaving
of cell suspensions. These extracts contain the carbohydrate
group-specific substance that yields precipitin reactions
specific antisera. This permits arrangement of many strep-
tococci into groups A-H and K-U. Typing is generally done
only for groups A, B, C, F, and G (see Table 14-1), which
cause disease in humans and for which reagents are avail-
able that allow typing using simple agglutination or color
reactions.

C. Capsular Polysaccharides

The antigenic specificity of the capsular polysaccharides is
used to classify Streptococcus pneumoniae into more than
90 types and to type the group B streptococci (Streptococcus
agalactiae).

209
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TABLE 14-1 Characteristics of Medically Important Streptococci
Group-Specific Important Laboratory Common and Important
Name Substance® Hemolysis® Habitat Criteria Diseases
Streptococcus pyogenes A B Throat, skin Large colonies Pharyngitis, impetigo,
(>0.5 mm), PYR® test rheumatic fever,
positive, inhibited glomerulonephritis,
by bacitracin toxic shock
Streptococcus agalactiae B B Female genital Hippurate hydrolysis, Neonatal sepsis and
tract, lower CAMP-positived meningitis, bacteremia
Gl tract in adults
Streptococcus CG B (human) Throat Large (>0.5 mm) Pharyngitis, pyogenic
dysgalactiae infections), colonies infections similar to
subspecies equisimilis; o, hone group A streptococci
others
Enterococcus faecalis D None, o, Colon Growth in presence Abdominal abscess,
(and other of bile, hydrolyze urinary tract infection,
enterococci) esculin, growth endocarditis
in 6.5% NaCl, PYR
positive
Streptococcus bovis D None Colon, biliary Growth in presence Endocarditis, common
group tree of bile, hydrolyze blood isolate in colon
esculin, no growth in cancer, biliary disease
6.5% NaCl, degrades
starch
Streptococcus anginosus F (A, C G)and a, B, none Throat, colon, Small (<0.5 mm) Pyogenic infections,
group (S anginosus, untypeable female colony variants including brain abscesses
Sintermedius, genital tract of B-hemolytic
S constellatus, species; group A are
S milleri group) bacitracin resistant
and PYR negative;
carbohydrate
fermentation
patterns
Viridans streptococci Usually not o, hone Mouth, throat, Optochin resistant; Dental caries (S mutans),
(many species) typed or colon, female colonies not soluble endocarditis; abscesses
untypeable genital tract in bile; carbohydrate (with many other
fermentation bacterial species);
patterns some species, such as
Streptococcus mitis, have
high-level resistance to
penicillin
Streptococcus None o Nasopharynx Susceptible to optochin; Pneumonia, meningitis,
pneumoniae colonies soluble endocarditis, otitis media,
in bile; quellung sinusitis
reaction positive
Peptostreptococcus None None, o Mouth, colon, Obligate anaerobes Abscesses (with multiple
(many species) (see female other bacterial species)
Chapter 21) genital tract

2 Lancefield classification.

> Hemolysis observed on 5% sheep blood agar after overnight incubation.

< Hydrolysis of L-pyrrolidonyl-B-naphthylamide (PYR).
4 CAMP, Christie, Atkins, Munch-Peterson

Gl, gastrointestinal.

growth and hemolytic characteristics have been observed.
Biochemical tests are used for species that typically do not
react with the commonly used antibody preparations for
the group-specific substances, groups A, B, C, F, and G.
For example, the viridans streptococci are o-hemolytic or

D. Biochemical Reactions

Biochemical tests include sugar fermentation reactions,
tests for the presence of enzymes, and tests for susceptibil-
ity or resistance to certain chemical agents. Biochemical tests
are most often used to classify streptococci after the colony
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nonhemolytic and do not react with the antibodies com-
monly used for the Lancefield classification. Speciation of the
viridans streptococci requires a battery of biochemical tests.

Many species of streptococci, including Streptococcus
pyogenes (group A), S agalactiae (group B), and the entero-
cocci (group D), are characterized by combinations of fea-
tures, including colony growth characteristics, hemolysis
patterns on blood agar (ci-hemolysis, B-hemolysis, or no
hemolysis), antigenic composition of group-specific cell
wall substances, and biochemical reactions. S pneumoniae
(pneumococcus) types are further classified by the antigenic
composition of the capsular polysaccharides. The viridans
streptococci can be a-hemolytic or nonhemolytic and are
generally speciated by biochemical reactions. See Table 14-1.
However, because biochemical reactions are labor intensive
and often unreliable, laboratories with molecular capabili-
ties, such as gene sequencing or that have implemented mass
spectroscopy for organism identification (matrix-assisted
laser desorption ionization-time of flight mass spectroscopy
[MALDI-TOF]), are replacing phenotypic tests with these
methods when identification of viridians streptococci is
required.

STREPTOCOCCI OF PARTICULAR
MEDICAL INTEREST

The following streptococci and enterococci are of particular
medical relevance.

STREPTOCOCCUS PYOGENES

Most streptococci that contain the group A antigen are S pyo-
genes. It is a prototypical human pathogen. It is used here to
illustrate general characteristics of streptococci and specific
characteristics of the species. S pyogenes is the main human
pathogen associated with local or systemic invasion and post-
streptococcal immunologic disorders. S pyogenes typically
produceslarge (1 cm in diameter) zones of B hemolysis around
colonies greater than 0.5 mm in diameter. They are PYR-
positive (hydrolysis of L-pyrrolidonyl-B-naphthylamide) and
usually are susceptible to bacitracin.

Morphology and Identification
A. Typical Organisms

Individual cocci are spherical or ovoid and are arranged in
chains (Figure 14-1). The cocci divide in a plane perpendicular
to the long axis of the chain. The members of the chain often
have a striking diplococcal appearance, and rodlike forms
are occasionally seen. The lengths of the chains vary widely
and are conditioned by environmental factors. Streptococci
are gram positive; however, as a culture ages and the bacteria
die, they lose their gram positivity and can appear to be gram

FIGURE 14-1 Streptococci grown in blood culture showing
gram-positive cocci in chains. Original magnification x1000.

negative; for some streptococci, this can occur after overnight
incubation.

Most group A strains (see Table 14-1) produce capsules
composed of hyaluronic acid. The capsules are most notice-
able in very young cultures. They impede phagocytosis. The
hyaluronic acid capsule likely plays a greater role in virulence
than is generally appreciated and together with M protein is
believed to be an important factor in the resurgence of rheu-
matic fever (RF) in the United States in the 1980s and 1990s.
The capsule binds to hyaluronic-acid-binding protein, CD44,
present on human epithelial cells. Binding induces disrup-
tion of intercellular junctions allowing microorganisms to
remain extracellular as they penetrate the epithelium (see
Stollerman and Dale, 2008). Capsules of other streptococci
(eg, S agalactiae and S pneumoniae) are different. The S pyo-
genes cell wall contains proteins (M, T, R antigens), carbo-
hydrates (group specific), and peptidoglycans. Hairlike pili
project through the capsule of group A streptococci. The pili
consist partly of M protein and are covered with lipoteichoic
acid. The latter is important in the attachment of streptococci
to epithelial cells.

B. Culture

Most streptococci grow in solid media as discoid colonies, usu-
ally 1-2 mm in diameter. S pyogenes is B-hemolytic (Figure 14-2);
other species have variable hemolytic characteristics.

C. Growth Characteristics

Energy is obtained principally from the utilization of glu-
cose with lactic acid as the end product. Growth of strep-
tococci tends to be poor on solid media or in broth unless
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FIGURE 14-2 Group A B-hemolytic streptococci (Streptococcus
pyogenes) after growth overnight on a 10-cm plate with 5% sheep
blood agar. The small (0.5-1 mm diameter) white colonies are
surrounded by diffuse zones of B-hemolysis 7-10 mm in diameter.
(Courtesy of H. Reyes.)

enriched with blood or tissue fluids. Nutritive requirements
vary widely among different species. The human pathogens
are most exacting, requiring a variety of growth factors.
Growth and hemolysis are aided by incubation in 10% CO,.
Most pathogenic hemolytic streptococci grow best at 37°C.
Most streptococci are facultative anaerobes and grow under
aerobic and anaerobic conditions.

D. Variation

Variants of the same streptococcus strain may show different
colony forms. This is particularly marked among S pyogenes
strains, giving rise to either matte or glossy colonies. Matte
colonies consist of organisms that produce much M protein
and generally are virulent. The S pyogenes in glossy colonies
tend to produce little M protein and are often not virulent.

Antigenic Structure

A. M Protein

This substance is a major virulence factor of S pyogenes.
M protein appears as hairlike projections of the streptococcal
cell wall. When M protein is present, the streptococci are vir-
ulent, and in the absence of M type-specific antibodies, they
are able to resist phagocytosis by polymorphonuclear leuko-
cytes by inhibiting activation of the alternate complement
pathway. S pyogenes that lack M protein are not virulent.
Immunity to infection with group A streptococci is related
to the presence of type-specific antibodies to M protein.
Because there are many, perhaps 150, types of M protein, a
person can have repeated infections with S pyogenes of dif-
ferent M types. Both group C and group G streptococci have

genes homologous to the genes for M protein of group A, and
M proteins similar to those of group A have been found on
group C and group G streptococci.

The M protein molecule has a rodlike coiled structure
that separates functional domains. The structure allows for
a large number of sequence changes while maintaining func-
tion, and the M protein immunodeterminants, therefore, can
readily change. There are two major structural classes of M
protein, classes I and II.

It appears that M protein and perhaps other streptococ-
cal cell wall antigens have an important role in the patho-
genesis of rheumatic fever. Purified streptococcal cell wall
membranes induce antibodies that react with human cardiac
sarcolemma; the characteristics of the cross-reactive antigens
are not clear. A component of the cell wall of selected M types
induces antibodies that react with cardiac muscle tissue.
Conserved antigenic domains on the class I M protein cross-
react with human cardiac muscle, and the class I M protein
may be a virulence determinant for rheumatic fever.

B. T Substance

This antigen has no relationship to virulence of streptococci.
Unlike M protein, T substance is acid labile and heat labile. It
is obtained from streptococci by proteolytic digestion, which
rapidly destroys M proteins. T substance permits differen-
tiation of certain types of streptococci by agglutination with
specific antisera, but other types share the same T substance.
Yet another surface antigen has been called R protein.

C. Nucleoproteins

Extraction of streptococci with weak alkali yields mixtures
of proteins and other substances of little serologic specific-
ity, called P substances, which probably make up most of the
streptococcal cell body.

Toxins and Enzymes

More than 20 extracellular products that are antigenic are
elaborated by S pyogenes, including the following.

A. Streptokinase (Fibrinolysin)

Streptokinase is produced by many strains of group A
B-hemolytic streptococci. It transforms the plasminogen of
human plasma into plasmin, an active proteolytic enzyme
that digests fibrin and other proteins, allowing the bacteria
to escape from blood clots. This process of digestion may
be interfered with by nonspecific serum inhibitors and by a
specific antibody, antistreptokinase. Streptokinase has been
given intravenously for treatment of pulmonary emboli, cor-
onary artery, and venous thromboses.

B. Deoxyribonucleases

Streptococcal deoxyribonucleases A, B, C, and D degrade
DNA (DNases) and similar to streptokinase facilitate
the spread of streptococci in tissue by liquefying pus.
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The enzymatic activity can be measured by the decrease in
viscosity of known DNA solutions. Purulent exudates owe
their viscosity largely to deoxyribonucleoprotein. Mixtures
of streptokinase and DNases are used in “enzymatic
debridement.” They help to liquefy exudates and facilitate
removal of pus and necrotic tissue; antimicrobial drugs
thus gain better access, and infected surfaces recover more
quickly. An antibody to DNAse develops after streptococ-
cal infections (normal limit, 100 units), especially after skin
infections.

C. Hyaluronidase

Hyaluronidase splits hyaluronic acid, an important com-
ponent of the ground substance of connective tissue. Thus,
hyaluronidase aids in spreading infecting microorganisms
(spreading factor). Hyaluronidases are antigenic and spe-
cific for each bacterial or tissue source. After infection with
hyaluronidase-producing organisms, specific antibodies are
found in the serum.

D. Pyrogenic Exotoxins (Erythrogenic Toxin)

Pyrogenic exotoxins are elaborated by S pyogenes. There are
three antigenically distinct streptococcal pyrogenic exotox-
ins (Spe): A, B, and C. SpeA has been most widely studied.
It is produced by group A streptococci that carry a lysogenic
phage. The streptococcal pyrogenic exotoxins have been
associated with streptococcal toxic shock syndrome and
scarlet fever. Most strains of group A streptococci isolated
from patients with streptococcal toxic shock syndrome either
produce Spe A or have the gene that codes for it; in contrast,
only about 15% of group A streptococci isolated from other
patients have the gene. Spe C may also contribute to the syn-
drome, but the role for Spe B is unclear. The group A strepto-
cocci associated with toxic shock syndrome are primarily of
M protein types 1 and 3.

The pyrogenic exotoxins act as superantigens, which
stimulate T cells by binding to the class II major histocom-
patibility complex in the V; region of the T-cell receptor. The
activated T cells release cytokines that mediate shock and tis-
sue injury. The mechanisms of action appear to be similar to
those caused by staphylococcal toxic syndrome toxin-1 and
the staphylococcal enterotoxins.

E. Hemolysins

The B-hemolytic group A S pyogenes elaborates two hemo-
lysins (streptolysins) that not only lyse the membranes of
erythrocytes but also damage a variety of other cell types.
Streptolysin O is a protein (molecular weight [MW], 60,000)
that is hemolytically active in the reduced state (available-
SH groups) but rapidly inactivated in the presence of oxy-
gen. Streptolysin O is responsible for some of the hemo-
lysis seen when growth occurs in cuts made deep into the
medium in blood agar plates. It combines quantitatively
with antistreptolysin O (ASO), an antibody that appears in
humans after infection with any streptococci that produce
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streptolysin O. This antibody blocks hemolysis by strep-
tolysin O. This phenomenon forms the basis of a quanti-
tative test for the antibody. An ASO serum titer in excess
of 160-200 units is considered abnormally high and sug-
gests either recent infection with S pyogenes or persistently
high antibody levels caused by an exaggerated immune
response to an earlier exposure in a hypersensitive person.
Streptolysin S is the agent responsible for the hemolytic
zones around streptococcal colonies growing on the sur-
face of blood agar plates. It is elaborated in the presence of
serum—hence the name streptolysin S. It is not antigenic,
but it may be inhibited by a nonspecific inhibitor that is
frequently present in the sera of humans and animals and
is independent of past experience with streptococci. Most
isolates of S pyogenes produce both of these hemolysins.
About 10% may produce only one.

Pathogenesis and Clinical Findings

A variety of distinct disease processes are associated with
S pyogenes infections. The infections can be divided into sev-
eral categories.

A. Diseases Attributable to Invasion by S pyogenes,
-Hemolytic Group A Streptococci

The portal of entry determines the principal clinical pic-
ture. In each case, however, there is a diffuse and rapidly
spreading infection that involves the tissues and extends
along lymphatic pathways with only minimal local suppu-
ration. From the lymphatics, the infection can extend to the
bloodstream.

1. Erysipelas—If the portal of entry is the skin, erysipelas
results, with massive brawny edema and a rapidly advancing
margin of infection.

2. Cellulitis—Streptococcal cellulitis is an acute, rapidly
spreading infection of the skin and subcutaneous tissues.
It follows infection associated with mild trauma, burns,
wounds, or surgical incisions. Pain, tenderness, swelling, and
erythema occur. Cellulitis is differentiated from erysipelas
by two clinical findings: In cellulitis, the lesion is not raised,
and the line between the involved and uninvolved tissue is
indistinct.

3. Necrotizing fasciitis (streptococcal gangrene)—
There is extensive and very rapidly spreading necrosis of the
skin, tissues, and fascia. Bacteria other than S pyogenes can
also cause necrotizing fasciitis. The group A streptococci that
cause necrotizing fasciitis have sometimes been termed flesh-
eating bacteria.

4. Puerperal fever—If the streptococci enter the uterus
after delivery, puerperal fever develops, which is essentially a
septicemia originating in the infected wound (endometritis).
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5. Bacteremia or sepsis—Infection of traumatic or sur-
gical wounds with streptococci results in bacteremia, which
can rapidly be fatal. S pyogenes bacteremia can also occur
with skin infections, such as cellulitis and rarely pharyngitis.

B. Diseases Attributable to Local Infection With
S pyogenes and Their Byproducts

1. Streptococcal sore throat—The most common
infection caused by B-hemolytic S pyogenes is streptococcal
sore throat or pharyngitis. S pyogenes adhere to the pharyn-
geal epithelium by means of lipoteichoic acid-covered surface
pili and by means of hyaluronic acid in encapsulated strains.
The glycoprotein fibronectin (MW, 440,000) on epithelial
cells probably serves as lipoteichoic acid ligand. In infants
and small children, the sore throat occurs as a subacute
nasopharyngitis with a thin serous discharge and little fever
but with a tendency of the infection to extend to the middle
ear and the mastoid. The cervical lymph nodes are usually
enlarged. The illness may persist for weeks. In older children
and adults, the disease is more acute and is characterized by
intense nasopharyngitis, tonsillitis, and intense redness and
edema of the mucous membranes, with purulent exudate;
enlarged, tender cervical lymph nodes; and (usually) a high
fever. Twenty percent of infections are asymptomatic. A simi-
lar clinical picture can occur with infectious mononucleosis,
diphtheria, gonococcal infection, and adenovirus infection.

S pyogenes infection of the upper respiratory tract does
not usually involve the lungs. Pneumonia, when it does occur,
is rapidly progressive and severe and is most commonly
a sequela to viral infections, such as influenza or measles,
which seem to greatly enhance the predisposition to bacte-
rial superinfection with this and other pathogens, such as
S pneumoniae.

2. Streptococcal pyoderma—Local infection of super-
ficial layers of skin, especially in children, is called impetigo.
It consists of superficial vesicles that break down and eroded
areas whose denuded surface is covered with pus and later
is encrusted. It spreads by continuity and is highly commu-
nicable, especially in hot, humid climates. More widespread
infection occurs in eczematous or wounded skin or in burns
and may progress to cellulitis. Group A streptococcal skin
infections are often attributable to M types 49, 57, and 59-61
and may precede glomerulonephritis (GN) but do not lead to
rheumatic fever.

A clinically identical infection can be caused by
Staphylococcus aureus and sometimes both S pyogenes and
S aureus are present.

C. Invasive Group A Streptococcal Infections,
Streptococcal Toxic Shock Syndrome, and
Scarlet Fever

Fulminant, invasive S pyogenes infections with strepto-
coccal toxic shock syndrome are characterized by shock,

bacteremia, respiratory failure, and multiorgan failure. Death
occurs in about 30% of patients. The infections tend to occur
after minor trauma in otherwise healthy persons with several
presentations of soft tissue infection. These include necrotiz-
ing fasciitis, myositis, and infections at other soft tissue sites;
bacteremia occurs frequently. In some patients, particularly
those infected with group A streptococci of M types 1 or 3,
the disease presents with focal soft tissue infection accompa-
nied by fever and rapidly progressive shock with multiorgan
failure. Erythema and desquamation may occur. The S pyo-
genes of the M types 1 and 3 (and types 12 and 28) that make
pyrogenic exotoxin A or B are associated with the severe
infections.

Pyrogenic exotoxins A-C also cause scarlet fever in
association with S pyogenes pharyngitis or with skin or soft
tissue infection. The pharyngitis may be severe. The rash
appears on the trunk after 24 hours of illness and spreads to
involve the extremities. Streptococcal toxic shock syndrome
and scarlet fever are clinically overlapping diseases.

D. Poststreptococcal Diseases (Rheumatic Fever,
Glomerulonephritis)

After an acute S pyogenes infection, there is a latent period of
1-4 weeks, after which nephritis or rheumatic fever occasion-
ally develops. The latent period suggests that these poststrep-
tococcal diseases are not attributable to the direct effect of
disseminated bacteria but instead represent a hypersensitiv-
ity response. Nephritis is more commonly preceded by infec-
tion of the skin; rheumatic fever is more commonly preceded
by infection of the respiratory tract.

1. Acute glomerulonephritis—This sometimes devel-
ops 1-4 weeks after S pyogenes skin infection (pyoderma,
impetigo) or pharyngitis. Some strains are particularly neph-
ritogenic, principally with M types 2, 42, 49, 56, 57, and 60
(skin). Other nephritogenic M types associated with throat
infections and glomerulonephritis are 1, 4, 12, and 25. After
random streptococcal skin infections, the incidence of
nephritis is less than 0.5%.

Glomerulonephritis may be initiated by antigen-
antibody complexes on the glomerular basement membrane.
The most important antigens are thought to be SpeB and a
nephritis-associated plasmin receptor. In acute nephritis, the
patient has blood and protein in the urine, edema, high blood
pressure, and urea nitrogen retention; serum complement
levels are also low. A few patients die, some develop chronic
glomerulonephritis with ultimate kidney failure, and the
majority recover completely.

2. Rheumatic fever—This is the most serious sequela of
S pyogenes because it results in damage to heart muscle and
valves. Certain strains of group A streptococci contain cell
membrane antigens that cross-react with human heart tis-
sue antigens. Sera from patients with rheumatic fever contain
antibodies to these antigens.
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The onset of rheumatic fever is often preceded by S pyo-
genes pharyngitis 1-4 weeks earlier, although the infection
may be mild and may not be detected. In general, however,
patients with more severe streptococcal sore throats have a
greater chance of developing rheumatic fever. Rheumatic
fever is not associated with cutaneous streptococcal infec-
tions. In the 1950s, untreated streptococcal infections were
followed by rheumatic fever in up to 3% of military person-
nel and 0.3% of civilian children. Rheumatic fever is now
relatively rare in the United States (<0.05% of streptococcal
infections), but it occurs up to 100 times more frequently in
tropical countries and is the most important cause of heart
disease in young people in developing countries.

Typical symptoms and signs of rheumatic fever include
fever, malaise, a migratory nonsuppurative polyarthritis, and
evidence of inflammation of all parts of the heart (endocar-
dium, myocardium, and pericardium). The carditis charac-
teristically leads to thickened and deformed valves and to
small perivascular granulomas in the myocardium (Aschoft
bodies) that are finally replaced by scar tissue. Erythrocyte
sedimentation rates, serum transaminase levels, electrocar-
diograms, and other tests are used to estimate rheumatic
activity.

Whereas rheumatic fever has a marked tendency to be
reactivated by recurrent streptococcal infections, nephritis
does not. The first attack of rheumatic fever usually produces
only slight cardiac damage, which, however, increases with
each subsequent attack. It is therefore important to protect
such patients from recurrent S pyogenes infections by prophy-
lactic penicillin administration.

Diagnostic Laboratory Tests

A. Specimens

Specimens to be obtained depend on the nature of the strep-
tococcal infection. A throat swab, pus, or blood is obtained
for culture. Serum is obtained for antibody determinations.

B. Smears

Smears from pus often show single cocci or pairs rather than
definite chains. Cocci are sometimes gram negative because
the organisms are no longer viable and have lost their ability
to retain the blue dye (crystal violet) and be gram positive.
If smears of pus show streptococci but cultures fail to grow,
anaerobic organisms must be suspected. Smears of throat
swabs are rarely contributory because viridans streptococci
are always present and have the same appearance as group A
streptococci on stained smears.

C. Culture

Specimens suspected of containing streptococci are cul-
tured on blood agar plates. If anaerobes are suspected, suit-
able anaerobic media must also be inoculated. Incubation
in 10% CO, often speeds hemolysis. Slicing the inoculum
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into the blood agar has a similar effect because oxygen
does not readily diffuse through the medium to the deeply
embedded organisms, and it is oxygen that inactivates
streptolysin O.

Blood cultures will grow hemolytic group A streptococci
(eg, in sepsis) within hours or a few days. Certain ai-hemolytic
streptococci and enterococci may grow slowly, so blood cul-
tures in cases of suspected endocarditis occasionally do not
turn positive for a few days.

The degree and kind of hemolysis (and colonial appear-
ance) may help place an organism in a definite group.
S pyogenes can be identified by rapid tests specific for the
presence of the group A-specific antigen and by the PYR
test. Streptococci belonging to group A may be presump-
tively identified by inhibition of growth by bacitracin, but
this should be used only when more definitive tests are not
available.

D. Antigen Detection Tests

Several commercial Kkits are available for rapid detection
of group A streptococcal antigen from throat swabs. These
kits use enzymatic or chemical methods to extract the anti-
gen from the swab, then use enzyme immunoassay (EIA)
or agglutination tests to demonstrate the presence of the
antigen. The tests can be completed minutes to hours after
the specimen is obtained. They are 60-90% sensitive, depend-
ing on the prevalence of the disease in the population, and
98-99% specific compared with culture methods.

E. Serologic Tests

A rise in the titer of antibodies to many group A streptococ-
cal antigens can be estimated. Such antibodies include ASO,
particularly in respiratory disease; anti-DNase B and anti-
hyaluronidase, particularly in skin infections; antistreptoki-
nase; anti-M type-specific antibodies; and others. Of these,
the anti-ASO titer is most widely used.

Immunity

Resistance against streptococcal diseases is M type spe-
cific. Thus, a host who has recovered from infection by one
group A streptococcal M type is relatively immune to rein-
fection by the same type but fully susceptible to infection
by another M type. Anti-M type-specific antibodies can be
demonstrated in a test that exploits the fact that strepto-
cocci are rapidly killed after phagocytosis. M protein inter-
feres with phagocytosis, but in the presence of type-specific
antibody to M protein, streptococci are killed by human
leukocytes.

Antibody to streptolysin O develops after infection;
it blocks hemolysis by streptolysin O but does not indi-
cate immunity. High titers (>250 units) indicate recent or
repeated infections and are found more often in rheumatic
individuals than in those with uncomplicated streptococcal
infections.
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Treatment

All S pyogenes are susceptible to penicillin G. Macrolides,
such as erythromycin and clindamycin, have often been rec-
ommended for penicillin allergic patients and for patients
with necrotizing fasciitis. However, resistance to macrolide
antibiotics has been increasing in Europe and the United
States. Some are resistant to tetracyclines. Antimicrobial
drugs have no effect on established glomerulonephritis and
rheumatic fever. In acute streptococcal infections, however,
every effort must be made to rapidly eradicate streptococci
from the patient, eliminate the antigenic stimulus (before day
8), and thus prevent poststreptococcal disease. Doses of peni-
cillin or erythromycin that result in effective tissue levels for
10 days usually accomplish this. Antimicrobial drugs are also
very useful in preventing reinfection with 3-hemolytic group
A streptococci in patients with rheumatic fever.

Epidemiology, Prevention, and Control

Although humans can be asymptomatic nasopharyngeal or
perineal carriers of S pyogenes, the organism should be con-
sidered significant if it is detected by culture or other means.
The ultimate source of group A streptococci is a person har-
boring these organisms. The individual may have a clinical or
subclinical infection or may be a carrier distributing strepto-
cocci directly to other persons via droplets from the respira-
tory tract or skin. The nasal discharges of a person harboring
S pyogenes are the most dangerous source for spread of these
organisms.

Many other streptococci (eg, viridans streptococci,
enterococci) are members of the normal microbiota of the
human body. They produce disease only when established in
parts of the body where they do not normally occur (eg, heart
valves). To prevent such accidents, particularly in the course
of surgical procedures on the respiratory, gastrointestinal, and
urinary tracts that result in temporary bacteremia, antimicro-
bial agents are often administered prophylactically to persons
with known heart valve deformity and to those with pros-
thetic valves or joints. Guidelines published by the American
Heart Association and other professional societies have clari-
fied some of these recommendations (see Wilson et al, 2007).

Control procedures are directed mainly at the human
source:

1. Detection and early antimicrobial therapy of respiratory
and skin infections with group A streptococci. Prompt
eradication of streptococci from early infections can
effectively prevent the development of poststreptococcal
disease. This requires maintenance of adequate penicil-
lin levels in tissues for 10 days (eg, benzathine penicil-
lin G given once intramuscularly). Erythromycin is an
alternative drug, although many S pyogenes are now
resistant.

2. Antistreptococcal chemoprophylaxis in persons who
have suffered an attack of rheumatic fever. This involves

giving one injection of benzathine penicillin G intra-
muscularly every 3-4 weeks or daily oral penicillin or
oral sulfonamide. The first attack of rheumatic fever
infrequently causes major heart damage; however, such
persons are particularly susceptible to reinfections with
streptococci that precipitate relapses of rheumatic activ-
ity and give rise to cardiac damage. Chemoprophylaxis
in such individuals, especially children, must be contin-
ued for years. Chemoprophylaxis is not used in glomeru-
lonephritis because of the small number of nephritogenic
types of streptococci. An exception may be family groups
with a high rate of poststreptococcal nephritis.

3. Eradication of S pyogenes from carriers. This is espe-
cially important when carriers are in areas such as
obstetric delivery rooms, operating rooms, classrooms,
or nurseries. Unfortunately, it is often difficult to eradi-
cate -hemolytic streptococci from permanent carriers,
and individuals may occasionally have to be shifted away
from “sensitive” areas for some time.

Concept Checks

o Streptococci are a large group of gram-positive organ-
isms that are catalase negative and tend to grow in pairs
and long chains.

« No one system accurately classifies all streptococci, and
the taxonomy continues to evolve. Major classifications
include the type of hemolysis (o, B, or no hemolysis [y]),
conditions for growth, and capacity to cause disease.

o Streptococci will grow well on 5% sheep blood agar
and other media that support the growth of gram posi-
tive cocci.

o S pyogenes (group A B-hemolytic streptococcus) is the
most virulent pathogen in the Streptococcus family. It
elaborates numerous proteins, hemolysins, enzymes, and
toxins responsible for the broad range of suppurative (eg,
cellulitis) and immunologic diseases (poststreptococcal
GN, RF) associated with this organism.

STREPTOCOCCUS AGALACTIAE

These are the group B streptococci. They typically are
B-hemolytic and produce zones of hemolysis that are only
slightly larger than the colonies (1-2 mm in diameter). The
group B streptococci hydrolyze sodium hippurate and give
a positive response in the so-called CAMP (Christie, Atkins,
Munch-Peterson) test.

Group B streptococci are part of the normal vaginal flora
and lower gastrointestinal tract in 5-30% of women. Group
B streptococcal infection during the first month of life may
present as fulminant sepsis, meningitis, or respiratory dis-
tress syndrome. Substantial reductions in the incidence of
early-onset neonatal group B streptococcal infections have
been observed after the 1996 recommendations for screening
pregnant women at 35-37 weeks of pregnancy. This is done
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by using either broth-enriched culture or molecular methods
on rectal and vaginal swabs obtained at the time of screening.
Intravenous ampicillin given to mothers who are colonized
with group B streptococci and are in labor prevents coloni-
zation of their infants and subsequent group B streptococ-
cal disease. Group B streptococcal infections are increasing
among nonpregnant adults. Two expanding populations,
namely elderly adults and immunocompromised hosts, are
most at risk for invasive disease. Predisposing factors include
diabetes mellitus, cancer, advanced age, liver cirrhosis, cor-
ticosteroid therapy, HIV, and other immune compromised
states. Bacteremia, skin and soft tissue infections, respiratory
infections, and genitourinary infections in descending order
of frequency are the major clinical manifestations.

GROUPS CAND G

These streptococci occur sometimes in the nasopharynx and
may cause pharyngitis, sinusitis, bacteremia, or endocardi-
tis. They often look like group A S pyogenes on blood agar
medium and are B-hemolytic. They are identified by reac-
tions with specific antisera for groups C or G. Group C and
G streptococci have hemolysins and may have M proteins
analogous to those of group A S pyogenes. Poststreptococcal
sequelae of acute glomerulonephritis (AGN) and RF have
been rarely reported.

GROUP D STREPTOCOCCI

The group D streptococci have undergone recent taxonomic
changes. There are eight species in this group, many of which
do not cause infections in humans. The Streptococcus bovis
group is of most importance to human disease and is fur-
ther classified into biotypes (old classification), which are
important epidemiologically, and more recently into four
DNA clusters. Animal species in the bovis group have been
assigned to the species Streptococcus equinus (DNA cluster I).
Biotype I (in DNA cluster II) isolates ferment mannitol and
are now designated as Streptococcus gallolyticus subspecies
gallolyticus. This organism causes human endocarditis and
is frequently epidemiologically associated with colon carci-
noma. DNA cluster II also includes S gallolyticus subspecies
pasteurianus (formerly S bovis biotype I1.2) and S gallolyticus
subspecies macedonius. S bovis biotype IL.1 is now in DNA
cluster III and has the species name Streptococcus infantar-
ius, which includes two subspecies (subsp. infantarius and
subsp. coli). Biotype II bacteremias are often associated with
biliary sources and less frequently with endocarditis. Finally,
DNA cluster IV has one species, Streptococcus alactolyticus.
Because of the confusing taxonomy and the failure of most
automated or kit systems to discriminate to the subspecies
level, most diagnostic microbiology laboratories will likely
continue to refer to these organisms as either the Streptococcus
bovis group or group D non-enterococci. All group D strepto-
cocci are nonhemolytic and PYR negative. They grow in the

presence of bile and hydrolyze esculin (bile esculin positive)
but do not grow in 6.5% NaCl. They are part of the normal
enteric microbiota of humans and animals.

STREPTOCOCCUS ANGINOSUS GROUP

Other species names in the S anginosus group are Streptococcus
constellatus and Streptococcus intermedius. They are sometimes
referred to as the Streptococcus milleri group. These streptococci
are part of the normal microbiota. They may be f3-, o.-, or non-
hemolytic. Streptococcus anginosus group includes B-hemolytic
streptococci that form minute colonies (<0.5 mm in diameter)
and react with groups A, C, or G antisera and all B-hemolytic
group F streptococci. Those that are group A are PYR negative.
S anginosus are Voges-Proskauer test positive. They may be clas-
sified as viridans streptococci. These organisms are frequently
associated with serious infections such as brain, lung and liver
abscesses. They can be easily detected in the laboratory by their
characteristic butterscotch or caramel odor.

GROUP N STREPTOCOCCI

They are rarely found in human disease states but produce
normal coagulation (“souring”) of milk.

GROUPSE, F, G, H,AND K-U
STREPTOCOCCI

These streptococci occur primarily in animals. One of the
multiple species of group G streptococci, S canis, can cause
skin infections of dogs but uncommonly infects humans;
other species of group G streptococci infect humans.

Concept Checks

o Streptococci that have Lancefield antigens other than
group A are a diverse group of organisms that include
other pyogenic streptococci (groups B, C, and G), strep-
tococci that occur primarily in animals (E, H, and K-U),
the S bovis group (group D) and small colony variant
members of the S anginosus group.

o Sagalactiae (group B streptococci) are important patho-
gens among pregnant women and their neonates. Rectal
and vaginal screening at 35-37 weeks of pregnancy and
treating colonized moms during labor with penicillin
has significantly reduced the incidence of early-onset
neonatal group B streptococcal infections.

o Groups C and G streptococci cause infections similar to
those of group A streptococci, including rare reports of
poststreptococcal sequelae such as AGN and RF.

o The S bovis group (group D non-enterococci) has under-
gone significant taxonomic reclassification. These organ-
isms are PYR negative and bile esculin positive but do
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not grow in 6.5% NaCl. They are associated with bactere-
mia and endocarditis in patients with significant biliary
tract disease or colon pathology, including carcinoma.

o Members of the S anginosus group (also includes S inter-
medius, S constellatus) maybe B-hemolytic, can possess
Lancefield antigens A, C, F, G; tend to be small colony
variants (<0.5 mm); and are associated with brain, lung
and liver abscesses.

VIRIDANS STREPTOCOCCI

The many species of the viridans streptococci are classi-
fied into groups and include the Streptococcus mitis group,
Streptococcus anginosus group (see above), Streptococcus
mutans group, Streptococcus salivarius group, and S bovis
group (see above). Typically they are o-hemolytic, but they
may also be nonhemolytic. As discussed earlier, members
of the S anginosus group can be B-hemolytic. Their growth
is not inhibited by optochin, and colonies are not soluble in
bile (deoxycholate). The viridans streptococci are the most
prevalent members of the normal microbiota of the upper
respiratory tract and are important for the healthy state of the
mucous membranes there. They may reach the bloodstream
as a result of trauma and are a principal cause of endocardi-
tis on abnormal heart valves. Some viridans streptococci (eg,
S mutans) synthesize large polysaccharides such as dextrans
or levans from sucrose and contribute importantly to the gen-
esis of dental caries.

In the course of bacteremia, viridans streptococci, pneu-
mococci, or enterococci may settle on normal or previously
deformed heart valves, producing acute endocarditis. Rapid
destruction of the valves frequently leads to fatal cardiac
failure in days or weeks unless a prosthesis can be inserted
during antimicrobial therapy. More frequently, the viridans
streptococci are associated with a subacute course.

Subacute endocarditis often involves abnormal valves
(congenital deformities and rheumatic or atherosclerotic
lesions). Although any organism reaching the bloodstream
may establish itself on thrombotic lesions that develop on
endothelium injured as a result of circulatory stresses, sub-
acute endocarditis is most frequently caused by members of
the normal microbiota of the respiratory or intestinal tract
that have accidentally reached the blood. After dental extrac-
tion, at least 30% of patients have viridans streptococcal
bacteremia. These streptococci, ordinarily the most preva-
lent members of the upper respiratory microbiota, are also
the most frequent cause of subacute bacterial endocarditis.
The group D streptococci (enterococci and S bovis) also are
common causes of subacute endocarditis. About 5-10%
of cases are caused by enterococci originating in the gut or
urinary tract. The lesion is slowly progressive, and a cer-
tain amount of healing accompanies the active inflamma-
tion; vegetations consist of fibrin, platelets, blood cells, and
bacteria adherent to the valve leaflets. The clinical course is
gradual, but the disease is invariably fatal in untreated cases.

The typical clinical picture includes fever, anemia, weakness,
a heart murmur, embolic phenomena, an enlarged spleen,
and renal lesions.

o-Hemolytic streptococci and enterococci vary in their
susceptibility to antimicrobial agents. Particularly in bacte-
rial endocarditis, antibiotic susceptibility tests are useful to
determine which drugs may be used for optimal therapy.
Aminoglycosides often enhance the rate of bactericidal action
of penicillin on streptococci, particularly enterococci.

NUTRITIONALLY VARIANT
STREPTOCOCCI

The nutritionally variant streptococci, previously Strepto-
coccus defectivus, Streptococcus adjacens, and additional
species, are now classified in the genus Abiotrophia and the
genus Granulicatella. They have also been known as “nutri-
tionally deficient streptococci” and “pyridoxal-dependent
streptococci.” They require pyridoxal or cysteine for growth
on blood agar and may grow as satellite colonies around
colonies of staphylococci and other bacteria that produce
pyridoxal. Routinely supplementing blood agar medium with
pyridoxal allows recovery of these organisms. They are usu-
ally oi-hemolytic but may also be nonhemolytic. They are part
of the normal microbiota and occasionally cause bacteremia
or endocarditis and can be found in brain abscesses and other
infections. Clinically, they are very similar to the viridans
streptococci.

PEPTOSTREPTOCOCCUS AND
RELATED GENERA

These streptococci grow only under anaerobic or microaero-
philic conditions and variably produce hemolysins. They are
part of the normal microbiota of the mouth, upper respiratory
tract, bowel, and female genital tract. They often participate
with many other bacterial species in mixed anaerobic infec-
tions (see Chapter 21). Such infections may occur in wounds,
in the breast, in postpartum endometritis, after rupture of an
abdominal viscus, in the brain, or in chronic suppuration of
the lung. The pus usually has a foul odor.

STREPTOCOCCUS PNEUMONIAE

The pneumococci (S pneumoniae) are gram-positive diplo-
cocci, often lancet shaped or arranged in chains, possessing
a capsule of polysaccharide that permits typing with specific
antisera. Pneumococci are readily lysed by surface-active
agents, which probably remove or inactivate the inhibitors
of cell wall autolysins. Pneumococci are normal inhabitants
of the upper respiratory tract of 5-40% of humans and can
cause pneumonia, sinusitis, otitis, bronchitis, bacteremia,
meningitis, and other infectious processes.
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FIGURE 14-3 streptococcus pneumoniae in sputum are seen
as lancet-shaped gram-positive diplococci. Degenerating nuclei
of polymorphonuclear cells are the large darker irregular red
shapes (arrow). Mucus and amorphous debris are present in the
background. Original magnification x1000.

Morphology and Identification

A. Typical Organisms
The typical gram-positive, lancet-shaped diplococci (Figure 14-3)
are often seen in specimens of young cultures. In sputum or
pus, single cocci or chains are also seen. With age, the organ-
isms rapidly become gram negative and tend to lyse spon-
taneously. Autolysis of pneumococci is greatly enhanced by
surface-active agents. Lysis of pneumococci occurs in a few
minutes when ox bile (10%) or sodium deoxycholate (2%)
is added to a broth culture or suspension of organisms at
neutral pH. Viridans streptococci do not lyse and are thus
easily differentiated from pneumococci. On solid media, the
growth of pneumococci is inhibited around a disk of opto-
chin; viridans streptococci are not inhibited by optochin
(Figure 14-4).

Other identifying points include almost uniform viru-
lence for mice when injected intraperitoneally and the “cap-
sule swelling test,” or quellung reaction (see below).

B. Culture

Pneumococci form small round colonies, at first dome-
shaped and later developing a central depression with an
elevated rim. Other colonies may appear glistening because
of capsular polysaccharide production. Pneumococci are o-
hemolytic on blood agar. Growth is enhanced by 5-10% CO,.

C. Growth Characteristics

Most energy is obtained from fermentation of glucose; this
is accompanied by the rapid production of lactic acid, which
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limits growth. Neutralization of broth cultures with alkali at
intervals results in massive growth.

D. Variation

Pneumococcal isolates that produce large amounts of cap-
sules produce large mucoid colonies. Capsule production is
not essential for growth on agar medium, and capsular pro-
duction is therefore lost after a small number of subcultures.
The pneumococci will, however, again produce capsules and
have enhanced virulence if injected into mice.

Antigenic Structure

A. Component Structures

The pneumococcal cell wall has peptidoglycan and teichoic
acid, similar to other streptococci. The capsular polysaccha-
ride is covalently bound to the peptidoglycan and to the cell
wall polysaccharide. The capsular polysaccharide is immuno-
logically distinct for each of the 91 types. C-polysaccharide
that is found in the cell wall of all § pneumoniae can be
detected in the urine and cerebrospinal fluid (CSF) as useful
diagnostic tests for pneumococcal infections.

B. Quellung Reaction

When pneumococci of a certain type are mixed with specific
antipolysaccharide serum of the same type—or with poly-
valent antiserum—on a microscope slide, the capsule swells
markedly, and the organisms agglutinate by cross-linking
of the antibodies (Figure 14-4C). This reaction is useful for
rapid identification and for typing of the organisms, either
in sputum or in cultures. The polyvalent antiserum, which
contains antibody to all of the types (“omniserum”), is a good
reagent for rapid microscopic determination of whether or
not pneumococci are present in fresh sputum.

Pathogenesis

A. Types of Pneumococci

In adults, types 1-8 are responsible for about 75% of cases
of pneumococcal pneumonia and for more than half of all
fatalities in pneumococcal bacteremia; in children, types 6,
14, 19, and 23 are frequent causes.

B. Production of Disease

Pneumococci produce disease through their ability to multi-
ply in the tissues. The virulence of the organism is a function
of its capsule, which prevents or delays ingestion by phago-
cytes. A serum that contains antibodies against the type-
specific polysaccharide protects against infection. If such a
serum is absorbed with the type-specific polysaccharide, it
loses its protective power. Animals or humans immunized
with a given type of pneumococcal polysaccharide are sub-
sequently immune to that type of pneumococcus and pos-
sess precipitating and opsonizing antibodies for that type of
polysaccharide.
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Cc

FIGURE 14-4 A: Optochin inhibition and bile solubility of Streptococcus pneumoniae. The S pneumoniae were grown overnight on

5% sheep blood agar. The optochin (ethyl hydrocupreine HCl) or P disc was placed when the plate was inoculated. The pneumococci are
a-hemolytic with greening of the agar around the colonies. The zone of inhibition around the P disc is larger than 14 mm, indicating that the
organisms are pneumococci rather than viridans streptococci. A drop of desoxycholate (“bile”) solution was placed on the overnight growth
just to the right of the P disk area (arrow); after about 20 minutes at room temperature, the colonies of pneumococci were solubilized (bile
soluble). B: The growth of viridans streptococci appears similar to the growth of pneumococci, but growth of the viridans streptococci is

not inhibited by optochin. C: S pneumoniae quellung reaction: a small amount of growth is mixed with saline, antisera against the capsule
polysaccharide, and methylene blue stain. After incubation at room temperature for 1 hour, the reaction is observed under the microscope.
The organisms are outlined in light blue. A positive reaction shows clumping because of cross-linking of the antibodies and pneumococci. The
halo effect around the pneumococci is apparent capsular swelling. A negative control would show no clumping or capsular swelling. (Courtesy
of H. Reyes.)
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C. Loss of Natural Resistance

Because 40-70% of humans are at some time carriers of
virulent pneumococci, the normal respiratory mucosa
must possess great natural resistance to the pneumococ-
cus. Among the factors that probably lower this resistance
and thus predispose to pneumococcal infection are the
following:

1. Viral and other respiratory tract infections that dam-
age surface cells; abnormal accumulations of mucus (eg,
allergy), which protect pneumococci from phagocytosis;
bronchial obstruction (eg, atelectasis); and respiratory
tract injury caused by irritants disturbing its mucocili-
ary function

2. Alcohol or drug intoxication, which depresses phago-
cytic activity, depresses the cough reflex, and facilitates
aspiration of foreign material

3. Abnormal circulatory dynamics (eg, pulmonary conges-
tion, heart failure)

4. Other mechanisms, such as malnutrition, general debil-
ity, sickle cell anemia, hyposplenism, nephrosis, or com-
plement deficiency

Pathology

Pneumococcal infection causes an outpouring of fibrinous
edema fluid into the alveoli followed by red blood cells and
leukocytes, which results in consolidation of portions of the
lung. Many pneumococci are found throughout this exudate,
and they may reach the bloodstream via the lymphatic drain-
age of the lungs. The alveolar walls remain normally intact
during the infection. Later, mononuclear cells actively phago-
cytose the debris, and this liquid phase is gradually reab-
sorbed. The pneumococci are taken up by phagocytes and
digested intracellularly.

Clinical Findings

The onset of pneumococcal pneumonia is usually sudden, with
fever, chills, and sharp pleural pain. The sputum is similar to
the alveolar exudate, being characteristically bloody or rusty
colored. Early in the disease, when the fever is high, bactere-
mia is present in 10-20% of cases. With antimicrobial therapy,
the illness is usually terminated promptly; if drugs are given
early, the development of consolidation is interrupted.

Pneumococcal pneumonia must be differentiated from
pulmonary infarction, atelectasis, neoplasm, congestive
heart failure, and pneumonia caused by many other bacteria.
Empyema (pus in the pleural space) is a significant complica-
tion and requires aspiration and drainage.

From the respiratory tract, pneumococci may reach
other sites. The sinuses and middle ear are most frequently
involved. Infection sometimes extends from the mastoid to
the meninges. Bacteremia from pneumonia has a triad of
severe complications: meningitis, endocarditis, and septic
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arthritis. With the early use of chemotherapy, acute pneumo-
coccal endocarditis and arthritis have become rare.

Diagnostic Laboratory Tests

Blood is drawn for culture; CSF and sputum are collected
for demonstration of pneumococci by smear and cul-
ture. CSF and urine can be used to detect pneumococcal
C-polysaccharide by rapid immunochromatographic mem-
brane assays. Serum antibody tests are impractical. All speci-
mens should be sent to the microbiology as soon as possible
after collection because pneumococci tend to autolyse and
delay will significantly impact recovery by culture. Sputum
may be examined in several ways.

A. Stained Smears

A Gram-stained film of rusty-red sputum shows typical
organisms, many polymorphonuclear neutrophils, and many
red blood cells.

B. Capsule Swelling Tests

Fresh emulsified sputum mixed with antiserum causes cap-
sule swelling (the quellung reaction) for identification of
pneumococci.

C. Culture

The culture is created by sputum cultured on blood agar and
incubated in CO, or a candle jar. A blood culture is also taken.

D. Immunity

Immunity to infection with pneumococci is type specific
and depends both on antibodies to capsular polysaccharide
and on intact phagocytic function. Vaccines can induce pro-
duction of antibodies to capsular polysaccharides (see later
discussion).

Treatment

Because pneumococci are susceptible to many antimicrobial
drugs, early treatment usually results in rapid recovery, and
antibody response seems to play a much diminished role.
Penicillin G has been the drug of choice, but in the United
States, 15% of pneumococci are penicillin resistant (mini-
mum inhibitory concentration [MIC] 28 pug/mL, non-CSF
isolates). High-dose penicillin G appears to be effective in
treating pneumonia caused by pneumococci with MICs to
penicillin below 8 pg/mL (resistant breakpoint) but would
not be effective in treatment of meningitis caused by the same
strains. Some penicillin-resistant strains are resistant to cefo-
taxime. Resistance to tetracycline, erythromycin, and fluoro-
quinolones also occurs. Pneumococci remain susceptible to
vancomycin. Because resistance profiles are not predictable,
routine susceptibility testing should be performed for all
pneumococcal infections.
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Epidemiology, Prevention, and Control

Pneumococcal pneumonia accounts for about 60% of all
bacterial pneumonias. In the development of illness, predis-
posing factors (see earlier discussion) are more important
than exposure to the infectious agent, and a healthy carrier
is more important in disseminating pneumococci than a sick
patient.

It is possible to immunize individuals with type-specific
polysaccharides. Such vaccines can probably provide 90%
protection against bacteremic pneumonia. A polysaccha-
ride vaccine containing 23 types (PPSV-23) is licensed in
the United States. This vaccine is recommended for adults
ages 19-64 years of age with chronic or immunosuppress-
ing medical conditions, which now includes asthma, and for
individuals who smoke cigarettes. All persons 65 years of
age or older should be routinely vaccinated with PPSV-23. A
pneumococcal conjugate vaccine contains capsular polysac-
charides conjugated to diphtheria CRM, protein. This seven-
valent vaccine (PCV-7) was approved in 2000 and provided
protection against serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F.
PCV-7 was recommended for all children ages 2-23 months
to help prevent invasive infections and for selected children
aged 24-59 months, and its implementation significantly
reduced invasive pneumococcal infections caused by those
serotypes in the United States and other countries within
3 years of introduction (see Paradiso, 2011). A 13-valent
conjugate pneumococcal vaccine (PCV-13) was recently
approved. PCV-13 contains the polysaccharide conjugates of
the serotypes found in the PCV-7 vaccine plus serotypes 1,
3,5, 6A, 7F, and 19A. It is recommended for all children as a
four-dose series at 2, 4, 6, and 12-15 months of age. Children
younger than 24 months of age who began their vaccination
with PCV-7 and who have received one or more doses can
complete the series with PCV-13. Older children and those
with underlying medical conditions who were fully vacci-
nated with PCV-7 should receive a single dose of PCV-13.

ENTEROCOCCI

The enterococci have the group D group-specific substance
and were previously classified as group D streptococci.
Because the group D cell wall-specific antigen is a teichoic
acid, it is not an antigenically good marker; enterococci are
usually identified by characteristics other than immunologic
reaction with group-specific antisera. They are part of the
normal enteric microbiota. They are usually nonhemolytic
but are occasionally a-hemolytic. Enterococci are PYR posi-
tive. They grow in the presence of bile, hydrolyze esculin (bile
esculin positive) and in contrast to non-enterococcal group D
streptococci, they grow well in 6.5% NaCl. Whereas entero-
cocci grow well at between 10°C and 45°C, streptococci gen-
erally grow at a much narrower temperature range. They are
more resistant to penicillin G than the streptococci, and rare
isolates have plasmids that encode for B-lactamase. Many iso-
lates are vancomycin resistant.

There are at least 37 species of enterococci, but less than
one third of these are associated with disease in humans.
Enterococcus faecalis is the most common and causes 85-90%
of enterococcal infections; Enterococcus faecium causes
5-10%. The enterococci are among the most frequent causes
of nosocomial infections, particularly in intensive care units,
and are selected by therapy with cephalosporins and other
antibiotics to which they are resistant. Enterococci are trans-
mitted from one patient to another primarily on the hands
of hospital personnel, some of whom may carry the entero-
cocci in their gastrointestinal tracts. Enterococci occasion-
ally are transmitted on medical devices. In patients, the most
common sites of infection are the urinary tract, wounds,
biliary tract, and blood. Enterococci may cause meningi-
tis and bacteremia in neonates. In adults, enterococci can
cause endocarditis. However, in intra-abdominal, wound,
urine, and other infections, enterococci usually are cultured
along with other species of bacteria, and it is difficult to
define the pathogenic role of the enterococci in these clinical
circumstances.

Antibiotic Resistance

A major problem with the enterococci is that they can be
very resistant to antibiotics. E faecium is usually much more
antibiotic-resistant than E faecalis.

A. Intrinsic Resistance

Enterococci are intrinsically resistant to cephalosporins,
penicillinase-resistant penicillins, and monobactams. They
have intrinsic low-level resistance to many aminoglycosides,
are of intermediate susceptibility or resistant to fluoroquino-
lones, and are less susceptible than streptococci (10- to 1000-
fold) to penicillin and ampicillin. Enterococci are inhibited
by B-lactams (eg, ampicillin) but generally are not killed
by them.

B. Resistance to Aminoglycosides

Therapy with combinations of a cell wall-active antibiotic
(a penicillin or vancomycin) plus an aminoglycoside (strep-
tomycin or gentamicin) is essential for severe enterococ-
cal infections, such as endocarditis. Although enterococci
have intrinsic low-level resistance to aminoglycosides (MICs
<500 pg/mL), they have synergistic susceptibility when
treated with a cell wall-active antibiotic plus an aminoglyco-
side. However, some enterococci have high-level resistance to
aminoglycosides (MICs >500 pg/mL) and are not susceptible
to the synergism. This high-level aminoglycoside resistance
is due to enterococcal aminoglycoside-modifying enzymes.
The genes that code for most of these enzymes are usually on
conjugative plasmids or transposons. The enzymes have dif-
ferential activity against the aminoglycosides. Resistance to
gentamicin predicts resistance to the other aminoglycosides
except streptomycin. (Susceptibility to gentamicin does not
predict susceptibility to other aminoglycosides.) Resistance to
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FIGURE 14-5 Schematic map of transposon Tn1546 from Enterococcus faecium that codes for vancomycin resistance. IR, and IR_ indicate the
left and right inverted repeats of the transposon, respectively. (Adapted and reproduced with permission from Arthur M, Courvalin P: Genetics
and mechanisms of glycopeptide resistance in enterococci. Antimicrob Agents Chemother 1993;37:1563.)

streptomycin does not predict resistance to other aminogly-
cosides. The result is that only streptomycin or gentamicin
(or both or neither) is likely to show synergistic activity with
a cell wall-active antibiotic against enterococci. Enterococci
from severe infections should have susceptibility tests for
high-level aminoglycoside resistance (MICs >500 pg/mL
for gentamicin and >1000 pg/mL for streptomycin in broth
media) to predict therapeutic efficacy.

C. Vancomycin Resistance

The glycopeptide vancomycin is the primary alternative drug
to a penicillin (plus an aminoglycoside) for treating entero-
coccal infections. In the United States, enterococci that are
resistant to vancomycin have increased in frequency. These
enterococci are not synergistically susceptible to vancomy-
cin plus an aminoglycoside. Vancomycin resistance has been
most common in E faecium, but vancomycin-resistant strains
of E faecalis also occur.

There are multiple vancomycin resistance pheno-
types. The VanA phenotype is manifested by inducible
high-level resistance to vancomycin and teicoplanin. VanB
phenotypes are inducibly resistant to vancomycin but sus-
ceptible to teicoplanin. VanC strains have intermediate to
moderate resistance to vancomycin. VanC is constitutive
in the less commonly isolated species, Enterococcus gal-
linarum (VanC-1) and Enterococcus casseliflavus (VanC-2/
VanC-3). The VanD phenotype is manifested by moderate
resistance to vancomycin and low-level resistance or sus-
ceptibility to teicoplanin. The VanE phenotype is classified
as low-level resistance to vancomycin and susceptibility to
teicoplanin. VanG and VanlL isolates (usually E faecalis)
have low-level resistance to vancomycin and are susceptible
to teicoplanin.

Teicoplanin is a glycopeptide with many similarities to
vancomycin. It is available for patients in Europe but not in
the United States. It has importance in investigation of the
vancomycin resistance phenotype of enterococci.

Vancomycin and teicoplanin interfere with cell wall
synthesis in gram-positive bacteria by interacting with the
d-alanyl-d-alanine (d-Ala-d-Ala) group of the pentapep-
tide chains of peptidoglycan precursors. The best-studied

vancomycin resistance determinant is the VanA operon.
It is a system of genes packaged in a self-transferable plas-
mid containing a transposon closely related to TnI546
(Figure 14-5). There are two open reading frames that code
for transposase and resolvase; the remaining seven genes
code for vancomycin resistance and accessory proteins. The
vanR and van$ genes are a two-component regulatory sys-
tem sensitive to the presence of vancomycin or teicoplanin
in the environment. vanH, vanA, and vanX are required for
vancomycin resistance. vanH and vanA encode for proteins
that yield manufacture of the depsipeptide (d-Ala-d-lactate)
rather than the normal peptide (d-Ala-d-Ala). The depsip-
eptide, when linked to UDP-muramyl-tripeptide, forms a
pentapeptide precursor that vancomycin and teicoplanin
will not bind to. vanX encodes a dipeptidase that depletes
the environment of the normal d-Ala-d-Ala dipeptide. vanY
and vanZ are not essential for vancomycin resistance. vanY’
encodes a carboxypeptidase that cleaves the terminal d-Ala
from the pentapeptide, depleting the environment of any
functional pentapeptide that may have been manufactured
by the normal cell wall building process. vanZ’s function is
unclear.

Similar to vanA, vanB and vanD code for d-Ala-d-Lac,
but vanC and vanE code for d-Ala-d-Ser.

Because enterococci that are resistant to vancomycin
frequently carry plasmids that confer resistance to ampicillin
and the aminoglycosides, newer agents such as daptomycin,
linezolid, quinupristin—-dalfopristin, and tigecycline (among
others) are used for treatment of vancomycin-resistant
enterococci (VRE) infections (see Chapter 28).

D. B-Lactamase Production and
Resistance to 3-Lactams

B-Lactamase-producing E faecalis has been isolated from
patients’ specimens in the United States and other coun-
tries. There is great geographic variation. The isolates from
the Northeastern and Southern United States appeared to be
from dissemination of a single strain, suggesting there will be
spread to additional geographical areas. The gene encoding
for the enterococcal B-lactamase is the same gene as found in
S aureus. The gene is constitutively expressed in enterococci
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and inducible in staphylococci. Because enterococci may pro-
duce small amounts of the enzyme, they may appear to be sus-
ceptible to penicillin and ampicillin by routine susceptibility
tests. B-Lactamase can be detected using a high inoculum
and the chromogenic cephalosporin test or by other meth-
ods. High-level gentamicin resistance often accompanies
B-lactamase production. The genes coding for both of these
properties reside on conjugative plasmids and can be trans-
ferred from one strain of enterococcus to another. Infections
caused by B-lactamase-producing enterococci can be treated
with combination penicillin and B-lactamase inhibitors or
vancomycin (and streptomycin) when in vitro susceptibility
has been demonstrated.

E. Trimethoprim-Sulfamethoxazole Resistance

Enterococci often show susceptibility to trimethoprim-
sulfamethoxazole by in vitro testing, but the drugs are not
effective in treating infections. This discrepancy is because
enterococci are able to utilize exogenous folates available in
vivo and thus escape inhibition by the drugs.

OTHER CATALASE-NEGATIVE
GRAM-POSITIVE COCCI

There are nonstreptococcal gram-positive cocci or coccoba-
cilli that occasionally cause disease (Table 14-2). These organ-
isms have many growth and morphologic characteristics
similar to viridans streptococci. They may be o-hemolytic
or nonhemolytic. Most of them are catalase negative; others
may be weakly catalase positive. Pediococcus and Leuconostoc
are the genera whose members are vancomycin resistant.
Lactobacilli are anaerobes that can be aerotolerant and
o-hemolytic, sometimes forming coccobacillary forms simi-
lar to the viridans streptococci. Most lactobacilli (80-90%)
are vancomycin resistant. Other organisms that occasion-
ally cause disease and should be differentiated from strep-
tococci and enterococci include Lactococcus, Aerococcus,
and Gemella, genera that generally are vancomycin sus-
ceptible. Rothia mucilaginosa was previously considered a
Staphylococcus, but it is catalase negative; colonies show a
distinct adherence to agar.

TABLE 14-2 Most Frequently Encountered Nonstreptococcal Catalase-Negative Gram-Positive Cocci and

Coccobacilli
Vancomycin
Genus? Catalase Gram Stain Susceptibility Comments
Abiotrophia® Negative Cocci in pairs, short chains Susceptible Normal flora of oral cavity; isolated
(nutritionally variant from cases of endocarditis
streptococcus)
Aerococcus Negative to weakly Cocci in tetrads and Susceptible Environmental organisms occasionally
positive clusters isolated from blood, urine, or
sterile sites
Gemella Negative Cocci in pairs, tetrads, Susceptible Decolorize easily and may look gram
clusters, and short negative; grow slowly (48 hours);
chains part of normal human flora;
occasionally isolated from blood
and sterile sites
Granulicatella® Negative Cocci in chains, clusters Susceptible Normal flora of oral cavity; isolated
(nutritionally variant from cases of endocarditis
streptococcus)
Leuconostoc Negative Cocci in pairs and chains; Resistant Environmental organisms; look like
coccobacilli, rods enterococci on blood agar; isolated
from a wide variety of infections
Pediococcus Negative Cocci in pairs, tetrads, Resistant Present in food products and human
and clusters stools; occasionally isolated from
blood and abscesses
Lactobacillus Negative Coccobacilli, rods in pairs Resistant (90%) Aerotolerant anaerobes generally

and chains

classified as bacilli; normal vaginal
flora; occasionally found in deep-
seated infections

20Other genera in which isolates from humans are rare or uncommon include Alloiococcus, Facklamia, Globicatella, Helcococcus, Lactococcus, Tetragenococcus, Vagococcus,

and Weissella.

bRequire pyridoxal for growth.
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Concept Checks

Viridans streptococci and enterococci are part of the
normal microbiota of the human oral and gastrointesti-
nal tracts, but they can be associated with serious infec-
tions, such as bacteremia and endocarditis under certain
conditions.

S pneumoniae is a-hemolytic; optochin susceptible; and
virulent largely because of its polysaccharide capsule,
which inhibits phagocytosis.

S pneumoniae is the major cause of community-acquired
pneumonia but can also disseminate via the bloodstream
to the central nervous system. Invasive disease is pre-
ventable through vaccination using either the 23-valent
polysaccharide vaccine (adults) or the 13-valent conju-
gate vaccine (children). Drug resistance has become a
problem in certain geographic regions.

Enterococci are remarkable for the varieties of resistance
determinants they have evolved that include B-lactam
agents, glycopeptides, and aminoglycosides, among
others. Newer agents such as linezolid are used for treat-
ment of VRE infections. These organisms play a promi-
nent role in nosocomial infections.

REVIEW QUESTIONS

1. A 48-year-old man is admitted to a hospital because of stupor.

He is unkempt and homeless and lives in an encampment with
other homeless people, who called the authorities when he could
not be easily aroused. The patient drinks a lot of fortified wine
and drank excessively 2 nights previously. His temperature
is 38.5°C, and his blood pressure 125/80 mm Hg. He moans
when attempts are made to arouse him. He has positive Kernig
and Brudzinski signs, suggesting meningeal irritation. Physi-
cal examination and chest radiography show evidence of left
lower lobe lung consolidation. An endotracheal aspirate yields
rust-colored sputum. Examination of a Gram-stained sputum
smear shows numerous polymorphonuclear cells and numerous
gram-positive lancet-shaped diplococci. On lumbar puncture,
the cerebrospinal fluid is cloudy and has a white blood cell count
of 570/uL with 95% polymorphonuclear cells; Gram stain shows
numerous gram-positive diplococci. Based on this information,
the likely diagnosis is

(A) Pneumonia and meningitis caused by Staphylococcus aureus
(B) Pneumoniaand meningitis caused by Streptococcus pyogenes
(C) Pneumonia and meningitis caused by Streptococcus

pneumoniae

(D) Pneumonia and meningitis caused by Enterococcus faecalis
(E) Pneumonia and meningitis caused by Neisseria meningitidis

. The patient in question 1 is started on antibiotic therapy to

cover many possible microorganisms. Subsequently, culture of
sputum and cerebrospinal fluid yields gram-positive diplococci
with a minimum inhibitory concentration to penicillin G of
greater than 2 ug/mL. The drug of choice for this patient until
further susceptibility testing can be done is

(A) Penicillin G

(B) Nafcillin

(C) Trimethoprim-sulfamethoxazole
(D) Gentamicin
(E) Vancomycin

. This infection (question 1) might have been prevented by

(A) Prophylactic intramuscular benzathine penicillin every
3 weeks

(B) A 23-valent capsular polysaccharide vaccine

(C) A vaccine against serogroups A, C, Y, and W135 capsular
polysaccharide

(D) A vaccine of polyribosylribitol capsular polysaccharide
covalently linked to a protein

(E) Oral penicillin twice daily

. The pathogenesis of the organism causing the infection (ques-

tion 1) includes which of the following?

(A) Invasion of cells lining the alveoli and entry into the pul-
monary venule circulation

(B) Resistance to phagocytosis mediated by M proteins

(C) Migration to mediastinal lymph nodes where hemorrhage
occurs

(D) Lysis of the phagocytic vacuole and release into the
circulation

(E) Inhibition of phagocytosis by a polysaccharide capsule

. A thirteen-valent capsular polysaccharide protein conjugate

vaccine for the pathogen in question 1 is recommended

(A) For children up to age 18 years and for selected adults

(B) Only on exposure to a patient with disease caused by the
organism

(C) For children ages 2-23 months plus selected children
through 59 months

(D) For children ages 24-72 months

(E) For all age groups older than age 2 months

. An 8-year-old boy develops a severe sore throat. On examina-

tion, a grayish-white exudate is seen on the tonsils and pharynx.

The differential diagnosis includes group A streptococcal infec-

tion, Epstein-Barr virus infection, severe adenovirus infection,

and diphtheria. (Neisseria gonorrhoeae pharyngitis would also

be included, but the patient has not been sexually abused.) The

cause of the boy’s pharyngitis is most likely

(A) A catalase-negative gram-positive coccus that grows in
chains

(B) A single-stranded positive-sense RNA virus

(C) A catalase-positive gram-positive coccus that grows in
clusters

(D) A catalase-negative gram-positive bacillus

(E) A double-stranded RNA virus

. A primary mechanism responsible for the pathogenesis of the

boy’s disease (question 6) is

(A) Anetincreaseinintracellular cyclicadenosine monophosphate
(B) Action of M protein

(C) Action of IgAl protease

(D) Action of enterotoxin A

(E) Inactivation of elongation factor 2

. A 40-year-old woman develops severe headache and fever. Her

neurologic examination findings are normal. A brain scan
shows a ring-enhancing lesion of the left hemisphere. During
surgery, a brain abscess is found. Culture of the abscess fluid
grows an anaerobic gram-negative bacillus (Bacteroides fragi-
lis) and a catalase-negative gram-positive coccus that on Gram
stain is in pairs and chains. The organism is B-hemolytic and
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forms very small colonies (<0.5 mm in diameter). One person
thought it smelled like butterscotch. It agglutinates with group F
antisera. The organism most likely is

(A) Streptococcus pyogenes (group A)

(B) Enterococcus faecalis (group D)

(C) Streptococcus agalactiae (group B)

(D) Streptococcus anginosus group

(E) Staphylococcus aureus

The single most important method for classifying and speciat-
ing streptococci is

(A) Agglutination using antisera against the cell wall group-
specific substance

Biochemical testing

Hemolytic properties (ai-, B-, nonhemolytic)

Capsular swelling (quellung) reaction

None of the above

(B)
©
(D)
(E)
An 8-year-old girl develops Sydenham’s chorea (“St. Vitus
dance”) with rapid uncoordinated facial tics and involuntary
purposeless movements of her extremities, strongly suggestive
of acute rheumatic fever. She has no other major manifestations
of rheumatic fever (carditis, arthritis, subcutaneous nodules,
skin rash). The patient’s throat culture is negative for Strep-
tococcus pyogenes (group A streptococci). However, she, her
brother, and her mother all had sore throats 2 months ago. A
test that if positive would indicate recent Streptococcus pyogenes
infections is

(A) Antistreptolysin S antibody titer

(B) Polymerase chain reaction for antibodies against M protein

(C) ASO antibody titer

(D) Esculin hydrolysis

(E) Antihyaluronic acid antibody titer

All of the following statements regarding the hyaluronic acid

capsule of Streptococcus pyogenes are correct except

(A) TItis responsible for the mucoid appearance of the colonies
in vitro.

(B) Itisantiphagocytic.

(C) It binds to CD44 on human epithelial cells.

(D) Itisanimportant virulence factor.

(E) A vaccine against the capsule is currently available.

Enterococci can be distinguished from nonenterococcal

group D streptococci on the basis of which of the following

characteristics?

(A) y-Hemolysis

(B) Esculin hydrolysis

(C) Growthin 6.5% NaCl

(D) Growth in the presence of bile

(E) Gram stain morphology

Which of the following statements regarding the Streptococcus
bovis group is correct?

(A) They possess Lancefield group D antigen.

(B) Some strains are vancomycin resistant.

(C) Infections caused by these organisms are benign.

(D) All subspecies are PYR positive.

(E) All subspecies are 3-hemolytic.

Which of the following genera requires pyridoxal for growth?
(A) Aerococcus

(B) Granulicatella

(C) Enterococcus

(D) Leuconostoc
(E) Pediococcus

15. Which of the following genera is typically resistant to
vancomycin?
(A) Aerococcus
(B) Gemella
(C) Pediococcus
(D) Streptococcus
(E) Abiotrophia

Answers

1. C 5 C 9. E 13. A
2. E 6. A 10. C 14. B
3.B 7. B 11. E 15. C
4. E 8. D 12. C
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Enteric Gram-Negative Rods

(Enterobacteriaceae)

The Enterobacteriaceae are a large, heterogeneous group
of gram-negative rods whose natural habitat is the intesti-
nal tract of humans and animals. The family includes many
genera (Escherichia, Shigella, Salmonella, Enterobacter,
Klebsiella, Serratia, Proteus, and others). Some enteric organ-
isms, such as Escherichia coli, are part of the normal microbi-
ota and incidentally cause disease, but others, the salmonellae
and shigellae, are regularly pathogenic for humans. The
Enterobacteriaceae are facultative anaerobes or aerobes, fer-
ment a wide range of carbohydrates, possess a complex anti-
genic structure, and produce a variety of toxins and other
virulence factors. Enterobacteriaceae, enteric gram-negative
rods, and enteric bacteria are the terms used in this chapter,
but these bacteria may also be called coliforms.

CLASSIFICATION

The Enterobacteriaceae are the most common group of
gram-negative rods cultured in clinical laboratories and
along with staphylococci and streptococci are among the
most common bacteria that cause disease. The taxonomy
of the Enterobacteriaceae is complex and rapidly changing
since the introduction of techniques that measure evo-
lutionary distance, such as nucleic acid hybridization
and nucleic acid sequencing. According to the National
Library of Medicine’s Internet Taxonomy database (avail-
able at http://www.ncbi.nlm.nih.gov//Taxonomy//Browser/
wwwtax.cgl?id=543) 51, genera have been defined; however,
the clinically significant Enterobacteriaceae comprise 20-25
species, and other species are encountered infrequently. In
this chapter, taxonomic refinements will be minimized, and
the names commonly used in the medical literature are gen-
erally used. A comprehensive approach to identification of
the Enterobacteriaceae is presented in Chapters 35, 36, and
37 of Versalovic et al, 2011.

Members of the family Enterobacteriaceae have the fol-
lowing characteristics: They are gram-negative rods, either
motile with peritrichous flagella or nonmotile; grow on pep-
tone or meat extract media without the addition of sodium
chloride or other supplements; grow well on MacConkey
agar; grow aerobically and anaerobically (are facultative

CHAUPTER

anaerobes); ferment rather than oxidize glucose, often with gas
production; are catalase positive and oxidase negative (except
for Plesiomonas) and reduce nitrate to nitrite; and have a
39-59% G + C DNA content. Examples of biochemical tests
used to differentiate the species of Enterobacteriaceae are pre-
sented in Table 15-1. There are many others in addition to the
ones listed. In the United States, commercially prepared Kits
or automated systems are used to a large extent for this pur-
pose. The implementation of matrix-assisted laser desorption
ionization time of flight mass spectroscopy (MALDI-TOF
MS) for identification of culture isolates may soon replace the
more traditional panels of biochemicals currently in use in
most clinical microbiology laboratories. This new technology
seems to work quite well for identification of most of the
common Enterobacteriaceae encountered in clinical material
except for Shigella species. This technology is unable to dif-
ferentiate Shigella from E coli.

The major groups of Enterobacteriaceae are described
and discussed briefly in the following paragraphs. Specific
characteristics of salmonellae, shigellae, and the other medi-
cally important enteric gram-negative rods and the diseases
they cause are discussed separately later in this chapter.

Morphology and Identification
A. Typical Organisms

The Enterobacteriaceae are short gram-negative rods
(Figure 15-1A). Typical morphology is seen in growth on solid
media in vitro, but morphology is highly variable in clinical
specimens. Capsules are large and regular in Klebsiella spe-
cies, less so in Enterobacter species, and uncommon in the
other species.

B. Culture

E coli and most of the other enteric bacteria form circular,
convex, smooth colonies with distinct edges. Enterobacter
colonies are similar but somewhat more mucoid. Klebsiella
colonies are large and very mucoid and tend to coalesce with
prolonged incubation. The salmonellae and shigellae produce
colonies similar to E coli but do not ferment lactose. Some
strains of E coli produce hemolysis on blood agar.
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Citrobacter freundii 5 100 (0] 95 80 70 0 65 20 95 100 95 50 30 29 55 98 100 30 999 929 50
Enterobacter 0 5 98 95 0 2 0 98 0 98 97 0 100 100 95 100 100 5 98 100 100 96 29 100 99
aerogenes
Enterobacter cloacae 0 5 100 100 0 65 0 0 97 96 95 0 100 100 93 97 100 15 25 95 100 92 100 100 90
Escherichia coli 98 99 0 1 1 1 0 90 17 65 95 0 100 95 95 50 98 60 5 94 929 50 80 95 75
Klebsiella 0 10 98 98 0 95 0 98 0 0 0 0 100 97 98 929 929 30 90 99 99 99 99 99 929
pneumoniae
Klebsiella oxytoca 929 20 95 95 0 20 1 99 0 0 0 0 100 97 10 100 929 55 29 29 98 100 100 100 99
Morganella morganii 98 97 0 0 5 98 95 0 0 98 95 0 100 90 1 0 0 0 0 0 0 0 0 0 0
Proteus mirabilis 2 97 50 65 98 98 98 0 0 29 95 90 100 96 2 15 0 0 0 0 0 1 1 98 0
Salmonella 0 100 0 25 50 0 0 95 55 100 95 0 100 95 0 0 98 5 0 90 0 1 100 98 45
choleraesuis
Salmonella typhi 0 100 0 0 97 0 0 98 3 0 97 0 100 0 1 0 100 0 0 29 2 0 98 82 100
Salmonella, most 1 100 0 95 95 1 0 98 70 97 95 0 100 96 1 1 100 96 0 95 99 2 95 97 95
serotypes
Serratia marcescens 1 20 98 98 0 15 0 929 0 29 97 90 100 55 2 99 99 0 40 99 0 2 0 7 0
Shigella sonnei 0 100 0 0 0 0 0 0 2 98 0 0 100 0 2 1 929 0 0 2 95 3 75 2 25
Shigella dysenteriae, 50 100 0 0 0 0 0 0 5 1 0 0 100 2 0 0 29 2 0 30 60 50 5 2 50
Shigella flexneri,
Shigella boydii

*Reproduced with permission from Farmer JJ 3rd, Davis BR, Hickman-Brenner FW, et al: Biochemical identification of new species and biogroups of Enterobacteriaceae isolated from clinical specimens. J Clin Microbiol 1985;21:46.
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FIGURE 15-1 A:Gram stain of Escherichia coli. Original magnification x1000. (Courtesy of H Reyes.) B: Antigenic structure of Enterobacteriaceae.

C. Growth Characteristics

Carbohydrate fermentation patterns and the activity of amino
acid decarboxylases and other enzymes are used in biochemi-
cal differentiation (Table 15-1). Some tests, such as the pro-
duction of indole from tryptophan, are commonly used in
rapid identification systems, but others, such as the Voges-
Proskauer reaction (production of acetylmethylcarbinol
from dextrose), are used less often. Culture on “differential”
media that contain special dyes and carbohydrates (eg,
eosin-methylene blue [EMB], MacConkey, or deoxycholate
medium) distinguishes lactose-fermenting (colored) from
non-lactose-fermenting colonies (nonpigmented) and may
allow rapid presumptive identification of enteric bacteria
(Table 15-2).

Many complex media have been devised to help in iden-
tification of the enteric bacteria. One such medium is triple
sugar iron (TSI) agar, which is often used to help differentiate
salmonellae and shigellae from other enteric gram-negative
rods in stool cultures. The medium contains 0.1% glucose, 1%
sucrose, 1% lactose, ferrous sulfate (for detection of H,S pro-
duction), tissue extracts (protein growth substrate), and a pH
indicator (phenol red). It is poured into a test tube to produce
a slant with a deep butt and is inoculated by stabbing bac-
terial growth into the butt. If only glucose is fermented, the
slant and the butt initially turn yellow from the small amount
of acid produced; as the fermentation products are subse-
quently oxidized to CO, and H,O and released from the slant
and as oxidative decarboxylation of proteins continues with
formation of amines, the slant turns alkaline (red). If lactose
or sucrose is fermented, so much acid is produced that the
slant and butt remain yellow (acid). Salmonellae and shigellae
typically yield an alkaline slant and an acid butt. Although
Proteus, Providencia, and Morganella species produce an

alkaline slant and acid butt, they can be identified by their
rapid formation of red color in Christensen’s urea medium.
Organisms producing acid on the slant and acid and gas
(bubbles) in the butt are other enteric bacteria.

1. Escherichia—E coli typically produces positive test
results for indole, lysine decarboxylase, and mannitol fer-
mentation and produces gas from glucose. An isolate from
urine can be quickly identified as E coli by its hemolysis on
blood agar, typical colonial morphology with an iridescent

TABLE 15-2 Rapid, Presumptive Identification of
Gram-Negative Enteric Bacteria

Lactose fermented rapidly

Escherichia coli: metallic sheen on differential media; motile; flat,
nonviscous colonies

Enterobacter aerogenes: raised colonies, no metallic sheen; often
motile; more viscous growth

Enterobacter cloacae: similar to Enterobacter aerogenes
Klebsiella pneumoniae: very viscous, mucoid growth; nonmotile
Lactose fermented slowly

Edwardsiella, Serratia, Citrobacter, Arizona, Providencia, Erwinia
Lactose not fermented

Shigella species: nonmotile; no gas from dextrose

Salmonella species: motile; acid and usually gas from dextrose

Proteus species: “swarming” on agar; urea rapidly hydrolyzed (smell
of ammonia)

Pseudomonas species (see Chapter 16): soluble pigments, blue-green
and fluorescing; sweetish smell
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“sheen” on differential media such as EMB agar, and a posi-
tive spot indole test result. More than 90% of E coli iso-
lates are positive for B-glucuronidase using the substrate
4-methylumbelliferyl-B-glucuronide (MUG). Isolates from
anatomic sites other than urine, with characteristic prop-
erties (above plus negative oxidase test results) often can be
confirmed as E coli with a positive MUG test result.

2. Klebsiella-Enterobacter-Serratia group—Klebsiella
species exhibit mucoid growth, large polysaccharide cap-
sules, and lack of motility, and they usually give posi-
tive test results for lysine decarboxylase and citrate. Most
Enterobacter species give positive test results for motility,
citrate, and ornithine decarboxylase and produce gas from
glucose. Enterobacter aerogenes has small capsules. Serratia
species produces DNase, lipase, and gelatinase. Klebsiella,
Enterobacter, and Serratia species usually give positive Voges-
Proskauer reactions.

3. Proteus-Morganella-Providencia group—The
members of this group deaminate phenylalanine, are motile,
grow on potassium cyanide medium (KCN), and ferment
xylose. Proteus species move very actively by means of perit-
richous flagella, resulting in “swarming” on solid media
unless the swarming is inhibited by chemicals, such as
phenylethyl alcohol or CLED (cystine-lactose-electrolyte-
deficient) medium. Whereas Proteus species and Morganella
morganii are urease positive, Providencia species usually are
urease negative. The Proteus-Providencia group ferments
lactose very slowly or not at all. Proteus mirabilis is more sus-
ceptible to antimicrobial drugs, including penicillins, than
other members of the group.

4. Citrobacter—These bacteria typically are citrate posi-
tive and differ from the salmonellae in that they do not decar-
boxylate lysine. They ferment lactose very slowly if at all.

5. Shigella—Shigellae are nonmotile and usually do not
ferment lactose but do ferment other carbohydrates, pro-
ducing acid but not gas. They do not produce H.,S. The four
Shigella species are closely related to E coli. Many share
common antigens with one another and with other enteric
bacteria (eg, Hafnia alvei and Plesiomonas shigelloides).

6. Salmonella—Salmonellae are motile rods that char-
acteristically ferment glucose and mannose without pro-
ducing gas but do not ferment lactose or sucrose. Most
salmonellae produce H,S. They are often pathogenic for
humans or animals when ingested. Organisms originally
described in the genus Arizona are included as subspecies
in the Salmonella group.

7. Other Enterobacteriaceae—VYersinia species are
discussed in Chapter 19. Other genera occasionally found
in human infections include Cronobacter, Edwardsiella,
Ewingella, Hafnia, Cedecea, and Kluyvera.

Antigenic Structure

Enterobacteriaceae have a complex antigenic structure. They
are classified by more than 150 different heat-stable somatic
O (lipopolysaccharide) antigens, more than 100 heat-labile K
(capsular) antigens, and more than 50 H (flagellar) antigens
(Figure 15-1B). In Salmonella serotype Typhi, the capsular
antigens are called Vi antigens.

O antigens are the most external part of the cell wall
lipopolysaccharide and consist of repeating units of polysac-
charide. Some O-specific polysaccharides contain unique
sugars. O antigens are resistant to heat and alcohol and usu-
ally are detected by bacterial agglutination. Antibodies to O
antigens are predominantly IgM.

Although each genus of Enterobacteriaceae is associ-
ated with specific O groups, a single organism may carry
several O antigens. Thus, most shigellae share one or more O
antigens with E coli. E coli may cross-react with some
Providencia, Klebsiella, and Salmonella species. Occasionally,
O antigens may be associated with specific human diseases
(eg, specific O types of E coli are found in diarrhea and in uri-
nary tract infections).

K antigens are external to O antigens on some but not all
Enterobacteriaceae. Some are polysaccharides, including the
K antigens of E coli; others are proteins. K antigens may inter-
fere with agglutination by O antisera, and they may be associ-
ated with virulence (eg, E coli strains producing K1 antigen
are prominent in neonatal meningitis, and K antigens of E
coli cause attachment of the bacteria to epithelial cells before
gastrointestinal or urinary tract invasion).

Klebsiellae form large capsules consisting of polysac-
charides (K antigens) covering the somatic (O or H) antigens
and can be identified by capsular swelling tests with specific
antisera. Human infections of the respiratory tract are caused
particularly by capsular types 1 and 2 and those of the uri-
nary tract by types 8, 9, 10, and 24.

H antigens are located on flagella and are denatured
or removed by heat or alcohol. They are preserved by treat-
ing motile bacterial variants with formalin. Such H antigens
agglutinate with anti-H antibodies, mainly IgG. The determi-
nants in H antigens are a function of the amino acid sequence
in flagellar protein (flagellin). Within a single serotype, flagel-
lar antigens may be present in either or both of two forms,
called phase 1 (conventionally designated by lower-case let-
ters) and phase 2 (conventionally designated by Arabic numer-
als), as shown in Table 15-3. The organism tends to change
from one phase to the other; this is called phase variation.
H antigens on the bacterial surface may interfere with agglu-
tination by anti-O antibody.

There are many examples of overlapping antigenic
structures between Enterobacteriaceae and other bacte-
ria. Most Enterobacteriaceae share the Ol4 antigen of E
coli. The type 2 capsular polysaccharide of Klebsiella is
very similar to the polysaccharide of type 2 pneumococci.
Some K antigens cross-react with capsular polysaccharides
of Haemophilus influenzae or Neisseria meningitidis. Thus,
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TABLE 15-3 Representative Antigenic Formulas of
Salmonellae

O Group Serotype Antigenic Formula®

D Salmonella Typhi 9,12 (Vi):di—
Salmonella Paratyphi A 1,2,12:a—

C Salmonella Choleraesuis 6,7:c:1,5

B Salmonella Typhimurium 1,4,5,12:i:1,2

D Salmonella Enteritidis 1,9, 12:g, m:—

0 antigens: boldface numerals.
(Vi): Vi antigen if present.
Phase 1 H antigen: lower-case letter.

Phase 2 H antigen: numeral.

E coli 075:K100:H5 can induce antibodies that react with H
influenzae type b.

The antigenic classification of Enterobacteriaceae often
indicates the presence of each specific antigen; eg, the anti-
genic formula of an E coli may be O55:K5:H21.

Colicins (Bacteriocins)

Many gram-negative organisms produce bacteriocins. These
high-molecular-weight bactericidal proteins (pore-forming
toxins) are produced by certain strains of bacteria active
against some other strains of the same or closely related spe-
cies. Their production is controlled by plasmids. Bacteriocin-
producing strains are resistant to their own bacteriocin; thus,
bacteriocins can be used for “typing” of organisms.

Toxins and Enzymes

Most gram-negative bacteria possess complex lipopolysac-
charides in their cell walls. These substances, cell envelope
(cytoplasmic membrane, peptidoglycan, outer membrane)
endotoxins, have a variety of pathophysiologic effects that
are summarized in Chapter 9. Many gram-negative enteric
bacteria also produce exotoxins of clinical importance. Some
specific toxins are discussed in subsequent sections.

DISEASES CAUSED BY
ENTEROBACTERIACEAE OTHER
THAN SALMONELLA AND SHIGELLA

Causative Organisms

E coli is a member of the normal intestinal microbiota (see
Chapter 10). Other enteric bacteria (Proteus, Enterobacter,
Klebsiella, Morganella, Providencia, Citrobacter, and Serratia
species) are also found as members of the normal intestinal
microbiota but are considerably less common than E coli. The
enteric bacteria are sometimes found in small numbers as part
of the normal microbiota of the upper respiratory and genital
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tracts. The enteric bacteria generally do not cause disease, and
in the intestine, they may even contribute to normal function
and nutrition. When clinically important infections occur,
they are usually caused by E coli, but the other enteric bacteria
are causes of hospital-acquired infections and occasionally
cause community-acquired infections. The bacteria become
pathogenic only when they reach tissues outside of their nor-
mal intestinal or other less common normal microbiota sites.
The most frequent sites of clinically important infection are
the urinary tract, biliary tract, and other sites in the abdomi-
nal cavity, but any anatomic site (eg, bloodstream, prostate
gland, lung, bone, meninges) can be the site of disease. Some
of the enteric bacteria (eg, Serratia marcescens, Enterobacter
aerogenes) are opportunistic pathogens. When normal host
defenses are inadequate—particularly in infancy or old age,
in the terminal stages of other diseases, after immunosup-
pression, or with indwelling venous or urethral catheters—
localized clinically important infections can result, and the
bacteria may reach the bloodstream and cause sepsis.

Pathogenesis and Clinical Findings

The clinical manifestations of infections with E coli and the
other enteric bacteria depend on the site of the infection and
cannot be differentiated by symptoms or signs from processes
caused by other bacteria.

A.E coli

1. Urinary tract infection—E coli is the most common
cause of urinary tract infection and accounts for approxi-
mately 90% of first urinary tract infections in young women
(see Chapter 48). The symptoms and signs include urinary
frequency, dysuria, hematuria, and pyuria. Flank pain is
associated with upper tract infection. None of these symp-
toms or signs is specific for E coli infection. Urinary tract
infection can result in bacteremia with clinical signs of sepsis.

Most of the urinary tract infections that involve the blad-
der or kidney in an otherwise healthy host are caused by a
small number of O antigen types that have specifically elabo-
rated virulence factors that facilitate colonization and sub-
sequent clinical infections. These organisms are designated
as uropathogenic E coli. Typically, these organisms produce
hemolysin, which is cytotoxic and facilitates tissue invasion.
Strains that cause pyelonephritis express K antigen and elab-
orate a specific type of pilus, P fimbriae, which binds to the P
blood group antigen.

2. E coli-associated diarrheal diseases—E coli that
cause diarrhea are extremely common worldwide. These E coli
are classified by the characteristics of their virulence proper-
ties (see later discussion), and each group causes disease by a
different mechanism—at least six of which have been char-
acterized. The small or large bowel epithelial cell adherence
properties are encoded by genes on plasmids. Similarly, the
toxins often are plasmid or phage mediated. Some clinical
aspects of diarrheal diseases are discussed in Chapter 48.
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Enteropathogenic E coli (EPEC) are an important cause
of diarrhea in infants, especially in developing countries.
EPEC previously was associated with outbreaks of diarrhea
in nurseries in developed countries. EPEC adhere to the
mucosal cells of the small bowel. Pathogenicity requires two
important factors, the bundle forming pilus encoded by a
plasmid EPEC adherence factor (EAF) and the chromosomal
locus of enterocyte effacement (LEE) pathogenicity island
that promote the tight adherence characteristic of EPEC
(attachment and effacement). After attachment, there is loss
of microvilli (effacement); formation of filamentous actin
pedestals or cuplike structures; and, occasionally, entry of
the EPEC into the mucosal cells. Characteristic lesions can be
seen on electron micrographs of small bowel biopsy lesions.
The result of EPEC infection in infants is severe, watery diar-
rhea; vomiting; and fever, which is usually self-limited but
can be prolonged or chronic. EPEC diarrhea has been asso-
ciated with multiple specific serotypes of E coli; strains are
identified by O antigen and occasionally by H antigen typing.
A two-stage infection model using HEp-2 cells also can be
performed. Tests to identify EPEC are performed in reference
laboratories. The duration of the EPEC diarrhea can be short-
ened and the chronic diarrhea cured by antibiotic treatment.

Enterotoxigenic E coli (ETEC) is a common cause of
“traveler’s diarrhea” and a very important cause of diarrhea
in infants in developing countries. ETEC colonization factors
(known as colonization factor antigens [CFAs]) specific for
humans promote adherence of ETEC to epithelial cells of the
small bowel. Some strains of ETEC produce a heat-labile exo-
toxin (LT) (molecular weight [MW], 80,000) that is under the
genetic control of a plasmid. Its subunit B attaches to the GM,
ganglioside in the apical membrane of enterocytes and facili-
tates the entry of subunit A (MW, 26,000) into the cell, where
the latter activates adenylyl cyclase. This markedly increases
the local concentration of cyclic adenosine monophosphate
(cAMP) after which ensues a complex cascade that involves
the cystic fibrosis transmembrane conductance regulator.
The end result is an intense and prolonged hypersecretion
of water and chlorides and inhibition of the reabsorption of
sodium. The gut lumen is distended with fluid, and hyper-
motility and diarrhea ensue, lasting for several days. LT is
antigenic and cross-reacts with the enterotoxin of Vibrio
cholerae, which has an identical mechanism of action. LT
stimulates the production of neutralizing antibodies in the
serum (and perhaps on the gut surface) of persons previously
infected with enterotoxigenic E coli. Persons residing in areas
where such organisms are highly prevalent (eg, in some devel-
oping countries) are likely to possess antibodies and are less
prone to develop diarrhea on reexposure to the LT-producing
E coli. Assays for LT include (1) fluid accumulation in the
intestines of laboratory animals, (2) typical cytologic changes
in cultured Chinese hamster ovary cells or other cell lines, (3)
stimulation of steroid production in cultured adrenal tumor
cells, (4) binding and immunologic assays with standardized
antisera to LT, and (5) detection of the genes that encode the
toxins. These assays are done only in reference laboratories.

Some strains of ETEC produce the heat-stable entero-
toxin ST (MW, 1500-4000), which is under the genetic
control of a heterogeneous group of plasmids. ST, activates
guanylyl cyclase in enteric epithelial cells and stimulates fluid
secretion. Many ST -positive strains also produce LT. The
strains with both toxins produce a more severe diarrhea.

The plasmids carrying the genes for enterotoxins (LT, ST)
also may carry genes for the CFAs that facilitate the attach-
ment of E coli strains to intestinal epithelium. Recognized
colonization factors occur with particular frequency in some
serotypes. Certain serotypes of ETEC occur worldwide;
others have a limited recognized distribution. It is possible
that virtually any E coli may acquire a plasmid encoding for
enterotoxins. There is no definite association of ETEC with
the EPEC strains causing diarrhea in children. Likewise,
there is no association between enterotoxigenic strains and
those able to invade intestinal epithelial cells.

Care in the selection and consumption of foods poten-
tially contaminated with ETEC is highly recommended to
help prevent traveler’s diarrhea. Antimicrobial prophylaxis
can be effective but may result in increased antibiotic resis-
tance in the bacteria and probably should not be uniformly
recommended. When diarrhea develops, antibiotic treatment
effectively shortens the duration of disease.

Shiga toxin-producing E coli (STEC) are named for the
cytotoxic toxins they produce. There are at least two anti-
genic forms of the toxin referred to as Shiga-like toxin 1 and
Shiga-like toxin 2. STEC has been associated with hemor-
rhagic colitis, a severe form of diarrhea, and with hemolytic
uremic syndrome, a disease resulting in acute renal failure,
microangiopathic hemolytic anemia, and thrombocytopenia.
Shiga-like toxin 1 is identical to the Shiga toxin of Shigella
dysenteriae type 1, and Shiga-like toxin 2 also has many
properties that are similar to the Shiga toxin; however, the
two toxins are antigenically and genetically distinct. Of the
E coli serotypes that produce Shiga toxin, O157:H7 is the most
common and is the one that can be identified most readily
in clinical specimens. STEC O157:H7 does not use sorbitol,
unlike most other E coli, and is negative (clear colonies) on
sorbitol MacConkey agar (sorbitol is used instead of lactose);
O157:H7 strains also are negative on MUG tests (see earlier
discussion). Many of the non-O157 serotypes may be sorbitol
positive when grown in culture. Specific antisera are used to
identify the O157:H7 strains. Tests for the detection of both
Shiga toxins using commercially available enzyme immuno-
assays (EIAs) are done in many laboratories. Other sensitive
test methods include cell culture cytotoxin testing using Vero
cells and polymerase chain reaction for the direct detection
of toxin genes directly from stool samples. Many cases of
hemorrhagic colitis and its associated complications can be
prevented by thoroughly cooking ground beef and avoiding
unpasteurized products such as apple cider.

Enteroinvasive E coli (EIEC) produces a disease very
similar to shigellosis. The disease occurs most commonly
in children in developing countries and in travelers to these
countries. Similar to Shigella, EIEC strains are nonlactose or
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late lactose fermenters and are nonmotile. EIEC produce dis-
ease by invading intestinal mucosal epithelial cells.
Enteroaggregative E coli (EAEC) causes acute and
chronic diarrhea (>14 days in duration) in persons in devel-
oping countries. These organisms also are the cause of food-
borne illnesses in industrialized countries and have been
associated with traveler’s diarrhea and persistent diarrhea in
patients with HIV. They are characterized by their specific
patterns of adherence to human cells. This group of diarrhea-
genic E coli is quite heterogeneous, and the exact pathogenic
mechanisms are still not completely elucidated. Some strains
of EAEC produce ST-like toxin (see earlier discussion); others
a plasmid-encoded enterotoxin that produces cellular dam-
age; and still others, a hemolysin. Diagnosis can be suspected
clinically but requires confirmation by tissue culture adhe-
sion assays not readily available in most clinical laboratories.

3. Sepsis—When normal host defenses are inadequate, E coli
may reach the bloodstream and cause sepsis. Newborns may be
highly susceptible to E coli sepsis because they lack IgM anti-
bodies. Sepsis may occur secondary to urinary tract infection.

4. Meningitis—E coli and group B streptococci are the
leading causes of meningitis in infants. Approximately 75%
of E coli from meningitis cases have the K1 antigen. This anti-
gen cross-reacts with the group B capsular polysaccharide of
N meningitidis. The mechanism of virulence associated with
the K1 antigen is not understood.

B. Klebsiella-Enterobacter-Serratia; Proteus-
Morganella-Providencia; and Citrobacter

The pathogenesis of disease caused by these groups of enteric
gram-negative rods is similar to that of the nonspecific fac-
tors in disease caused by E coli.

1. Klebsiella—K pneumoniae is present in the respiratory
tract and feces of about 5% of normal individuals. It causes
a small proportion (~1%) of bacterial pneumonias. K pneu-
moniae can produce extensive hemorrhagic necrotizing con-
solidation of the lung. It produces urinary tract infection and
bacteremia with focal lesions in debilitated patients. Other
enterics also may produce pneumonia. Klebsiella species
rank among the top ten bacterial pathogens responsible for
hospital-acquired infections. Two other Klebsielleae are asso-
ciated with inflammatory conditions of the upper respiratory
tract: Klebsiella pneumoniae subspecies ozaenae has been
isolated from the nasal mucosa in ozena, a fetid, progressive
atrophy of mucous membranes; and K pneumoniae subspecies
rhinoscleromatis form rhinoscleroma, a destructive granu-
loma of the nose and pharynx. Klebsiella granulomatis (for-
merly Calymmatobacterium granulomatis) causes a chronic
genital ulcerative disease, granuloma inguinale, an uncom-
mon sexually transmitted disease. The organism grows with
difficulty on media containing egg yolk. Ampicillin or tetra-
cycline is effective treatment.
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2. Enterobacter—Three species of Enterobacter, Enterobacter
cloacae, Enterobacter aerogenes, and Enterobacter sakazakii (now
in the genus Cronobacter), cause the majority of Enterobacter
infections. These bacteria ferment lactose, may contain capsules
that produce mucoid colonies, and are motile. These organ-
isms cause a broad range of hospital-acquired infections such
as pneumonia, urinary tract infections, and wound and device
infections. Most strains possess a chromosomal B-lactamase
called ampC, which renders them intrinsically resistant to ampi-
cillin and first- and second-generation cephalosporins. Mutants
may hyperproduce -lactamase, conferring resistance to third-
generation cephalosporins.

3. Serratia—Serratia marcescens isa common opportunis-
tic pathogen in hospitalized patients. Serratia (usually non-
pigmented) causes pneumonia, bacteremia, and endocarditis,
especially in narcotics addicts and hospitalized patients. Only
about 10% of isolates form the red pigment (prodigiosin) that
has long characterized S marcescens. S marcescens is often
multiply resistant to aminoglycosides and penicillins; infec-
tions can be treated with third-generation cephalosporins.

4. Proteus—Proteus species produce infections in humans
only when the bacteria leave the intestinal tract. They are
found in urinary tract infections and produce bacteremia,
pneumonia, and focal lesions in debilitated patients or those
receiving contaminated intravenous infusions. P mirabilis
causes urinary tract infections and occasionally other infec-
tions. Proteus vulgaris and M morganii are important noso-
comial pathogens.

Proteus species produce urease, resulting in rapid hydro-
lysis of urea with liberation of ammonia. Thus, in urinary
tract infections with Proteus species, the urine becomes alka-
line, promoting stone formation and making acidification
virtually impossible. The rapid motility of Proteus may con-
tribute to its invasion of the urinary tract.

Strains of Proteus vary greatly in antibiotic susceptibility.
P mirabilis is often inhibited by penicillins; the most active
antibiotics for other members of the group are aminoglyco-
sides and cephalosporins.

5. Providencia—Providencia species (Providencia rettgeri,
Providencia alcalifaciens, and Providencia stuartii) are mem-
bers of the normal intestinal flora. All cause urinary tract
infections and occasionally other infections and are often
resistant to antimicrobial therapy.

6. Citrobacter—Citrobacter species can cause urinary
tract infections and sepsis.

Diagnostic Laboratory Tests

A. Specimens

Specimens include urine, blood, pus, spinal fluid, sputum, or
other material, as indicated by the localization of the disease
process.



236 SECTIONIII  Bacteriology

B. Smears

The Enterobacteriaceae resemble each other morphologically.
The presence of large capsules is suggestive of Klebsiella species.

C. Culture

Specimens are plated on both blood agar and differential
media. With differential media, rapid preliminary identifica-
tion of gram-negative enteric bacteria is often possible (see
Chapter 47).

Immunity

Specific antibodies develop in systemic infections, but it is
uncertain whether significant immunity to the organisms
follows.

Treatment

No single specific therapy is available. The sulfonamides,
ampicillin, cephalosporins, fluoroquinolones, and aminogly-
cosides have marked antibacterial effects against the enterics,
but variation in susceptibility is great, and laboratory tests for
antibiotic susceptibility are essential. Multiple drug resistance
is common and is under the control of transmissible plasmids.

Certain conditions predisposing to infection by these
organisms require surgical correction, such as relief of urinary
tract obstruction, closure of a perforation in an abdominal
organ, or resection of a bronchiectatic portion of lung.

Treatment of gram-negative bacteremia and impend-
ing septic shock requires rapid institution of antimicrobial
therapy, restoration of fluid and electrolyte balance, and
treatment of disseminated intravascular coagulation.

Various means have been proposed for the prevention of
traveler’s diarrhea, including daily ingestion of bismuth sub-
salicylate suspension (bismuth subsalicylate can inactivate E
coli enterotoxin in vitro) and regular doses of tetracyclines or
other antimicrobial drugs for limited periods. Because none
of these methods are entirely successful or lacking in adverse
effects, it is widely recommended that caution be observed
in regard to food and drink in areas where environmental
sanitation is poor and that early and brief treatment (eg, with
ciprofloxacin or trimethoprim-sulfamethoxazole) be substi-
tuted for prophylaxis.

Epidemiology, Prevention, and Control

The enteric bacteria establish themselves in the normal intes-
tinal tract within a few days after birth and from then on
constitute a main portion of the normal aerobic (facultative
anaerobic) microbial flora. E coli is the prototype. Enterics
found in water or milk are accepted as proof of fecal contami-
nation from sewage or other sources.

Control measures are not feasible as far as the normal
endogenous flora is concerned. Enteropathogenic E coli
serotypes should be controlled like salmonellae (see below).

Some of the enterics constitute a major problem in hospital
infection. It is particularly important to recognize that many
enteric bacteria are “opportunists” that cause illness when
they are introduced into debilitated patients. Within hospi-
tals or other institutions, these bacteria commonly are trans-
mitted by personnel, instruments, or parenteral medications.
Their control depends on handwashing, rigorous asepsis,
sterilization of equipment, disinfection, restraint in intrave-
nous therapy, and strict precautions in keeping the urinary
tract sterile (ie, closed drainage).

THE SHIGELLAE

The natural habitat of shigellae is limited to the intestinal
tracts of humans and other primates, where they produce
bacillary dysentery.

Morphology and Identification
A. Typical Organisms

Shigellae are slender gram-negative rods; coccobacillary
forms occur in young cultures.

B. Culture

Shigellae are facultative anaerobes but grow best aerobically.
Convex, circular, transparent colonies with intact edges reach
a diameter of about 2 mm in 24 hours.

C. Growth Characteristics

All shigellae ferment glucose. With the exception of Shigella
sonnei, they do not ferment lactose. The inability to ferment
lactose distinguishes shigellae on differential media. Shigellae
form acid from carbohydrates but rarely produce gas. They
may also be divided into those that ferment mannitol and
those that do not (Table 15-4).

Antigenic Structure

Shigellae have a complex antigenic pattern. There is great
overlapping in the serologic behavior of different species, and
most of them share O antigens with other enteric bacilli.

The somatic O antigens of shigellae are lipopolysaccha-
rides. Their serologic specificity depends on the polysaccha-
ride. There are more than 40 serotypes. The classification of
shigellae relies on biochemical and antigenic characteristics.
The pathogenic species are shown in Table 15-4.

Pathogenesis and Pathology

Shigella infections are almost always limited to the gastro-
intestinal tract; bloodstream invasion is quite rare. Shigellae
are highly communicable; the infective dose is on the order
of 10° organisms (it usually is 10°-10° for salmonellae and
vibrios). The essential pathologic process is invasion of the
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TABLE 15-4 Pathogenic Shigella Species
Present Group and Ornithine
Designation Type Mannitol Decarboxylase
Shigella A = =
dysenteriae

Shigella flexneri B + -
Shigella boydii @ + -
Shigella sonnei D + +

mucosal epithelial cells (eg, M cells) by induced phagocyto-
sis, escape from the phagocytic vacuole, multiplication and
spread within the epithelial cell cytoplasm, and passage to
adjacent cells. Microabscesses in the wall of the large intes-
tine and terminal ileum lead to necrosis of the mucous mem-
brane, superficial ulceration, bleeding, and formation of a
“pseudomembrane” on the ulcerated area. This consists of
fibrin, leukocytes, cell debris, a necrotic mucous membrane,
and bacteria. As the process subsides, granulation tissue fills
the ulcers, and scar tissue forms.

Toxins

A. Endotoxin

Upon autolysis, all shigellae release their toxic lipopolysac-
charide. This endotoxin probably contributes to the irritation
of the bowel wall.

B. Shigella Dysenteriae Exotoxin

S dysenteriae type 1 (Shiga bacillus) produces a heat-labile
exotoxin that affects both the gut and the central nervous
system. The exotoxin is a protein that is antigenic (stimu-
lating production of antitoxin) and lethal for experimental
animals. Acting as an enterotoxin, it produces diarrhea as
does the E coli Shiga-like toxin, perhaps by the same mecha-
nism. In humans, the exotoxin also inhibits sugar and amino
acid absorption in the small intestine. Acting as a “neuro-
toxin,” this material may contribute to the extreme severity
and fatal nature of S dysenteriae infections and to the central
nervous system reactions observed in them (ie, meningismus,
coma). Patients with Shigella flexneri or S sonnei infections
develop antitoxin that neutralizes S dysenteriae exotoxin in
vitro. The toxic activity is distinct from the invasive property
of shigellae in dysentery. The two may act in sequence, the
toxin producing an early nonbloody, voluminous diarrhea
and the invasion of the large intestine, resulting in later dys-
entery with blood and pus in stools.

Clinical Findings
After ashortincubation period (1-2 days), there is a sudden onset

of abdominal pain, fever, and watery diarrhea. The diarrhea has
been attributed to an exotoxin acting in the small intestine (see

earlier discussion). A day or so later, as the infection involves the
ileum and colon, the number of stools increases; they are less
liquid but often contain mucus and blood. Each bowel move-
ment is accompanied by straining and tenesmus (rectal spasms),
with resulting lower abdominal pain. In more than half of adult
cases, fever and diarrhea subside spontaneously in 2-5 days.
However, in children and elderly adults, loss of water and elec-
trolytes may lead to dehydration, acidosis, and even death. The
illness caused by S dysenteriae may be particularly severe.

On recovery, most persons shed dysentery bacilli for only
a short period, but a few remain chronic intestinal carriers
and may have recurrent bouts of the disease. Upon recovery
from the infection, most persons develop circulating antibod-
ies to shigellae, but these do not protect against reinfection.

Diagnostic Laboratory Tests

A. Specimens

Specimens include fresh stool, mucus flecks, and rectal swabs
for culture. Large numbers of fecal leukocytes and some red
blood cells often are seen microscopically. Serum specimens,
if desired, must be taken 10 days apart to demonstrate a rise
in titer of agglutinating antibodies.

B. Culture

The materials are streaked on differential media (eg,
MacConkey or EMB agar) and on selective media (Hektoen
enteric agar or Salmonella-Shigella agar), which suppress other
Enterobacteriaceae and gram-positive organisms. Colorless
(lactose-negative) colonies are inoculated into TSI agar.
Organisms that fail to produce H.S, that produce acid but not
gas in the butt and an alkaline slant in TSI agar medium, and
that are nonmotile should be subjected to slide agglutination
by specific Shigella antisera.

C.Serology

Normal persons often have agglutinins against several
Shigella species. However, serial determinations of antibody
titers may show a rise in specific antibody. Serology is not
used to diagnose Shigella infections.

Immunity

Infection is followed by a type-specific antibody response.
Injection of killed shigellae stimulates production of antibod-
ies in serum but fails to protect humans against infection. IgA
antibodies in the gut may be important in limiting reinfec-
tion; these may be stimulated by live attenuated strains given
orally as experimental vaccines. Serum antibodies to somatic
Shigella antigens are IgM.

Treatment

Ciprofloxacin, ampicillin, doxycycline, and trimethoprim-
sulfamethoxazole are most commonly inhibitory for Shigella
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isolates and can suppress acute clinical attacks of dysentery
and shorten the duration of symptoms. They may fail to
eradicate the organisms from the intestinal tract. Multiple
drug resistance can be transmitted by plasmids, and resis-
tant infections are widespread. Many cases are self-limited.
Opioids should be avoided in Shigella dysentery.

Epidemiology, Prevention, and Control

Shigellae are transmitted by “food, fingers, feces, and flies”
from person to person. Most cases of Shigella infection occur
in children younger than 10 years of age. Shigellosis, caused
primarily by S sonnei, has become an important problem in
daycare centers in the United States. S dysenteriae can spread
widely. Mass chemoprophylaxis for limited periods of time (eg,
in military personnel) has been tried, but resistant strains of
shigellae tend to emerge rapidly. Because humans are the main
recognized host of pathogenic shigellae, control efforts must be
directed at eliminating the organisms from this reservoir by
(1) sanitary control of water, food, and milk; sewage disposal
and fly control; (2) isolation of patients and disinfection of
excreta; (3) detection of subclinical cases and carriers, partic-
ularly food handlers; and (4) antibiotic treatment of infected
individuals.

THE SALMONELLA-ARIZONA GROUP

Salmonellae are often pathogenic for humans or animals
when acquired by the oral route. They are transmitted from
animals and animal products to humans, where they cause
enteritis, systemic infection, and enteric fever.

Morphology and Identification

Salmonellae vary in length. Most isolates are motile with
peritrichous flagella. Salmonellae grow readily on simple
media, but they almost never ferment lactose or sucrose. They
form acid and sometimes gas from glucose and mannose.
They usually produce H,S. They survive freezing in water for
long periods. Salmonellae are resistant to certain chemicals
(eg, brilliant green, sodium tetrathionate, sodium deoxycho-
late) that inhibit other enteric bacteria; such compounds are
therefore useful for inclusion in media to isolate salmonellae
from feces.

Classification

The classification of salmonellae is complex because the
organisms are a continuum rather than a defined species.
The members of the genus Salmonella were originally clas-
sified on the basis of epidemiology; host range; biochemical
reactions; and structures of the O, H, and Vi (when present)
antigens. The names (eg, S typhi, Salmonella typhimurium)
were written as if they were genus and species; this form of
the nomenclature remains in widespread but incorrect use.
DNA-DNA hybridization studies have demonstrated that

there are seven evolutionary groups. Currently, the genus
Salmonella is divided into two species each with multiple
subspecies and serotypes. The two species are Salmonella
enterica and Salmonella bongori (formerly subspecies V).
S enterica contains five subspecies, which are subspecies
enterica (subspecies I), subspecies salamae (subspecies II),
subspecies arizonae (subspecies IIla), subspecies diarizonae
(subspecies IIIb), subspecies houtenae (subspecies IV), and
subspecies indica (subspecies VI). Most human illness is
caused by the subspecies I strains, written as S enterica sub-
species enterica. Rarely human infections may be caused by
subspecies IIla and IIIb or the other subspecies frequently
found in cold-blooded animals. Frequently, these infections
are associated with exotic pets such as reptiles. It seems prob-
able that the widely accepted nomenclature for classification
will be as follows: S enterica subspecies enterica serotype
Typhimurium, which can be shortened to S Typhimurium
with the genus name in italics and the serotype name in
roman type. National and international reference laborato-
ries may use the antigenic formulas following the subspecies
name because they impart more precise information about
the isolates (see Table 15-4).

There are more than 2500 serotypes of salmonellae,
including more than 1400 in DNA hybridization group I that
can infect humans. Four serotypes of salmonellae that cause
enteric fever can be identified in the clinical laboratory by bio-
chemical and serologic tests. These serotypes should be rou-
tinely identified because of their clinical significance. They are
as follows: Salmonella Paratyphi A (serogroup A), Salmonella
Paratyphi B (serogroup B), Salmonella Choleraesuis (sero-
group Cl), and S Typhi (serogroup D). Salmonella serotypes
Enteritidis and Typhimurium are the two most common
serotypes reported in the United States. The more than 1400
other salmonellae that are isolated in clinical laboratories are
serogrouped by their O antigens as A, B, C, C,, D, and E;
some are nontypeable with this set of antisera. The isolates
are then sent to reference laboratories for definitive serologic
identification. This allows public health officials to monitor
and assess the epidemiology of Salmonella infections on a
statewide and nationwide basis.

Variation

Organisms may lose H antigens and become nonmotile. Loss
of O antigen is associated with a change from smooth to rough
colony form. Vi antigen may be lost partially or completely.
Antigens may be acquired (or lost) in the process of transduction.

Pathogenesis and Clinical Findings

S Typhi, S Choleraesuis, and perhaps Salmonella Paratyphi
A and Salmonella Paratyphi B are primarily infective for
humans, and infection with these organisms implies acqui-
sition from a human source. The vast majority of salmonel-
lae, however, are chiefly pathogenic in animals that constitute
the reservoir for human infection; these include poultry,
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TABLE 15-5 Clinical Diseases Induced by Salmonellae
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Enteric Fevers Septicemias Enterocolitis
Incubation period 7-20 days Variable 8-48 hours
Onset Insidious Abrupt Abrupt
Fever Gradual; then high plateau with Rapid rise; then spiking “septic” Usually low
“typhoidal” state temperature
Duration of disease Several weeks Variable 2-5days
Gastrointestinal symptoms Often early constipation; later, Often none Nausea, vomiting, diarrhea at
bloody diarrhea onset
Blood culture results Positive in first to second weeks Positive during high fever Negative

of disease

Positive from second week on;
negative earlier in disease

Stool culture results

Infrequently positive Positive soon after onset

pigs, rodents, cattle, pets (from turtles to parrots), and many
others.

The organisms almost always enter via the oral route, usu-
ally with contaminated food or drink. The mean infective dose
to produce clinical or subclinical infection in humans is 10°-10°
salmonellae (but perhaps as few as 10° S Typhi organisms).
Among the host factors that contribute to resistance to sal-
monella infection are gastric acidity, normal intestinal micro-
biota, and local intestinal immunity (see later).

Salmonellae produce three main types of disease in
humans, but mixed forms are frequent (Table 15-5).

A. The “Enteric Fevers” (Typhoid Fever)

This syndrome is produced by only a few of the salmonellae,
of which S Typhi (typhoid fever) is the most important. The
ingested salmonellae reach the small intestine, from which
they enter the lymphatics and then the bloodstream. They are
carried by the blood to many organs, including the intestine.
The organisms multiply in intestinal lymphoid tissue and are
excreted in stools.

After an incubation period of 10-14 days, fever, malaise,
headache, constipation, bradycardia, and myalgia occur. The
fever rises to a high plateau, and the spleen and liver become
enlarged. Rose spots, usually on the skin of the abdomen or
chest, are seen briefly in rare cases. The white blood cell count
is normal or low. In the preantibiotic era, the chief complica-
tions of enteric fever were intestinal hemorrhage and perfo-
ration, and the mortality rate was 10-15%. Treatment with
antibiotics has reduced the mortality rate to less than 1%.

The principal lesions are hyperplasia and necrosis of
lymphoid tissue (eg, Peyer’s patches); hepatitis; focal necrosis
of the liver; and inflammation of the gallbladder, periosteum,
lungs, and other organs.

B. Bacteremia with Focal Lesions

This is associated commonly with S choleraesuis but may be
caused by any salmonella serotype. After oral infection, there

is early invasion of the bloodstream (with possible focal lesions
in lungs, bones, meninges, and so on), but intestinal manifes-
tations are often absent. Blood culture results are positive.

C. Enterocolitis

This is the most common manifestation of salmonella infec-
tion. In the United States, S Typhimurium and Salmonella
Enteritidis are prominent, but enterocolitis can be caused
by any of the more than 1400 group I serotypes of salmonel-
lae. Eight to 48 hours after ingestion of salmonellae, there is
nausea, headache, vomiting, and profuse diarrhea, with few
leukocytes in the stools. Low-grade fever is common, but the
episode usually resolves in 2-3 days.

Inflammatory lesions of the small and large intestine are
present. Bacteremia is rare (2-4%) except in immunodeficient
persons. Blood culture results are usually negative, but stool
culture results are positive for salmonellae and may remain
positive for several weeks after clinical recovery.

Diagnostic Laboratory Tests

A. Specimens

Blood for culture must be taken repeatedly. In enteric fevers
and septicemias, blood culture results are often positive in the
first week of the disease. Bone marrow cultures may be useful.
Urine culture results may be positive after the second week.

Stool specimens also must be taken repeatedly. In enteric
fevers, the stools yield positive results from the second or
third week on; in enterocolitis, the stools yield positive results
during the first week.

A positive culture of duodenal drainage establishes the
presence of salmonellae in the biliary tract in carriers.

B. Bacteriologic Methods for Isolation of Salmonellae

1. Differential medium cultures—EMB, MacConkey, or
deoxycholate medium permits rapid detection of lactose non-
fermenters (not only salmonellae and shigellae but also Proteus,
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Serratia, Pseudomonas, and so on). Gram-positive organisms
are somewhat inhibited. Bismuth sulfite medium permits rapid
detection of salmonellae, which form black colonies because of
H.S production. Many salmonellae produce H.S.

2. Selective medium cultures—The specimen is plated
on salmonella-shigella (SS) agar, Hektoen enteric agar,
xylose-lysine decarboxylase (XLD) agar, or deoxycholate-
citrate agar, which favor growth of salmonellae and shigellae
over other Enterobacteriaceae.

3. Enrichment cultures—The specimen (usually stool)
also is put into selenite F or tetrathionate broth, both of which
inhibit replication of normal intestinal bacteria and permit
multiplication of salmonellae. After incubation for 1-2 days,
this is plated on differential and selective media.

4. Final identification—Suspect colonies from solid
media are identified by biochemical reaction patterns (see
Table 15-1) and slide agglutination tests with specific sera.

C. Serologic Methods

Serologic techniques are used to identify unknown cultures
with known sera (see later discussion) and may also be used
to determine antibody titers in patients with unknown ill-
ness, although the latter is not very useful in diagnosis of
Salmonella infections.

1. Agglutination test—In this test, known sera and
unknown culture are mixed on a slide. Clumping, when it
occurs, can be observed within a few minutes. This test is
particularly useful for rapid preliminary identification of
cultures. There are commercial kits available to agglutinate
and serogroup salmonellae by their O antigens: A, B, C, C,,
D, and E.

2. Tube dilution agglutination test (Widal test)—
Serum agglutinins rise sharply during the second and third
weeks of S Typhi infection. The Widal test to detect these
antibodies against the O and H antigens has been in use for
decades. At least two serum specimens, obtained at inter-
vals of 7-10 days, are needed to prove a rise in antibody titer.
Serial dilutions of unknown sera are tested against anti-
gens from representative salmonellae. False-positive and
false-negative results occur. The interpretive criteria when
single serum specimens are tested vary, but a titer against
the O antigen of greater than 1:320 and against the H anti-
gen of greater than 1:640 is considered positive. High titer of
antibody to the Vi antigen occurs in some carriers.
Alternatives to the Widal test include rapid colorimetric and
EIA methods. There are conflicting reports in the literature
regarding superiority of these methods to the Widal test.
Results of serologic tests for Salmonella infection cannot be
relied upon to establish a definitive diagnosis of typhoid fever

and are most often used in resource poor areas of the world
where blood cultures are not readily available.

Immunity

Infections with S Typhi or Salmonella Paratyphi usually con-
fer a certain degree of immunity. Reinfection may occur but
is often milder than the first infection. Circulating antibodies
to O and Vi are related to resistance to infection and disease.
However, relapses may occur in 2-3 weeks after recovery
despite antibodies. Secretory IgA antibodies may prevent
attachment of salmonellae to intestinal epithelium.

Persons with S/S hemoglobin (sickle cell disease) are
exceedingly susceptible to Salmonella infections, particularly
osteomyelitis. Persons with A/S hemoglobin (sickle cell trait)
may be more susceptible than normal individuals (those with
A/A hemoglobin).

Treatment

Although enteric fevers and bacteremias with focal lesions
require antimicrobial treatment, the vast majority of cases of
enterocolitis do not. Antimicrobial treatment of Salmonella
enteritis in neonates is important. In enterocolitis, clinical
symptoms and excretion of the salmonellae may be prolonged
by antimicrobial therapy. In severe diarrhea, replacement of
fluids and electrolytes is essential.

Antimicrobial therapy of invasive Salmonella infec-
tions is with ampicillin, trimethoprim-sulfamethoxazole, or
a third-generation cephalosporin. Multiple drug resistance
transmitted genetically by plasmids among enteric bacteria
is a problem in Salmonella infections. Susceptibility testing is
an important adjunct to selecting a proper antibiotic.

In most carriers, the organisms persist in the gallbladder
(particularly if gallstones are present) and in the biliary tract.
Some chronic carriers have been cured by ampicillin alone,
but in most cases cholecystectomy must be combined with
drug treatment.

Epidemiology

The feces of persons who have unsuspected subclinical dis-
ease or are carriers are a more important source of contami-
nation than frank clinical cases that are promptly isolated,
such as when carriers working as food handlers are “shed-
ding” organisms. Many animals, including cattle, rodents,
and fowl, are naturally infected with a variety of salmonel-
lae and have the bacteria in their tissues (meat), excreta, or
eggs. The high incidence of salmonellae in commercially
prepared chickens has been widely publicized. The incidence
of typhoid fever has decreased, but the incidence of other
Salmonella infections has increased markedly in the United
States. The problem probably is aggravated by the widespread
use of animal feeds containing antimicrobial drugs that favor
the proliferation of drug-resistant salmonellae and their
potential transmission to humans.



CHAPTER 15

A. Carriers

After manifest or subclinical infection, some individuals
continue to harbor salmonellae in their tissues for variable
lengths of time (ie, convalescent carriers or healthy perma-
nent carriers). Three percent of survivors of typhoid become
permanent carriers, harboring the organisms in the gallblad-
der; biliary tract; or, rarely, the intestine or urinary tract.

B. Sources of Infection

The sources of infection are food and drink that have been
contaminated with salmonellae. The following sources are
important:

1. Water—Contamination with feces often results in
explosive epidemics

2, Milk and other dairy products (ice cream,
cheese, custard)—Contamination with feces and inad-
equate pasteurization or improper handling; some outbreaks
are traceable to the source of supply

3. Shellfish—From contaminated water

4. Dried or frozen eggs—From infected fowl or con-
taminated during processing

5. Meats and meat products—From infected animals
(poultry) or contamination with feces by rodents or humans

6. “Recreational” drugs—Marijuana and other drugs

7. Animal dyes—Dyes (eg, carmine) used in drugs, foods,
and cosmetics

8. Household pets—Turtles, dogs, cats, exotic pets such
as reptiles, and so on

Prevention and Control

Sanitary measures must be taken to prevent contamination
of food and water by rodents or other animals that excrete
salmonellae. Infected poultry, meats, and eggs must be thor-
oughly cooked. Carriers must not be allowed to work as food
handlers and should observe strict hygienic precautions.

Two typhoid vaccines are currently available in the
United States: an oral live, attenuated vaccine and a Vi capsu-
lar polysaccharide vaccine for intramuscular use. Vaccination
is recommended for travelers to endemic regions, especially
if the traveler visits rural areas or small villages where food
choices are limited. Both vaccines have an efficacy of 50-80%.
The time required for primary vaccination and age limits
for each vaccine varies, and individuals should consult the
Centers for Disease Control and Prevention’s website or
obtain advice from a travel clinic regarding the latest vaccine
information.
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CHAPTER SUMMARY

o Members of the Enterobacteriaceae are short gram-
negative rods that grow rapidly on standard laboratory
media.

o Members of this group are catalase positive; nitrate posi-
tive; and, with the exception of Plesiomonas, are cyto-
chrome oxidase negative. Organisms can be identified
readily by the ability to ferment lactose on MacConkey
and by other biochemical reactions or newer technolo-
gies such as MALDI-TOF MS.

o Enterobacteriaceae express a variety of antigens that
include somatic or O antigens (cell wall lipopolysac-
charide), capsular or K antigens, and H or flagellar anti-
gens. Salmonella express the Vi antigens. These antigens
are virulence factors and can be used to serotype those
organisms that possess them.

o Enterobacteriaceae cause a variety of human infec-
tions that can be broadly classified as either enteric dis-
eases or extraintestinal infections such as urinary tract
infections.

o Genera associated with enteric illness include Salmo-
nella, Shigella, and diarrheagenic E coli, of which there
are six types based on the mechanism of disease (eg, toxi-
genic or invasive or both).

o The most common extraintestinal infection caused by
these organisms are urinary tract infections. E coli pre-
dominates, but the urea-positive organisms such as Pro-
teus species can cause bladder and kidney stones.

o Enterobacteriaceae acquired in the hospital environment
are often resistant to many antimicrobial agents.

REVIEW QUESTIONS

1. A 20-year-old college student goes to the student health cen-
ter because of dysuria, frequency, and urgency on urination for
24 hours. She has recently become sexually active. On urinaly-
sis, many polymorphonuclear cells are seen. The most likely or-
ganism responsible for these symptoms and signs is

(A) Staphylococcus aureus
(B) Streptococcus agalactiae
(C) Gardnerella vaginalis
(D) Lactobacillus species
(E) Escherichia coli

2. A 27-year-old woman is admitted to the hospital because of
fever, with increasing anorexia, headache, weakness, and
altered mental status of 2 days’ duration. She works for an
airline as a cabin attendant, flying between the Indian sub-
continent and other places in Southeast Asia and the West
Coast of the United States. Ten days before admission, she had
a diarrheal illness that lasted for about 36 hours. She has been
constipated for the past 3 days. Her temperature is 39°C, heart
rate is 68 beats/min, blood pressure is 120/80 mm Hg, and
respirations are 18 breaths/min. She knows who she is and
where she is but does not know the date. She is picking at the
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bedclothes. Rose spots are seen on her trunk. The remainder
of the physical examination findings are normal. Blood cul-
tures are done, and an intravenous line is placed. The most
likely cause of her illness is

(A) Enterotoxigenic Escherichia coli (ETEC)

(B) Shigella sonnei

(C) Salmonella  enterica  subspecies enterica
Typhimurium (Salmonella Typhimurium)

(D) Salmonella enterica subspecies enterica serotype Typhi
(Salmonella Typhi)

(E) Enteroinvasive Escherichia coli (EIEC)

serotype

. Blood cultures from the patient in question 2 grow a non-

lactose-fermenting gram-negative bacillus. Which of the fol-
lowing is likely to be a constituent of this organism?

(A) O antigen 157, H antigen 7 (O157:H7)

(B) Viantigen (capsule; virulence antigen)

(C) O antigen 139 (0139)

(D) Urease

(E) K1 (capsular type 1)

. A 37-year-old woman with a history of urinary tract infections

comes to the emergency department with burning on urination
along with frequency and urgency. She says her urine smells like
ammonia. The cause of her urinary tract infection is likely to be

(A) Enterobacter aerogenes
(B) Proteus mirabilis

(C) Citrobacter freundii
(D) Escherichia coli

(E) Serratia marcescens

. An 18-year-old student has abdominal cramps and diarrhea.

A plate of MacConkey agar is inoculated and grows gram-
negative rods. Triple sugar iron agar is used to screen the iso-
lates for salmonellae and shigellae. A result suggesting one of
these two pathogens would be

(A) Production of urease

(B) Motility in the medium

(C) Inability to ferment lactose and sucrose
(D) Fermentation of glucose

(E) Production of gas in the medium

. An uncommon serotype of Salmonella enterica subspecies

enterica was found by laboratories in the health departments
of adjacent states. The isolates were all from a small geographic
area on either side of the border between the states, suggest-
ing a common source for the isolates. (All of the isolates were
from otherwise healthy young adults who smoked marijuana;
the same Salmonella was isolated from a specimen of the mari-
juana.) By what method did the laboratories determine that
these isolates were the same?

(A) Capsular (K antigen) typing

(B) O antigen and H antigen typing

(C) DNA sequencing

(D) Sugar fermentation pattern determination

(E) Decarboxylase reaction pattern determination

. A 43-year-old man with diabetes has a 4-cm nonhealing foot

ulcer. Culture of the ulcer yields Staphylococcus aureus, Bacte-
roides fragilis, and a gram-negative bacillus that swarms across
the blood agar plate covering the entire surface of the agar after
36 hours. The gram-negative bacillus is a member of the genus
(A) Escherichia

(B) Enterobacter

10.

11.

(C) Serratia
(D) Salmonella
(E) Proteus

. A 4-year-old boy from Kansas City who recently started at-

tending preschool and after-school daycare is brought to his

pediatrician for a diarrheal illness characterized by fever to

38.2°C, severe lower abdominal pain, and initially watery di-

arrhea. His mother became concerned because the stools are

now blood tinged 24 hours into the illness, and the child ap-

pears quite ill. The mother reports that two other children who

attend the same after-school daycare have recently had diar-

rheal disease, one of whom likewise had bloody stools. Which

of the following is the most likely pathogen causing the illness

in these children?

(A) An enterotoxigenic strain of Escherichia coli

(B) Salmonella enterica subspecies enterica serotype Typhi
(Salmonella Typhi)

(C) Shigella sonnei

(D) Edwardsiella tarda

(E) Kilebsiella oxytoca

. A 5-year-old girl attended a birthday party at a local fast food

restaurant. About 48 hours later, she developed cramping
abdominal pain and a low-grade fever and had five episodes of
loose, bloody stools. She is taken to a local emergency depart-
ment the next evening because the diarrhea has continued, and
she now appears pale and lethargic. On presentation, she has a
temperature of 38°C, and she is hypotensive and tachycardic.
The abdominal examination reveals tenderness in the lower
quadrants. Laboratory work is remarkable for a serum creati-
nine of 2.0 mg/dL, a serum hemoglobin of 8.0 mg/dL, thrombo-
cytopenia, and evidence of hemolysis. What is the most likely
pathogen causing this child’s illness?

(A) Escherichia coli O157:H7

(B) Salmonella enterica
Typhimurium

(C) Enteropathogenic Escherichia coli

(D) Edwardsiella tarda

(E) Plesiomonas shigelloides

subspecies enterica  serotype

A 55-year-old homeless man with alcoholism presents with
severe multilobar pneumonia. He requires intubation and
mechanical ventilation. A Gram stain of his sputum reveals
numerous polymorphonuclear leukocytes and gram-negative
rods that appear to have a capsule. The organism is a lactose
fermenter on MacConkey agar and is very mucoid. It is nonmo-
tile and lysine decarboxylase positive. What is the most likely
organism causing this man’s illness?

(A) Serratia marcescens

(B) Enterobacter aerogenes

(C) Proteus mirabilis

(D) Klebsiella pneumoniae

(E) Morganella morganii

Which of the following statements regarding O antigens is
correct?

(A) All Enterobacteriaceae possess identical O antigens.

(B) They are found in the polysaccharide capsules of enteric
bacteria.

(C) They are covalently linked to a polysaccharide core.

(D) They do not stimulate an immune response in the host.

(E) They are not important in the pathogenesis of infection
cause by enteric bacteria.
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12. Which of the following test methods is the least sensitive pro-
cedure for diagnosis of colitis caused by Shiga toxin-producing
Escherichia coli?

(A) Culture on sorbitol MacConkey agar
(B) Toxin testing using an enzyme immunoassay
(C) Cell culture cytotoxin assay using Vero cells
(D) Polymerase chain reaction for detection of the genes that
encode Shiga toxin

13. An HIV-positive man recently traveled to the Caribbean for
a 2-week vacation. He developed acute watery diarrhea and
abdominal pain without fever during the second week of his
vacation. Three weeks later, he is seen in clinic for persistent
symptoms, and he is concerned because he is beginning to lose
weight. Given this history, you suspect:
(A) Enteroinvasive E coli
(B) Salmonella typhi
(C) Enteropathogenic E coli
(D) Shigella flexneri
(E) Enteroaggregative E coli

14. Heat-labile toxin of ETEC acts by which of the following
mechanisms?

(A) Attachment and effacement
(B) Activation of adenylyl cyclase
(C) Aggregative adherence
(D) Ribosomal dysfunction
(E) None of the above
15. A young woman presents with recurrent urinary tract infec-
tions caused by the same Proteus mirabilis strain. What is the
major concern?

(A) She does not take her medication.

(B) She is pregnant because pregnant patients are more sus-
ceptible to UTIs.

(C) She has a bladder or kidney stone.

(D) Her partner is infected.

(E) She has occult diabetes and should have a glucose toler-
ance test.
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Answers

1. E C 9. A 13. E
2. D 6. B 10. D 14. B
3.B 7. E 11. C 15. C
4. B 8. C 12. A
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Pseudomonads,

Acinetobacters, and Uncommon
Gram-Negative Bacteria

The pseudomonads and acinetobacters are widely distributed
in soil and water. Pseudomonas aeruginosa sometimes colo-
nizes humans and is the major human pathogen of the group.
P aeruginosa is invasive and toxigenic, produces infections
in patients with abnormal host defenses, and is an important
nosocomial pathogen.

Gram-negative bacteria that rarely cause disease in
humans are included in this chapter. Some of these bacteria
(eg, chromobacteria and chryseobacteria) are found in soil
or water and are opportunistic pathogens for humans. Other
gram-negative bacteria (eg, Capnocytophaga, Eikenella cor-
rodens, Kingella, and Moraxella) are normal microbiota of
humans and occur in a wide variety of infections; often they
are unexpected causes of disease.

THE PSEUDOMONAD GROUP

The pseudomonads are gram-negative, motile, aerobic rods
some of which produce water-soluble pigments. The pseu-
domonads occur widely in soil, water, plants, and animals. P
aeruginosa is frequently present in small numbers in the nor-
mal intestinal flora and on the skin of humans and is the major
pathogen of the group. Other pseudomonads infrequently cause
disease. The classification of pseudomonads is based on rRNA/
DNA homology and common culture characteristics. The med-
ically important pseudomonads are listed in Table 16-1.

PSEUDOMONAS AERUGINOSA

P aeruginosa is widely distributed in nature and is commonly
present in moist environments in hospitals. It can colonize
normal humans, in whom it is a saprophyte. It causes disease
in humans with abnormal host defenses.

Morphology and Identification
A. Typical Organisms

P aeruginosa is motile and rod shaped, measuring about
0.6 x 2 um (Figure 16-1). It is gram negative and occurs as
single bacteria, in pairs, and occasionally in short chains.

CHAUPTER

B. Culture

P aeruginosa is an obligate aerobe that grows readily on
many types of culture media, sometimes producing a sweet
or grapelike or corn taco-like odor. Some strains hemolyze
blood. P aeruginosa forms smooth round colonies with a
fluorescent greenish color. It often produces the nonfluo-
rescent bluish pigment pyocyanin, which diffuses into the
agar. Other Pseudomonas species do not produce pyocyanin.
Many strains of P aeruginosa also produce the fluorescent
pigment pyoverdin, which gives a greenish color to the agar
(Figure 16-2). Some strains produce the dark red pigment
pyorubin or the black pigment pyomelanin.

P aeruginosa in a culture can produce multiple colony
types (Figure 16-3). P aeruginosa from different colony
types may also have different biochemical and enzymatic
activities and different antimicrobial susceptibility patterns.
Sometimes it is not clear if the colony types represent differ-
ent strains of P aeruginosa or are variants of the same strain.
Cultures from patients with cystic fibrosis (CF) often yield P
aeruginosa organisms that form mucoid colonies as a result
of overproduction of alginate, an exopolysaccharide. In CF
patients, the exopolysaccharide appears to provide the matrix
for the organisms to live in a biofilm (see Chapters 2 and 9).

C. Growth Characteristics

P aeruginosa grows well at 37-42°C; its growth at 42°C helps
differentiate it from other Pseudomonas species in the fluo-
rescent group. It is oxidase positive. It does not ferment car-
bohydrates, but many strains oxidize glucose. Identification
is usually based on colonial morphology, oxidase positivity,
the presence of characteristic pigments, and growth at 42°C.
Differentiation of P aeruginosa from other pseudomonads on
the basis of biochemical activity requires testing with a large
battery of substrates.

Antigenic Structure and Toxins

Pili (fimbriae) extend from the cell surface and promote
attachment to host epithelial cells. The exopolysaccharide
is responsible for the mucoid colonies seen in cultures from
patients with CF. The lipopolysaccharide, which exists in
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TABLE 16-1 Classification of Some of the
Medically Important Pseudomonads?

rRNA Homology Group and

Subgroup Genus and Species

Pseudomonas aeruginosa
Pseudomonas fluorescens
Pseudomonas putida
Pseudomonas stutzeri
Pseudomonas mendocina

| Fluorescent group

Nonfluorescent group

Il Burkholderia pseudomallei
Burkholderia mallei
Burkholderia cepacia
Cupriavidus
Delftia
Pandoraea
Ralstonia picketti

1] Comamonas species
Acidovorax species

\% Brevundimonas species

Vv Stenotrophomonas
maltophilia

®Many other species are occasionally encountered in clinical or environmental
specimens.

multiple immunotypes, is responsible for many of the endo-
toxic properties of the organism. P aeruginosa can be typed
by lipopolysaccharide immunotype and by pyocin (bacterio-
cin) susceptibility. Most P aeruginosa isolates from clinical
infections produce extracellular enzymes, including elas-
tases, proteases, and two hemolysins (a heat-labile phospholi-
pase C and a heat-stable glycolipid).
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FIGURE 16—1 Gram stain of Pseudomonas aeruginosa, which
are about 0.6 x 2 um. Original magnification x1000. (Courtesy of H.
Reyes.)

FIGURE 16-2 Pseudomonas aeruginosa on a 10 cm Mueller-
Hinton agar plate. Individual colonies are 3-4 mm in diameter. The
organism produces pyocyanin, which is blue, and pyoverdin, which
is green. Together these pigments produce the blue green color that
is seen in the agar around the pseudomonas growth. (Courtesy of S.
Lowe.)

Many strains of P aeruginosa produce exotoxin A,
which causes tissue necrosis and is lethal for animals when
injected in purified form. The toxin blocks protein synthe-
sis by a mechanism of action identical to that of diphtheria
toxin, although the structures of the two toxins are not iden-
tical. Antitoxins to exotoxin A are found in some human sera,
including those of patients who have recovered from serious
P aeruginosa infections.

Pathogenesis

P aeruginosa is pathogenic only when introduced into areas
devoid of normal defenses, such as when mucous membranes
and skin are disrupted by direct tissue damage as in the case
of burn wounds; when intravenous or urinary catheters are
used; or when neutropenia is present, as in cancer chemo-
therapy. The bacterium attaches to and colonizes the mucous
membranes or skin, invades locally, and produces systemic
disease. These processes are promoted by the pili, enzymes,
and toxins described earlier. Lipopolysaccharide plays a
direct role in causing fever, shock, oliguria, leukocytosis and
leukopenia, disseminated intravascular coagulation, and
adult respiratory distress syndrome.

P aeruginosa and other pseudomonads are resistant to
many antimicrobial agents and therefore become dominant
and important when more susceptible bacteria of the normal
microbiota are suppressed.
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FIGURE 16-3 Variation in colony morphology of Pseudomonas
aeruginosa. A: Green-gray colonies 6-8 mm in diameter on a 10-cm
blood agar plate; the blood in the agar around the colonies shows
hemolysis. B: Silver-toned dry colonies on a similar blood agar plate;
no hemolysis is present (the dark shadow in the lower part of the
picture is from a label on the back of the Petri dish). (Courtesy of

H. Reyes.)

Clinical Findings

P aeruginosa produces infection of wounds and burns, giving
rise to blue-green pus; meningitis when introduced by lumbar
puncture or during a neurosurgical procedure; and urinary
tract infection when introduced by catheters and instruments
or in irrigating solutions. Involvement of the respiratory tract,
especially from contaminated respirators, results in necrotiz-
ing pneumonia. The bacterium is often found in mild otitis
externa in swimmers. It may cause invasive (malignant) otitis
externa in patients with diabetes. Infection of the eye, which

may lead to rapid destruction of the eye, occurs most com-
monly after injury or surgical procedures. In infants or debil-
itated persons, P aeruginosa may invade the bloodstream
and result in fatal sepsis; this occurs commonly in patients
with leukemia or lymphoma who have received antineoplas-
tic drugs or radiation therapy and in patients with severe
burns. In most P aeruginosa infections, the symptoms and
signs are nonspecific and are related to the organ involved.
Occasionally, verdoglobin (a breakdown product of hemoglo-
bin) or fluorescent pigment can be detected in wounds, burns,
or urine by ultraviolet fluorescence. Hemorrhagic necrosis of
skin occurs often in sepsis caused by P aeruginosa; the lesions,
called ecthyma gangrenosum, are surrounded by erythema
and often do not contain pus. P aeruginosa can be seen on
Gram-stained specimens from ecthyma lesions, and culture
results are positive. Ecthyma gangrenosum is uncommon in
bacteremia caused by organisms other than P aeruginosa.
A form of folliculitis associated with poorly chlorinated hot
tubs and swimming pools can be seen in otherwise healthy
persons.

Diagnostic Laboratory Tests

A. Specimens

Specimens from skin lesions, pus, urine, blood, spinal fluid,
sputum, and other material should be obtained as indicated
by the type of infection.

B. Smears

Gram-negative rods are often seen in smears. No specific
morphologic characteristics differentiate pseudomonads in
specimens from enteric or other gram-negative rods.

C. Culture

Specimens are plated on blood agar and the differential
media commonly used to grow the enteric gram-negative
rods. Pseudomonads grow readily on most of these media,
but they may grow more slowly than the enterics. P aerugi-
nosa does not ferment lactose and is easily differentiated from
the lactose-fermenting bacteria. Culture is the specific test for
diagnosis of P aeruginosa infection.

Treatment

Traditionally, significant infections with P aeruginosa have
not been treated with single-drug therapy because the suc-
cess rate is low with such therapy and the bacteria can rapidly
develop resistance when single drugs are used. An extended-
spectrum penicillin such as piperacillin active against P
aeruginosa is used in combination with an aminoglycoside,
usually tobramycin. Other drugs active against P aerugi-
nosa include aztreonam; carbapenems such as imipenem or
meropenem; and the fluoroquinolones, including ciprofloxa-
cin. Of the cephalosporins, ceftazidime, cefoperazone, and
cefepime are active against P aeruginosa; ceftazidime is often



248 SECTIONIII Bacteriology

used with an aminoglycoside in primary therapy of P aeru-
ginosa infections, especially in patients with neutropenia.
The susceptibility patterns of P aeruginosa vary geographi-
cally, and susceptibility tests should be done as an adjunct to
selection of antimicrobial therapy. Multidrug resistance has
become a major issue in the management of hospital-acquired
infections with P aeruginosa because of acquisition of chro-
mosomal P-lactamases, extended-spectrum [-lactamases,
porin channel mutations, and efflux pumps.

Epidemiology and Control

P aeruginosa is primarily a nosocomial pathogen, and the
methods for control of infection are similar to those for
other nosocomial pathogens. Because pseudomonas thrives
in moist environments, special attention should be paid to
sinks, water baths, showers, hot tubs, and other wet areas. For
epidemiologic purposes, strains can be typed using molecu-
lar typing techniques.

BURKHOLDERIA PSEUDOMALLEI

Burkholderia pseudomallei is a small, motile, oxidase-positive,
aerobic gram-negative bacillus. It grows on standard bacte-
riologic media, forming colonies that vary from mucoid and
smooth to rough and wrinkled and in color from cream to
orange. It grows at 42°C and oxidizes glucose, lactose, and a
variety of other carbohydrates. B pseudomallei causes melioi-
dosis of humans, primarily in Southeast Asia and northern
Australia. The organism is a natural saprophyte that has been
cultured from soil, fresh water, rice paddies, and vegetable pro-
duce. Human infection probably originates from these sources
by contamination of skin abrasions and possibly by ingestion
or inhalation. Epizootic B pseudomallei infection occurs in
sheep, goats, swine, horses, and other animals, although ani-
mals do not appear to be a primary reservoir for the organism.

Melioidosis may manifest itself as acute, subacute, or
chronic infection. The incubation period can be as short as
2-3 days, but latent periods of months to years also occur.
A localized suppurative infection can occur at the inocula-
tion site where there is a break in the skin. This localized
infection may lead to the acute septicemic form of infec-
tion with involvement of many organs. The signs and symp-
toms depend upon the major sites of involvement. The most
common form of melioidosis is pulmonary infection, which
may be a primary pneumonitis (B pseudomallei transmitted
through the upper airway or nasopharynx) or subsequent to
alocalized suppurative infection and bacteremia. The patient
may have fever and leukocytosis with consolidation of the
upper lobes. Subsequently, the patient may become afebrile,
while upper lobe cavities develop, yielding an appearance
similar to that of tuberculosis on chest films. Some patients
develop chronic suppurative infection with abscesses in skin,
brain, lung, myocardium, liver, bone, and other sites. Patients
with chronic suppurative infections may be afebrile and have

indolent disease. Latent infection is sometimes reactivated as
a result of immunosuppression.

The diagnosis of melioidosis should be considered for a
patient from an endemic area who has fulminant upper lobe
pulmonary or unexplained systemic disease. A Gram stain
of an appropriate specimen will show small gram-negative
bacilli; bipolar staining (safety pin appearance) is seen with
Wright’s stain or methylene blue stain. A positive culture
result is diagnostic. A positive serologic test result is diagnos-
tically helpful and constitutes evidence of past infection.

Melioidosis has a high mortality rate if untreated.
Surgical drainage of localized infection may be necessary.
B pseudomallei are generally susceptible to ceftazidime,
imipenem, meropenem, and amoxicillin-clavulanic acid
(also ceftriaxone and cefotaxime). B pseudomallei are com-
monly resistant to penicillin, ampicillin, first-generation and
second-generation cephalosporins, and gentamicin and
tobramycin. Depending on the clinical setting, the initial
intensive therapy should be for a minimum of 10-14 days with
ceftazidime, imipenem, or meropenem; sulfamethoxazole-
trimethoprim can be considered in patients with severe allergy
to P-lactam antimicrobials. Eradication therapy with sulfa-
methoxazole-trimethoprim or doxycycline should follow the
intensive initial therapy and be continued for a minimum of
3 months. Recurrent disease because of failure of eradication
can occur for several reasons, but the most important is non-
compliance with the long-term eradication therapy.

BURKHOLDERIA MALLEI

Burkholderia mallei is a small, nonmotile, nonpigmented,
aerobic gram-negative rod that grows readily on most bacte-
riologic media. It causes glanders, a disease of horses, mules,
and donkeys transmissible to humans. In horses, the dis-
ease has prominent pulmonary involvement, subcutaneous
ulcerative lesions, and lymphatic thickening with nodules;
systemic disease also occurs. Human infection, which can be
fatal, usually begins as an ulcer of the skin or mucous mem-
branes followed by lymphangitis and sepsis. Inhalation of the
organisms may lead to primary pneumonia.

The diagnosis is based on rising agglutinin titers and cul-
ture of the organism from local lesions of humans or horses.
Human cases can be treated effectively with the same antimi-
crobial regimens used to treat melioidosis.

The disease has been controlled by slaughter of infected
horses and mules and at present is extremely rare. In some
countries, laboratory infections are the only source of the
disease.

BURKHOLDERIA CEPACIA COMPLEX AND
BURKHOLDERIA GLADIOLI

The prototypic species Burkholderia cepacia plus at least
nine other genomospecies makeup the Burkholderia cepacia
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complex. Burkholderia gladioli is a closely related species.
The classification of these bacteria is complex; their specific
identification is difficult. These are environmental organ-
isms able to grow in water, soil, plants, animals, and decaying
vegetable materials. In hospitals, members of the B cepacia
complex have been isolated from a variety of water and envi-
ronmental sources from which they can be transmitted to
patients. People with CF and those patients with chronic
granulomatous disease are particularly vulnerable to infec-
tion with bacteria in the B cepacia complex, most notably
Burkholderia multivorans (genomovar II) and Burkholderia
cenocepacia (genomovar III). It is likely that B cepacia can be
transmitted from one CF patient to another by close contact.
They may have asymptomatic carriage, progressive deteriora-
tion over a period of months, or rapidly progressive deteriora-
tion with necrotizing pneumonia and bacteremia. Although
a relatively small percentage of CF patients become infected,
the association with progressive disease makes B cepacia
complex a major concern for these patients. A diagnosis of
B cepacia infection in a CF patient may significantly alter the
patient’s life because he or she may not be allowed association
with other CF patients and may be removed from eligibility
for lung transplantation.

B cepacia grows on most media used in culturing speci-
mens for gram-negative bacteria. Selective media contain-
ing colistin (eg, B cepacia selective agar) can be used and is
recommended when culturing the sputum of patients with
CF. B cepacia grows more slowly than enteric gram-nega-
tive rods, and it may take 3 days before colonies are visible.
B cepacia are oxidase positive and lysine decarboxylase
positive and produce acid from glucose, but differenti-
ating B cepacia from other pseudomonads, including
Stenotrophomonas maltophilia, requires a battery of bio-
chemical tests and can be difficult. Submission of isolates to
reference laboratories is recommended because of the prog-
nostic implications of colonization in CF patients. In the
United States, the Cystic Fibrosis Foundation (http://www.
cff.org) supports a reference laboratory that uses phenotypic
and genotypic methods to confirm the identity of organisms
within the B cepacia complex. Susceptibility tests should be
done on B cepacia complex isolates, although slow growth
may make routine testing difficult. B cepacia complex isolates
recovered from CF patients often are multidrug resistant.
Trimethoprim-sulfamethoxazole is the drug of choice.

STENOTROPHOMONAS MALTOPHILIA

S maltophilia is a free-living gram-negative rod that is widely
distributed in the environment. On blood agar, colonies have
a lavender-green or gray color. The organism is generally
oxidase negative, positive for lysine decarboxylase, DNase,
and oxidation of glucose and maltose (hence the name
“maltophilia”).

S maltophilia is an increasingly important cause of
hospital-acquired infections in patients who are receiving

antimicrobial therapy and in immunocompromised patients.
Ithas been isolated from many anatomic sites, including respi-
ratory tract secretions, urine, wounds, and blood. The isolates
are often part of mixed flora present in the specimens. When
blood culture results are positive, it is commonly in associa-
tion with use of indwelling plastic intravenous catheters.

S maltophilia is usually susceptible to trimethoprim-
sulfamethoxazole and ticarcillin-clavulanic acid and resis-
tant to other commonly used antimicrobials, including ceph-
alosporins, aminoglycosides, imipenem, and the quinolones.
The widespread use of the drugs to which S maltophilia is
resistant plays an important role in the increased frequency
with which it causes disease.

OTHER PSEUDOMONADS

Some of the many genera and species of the pseudomonad
group are listed in Table 16-1; occasionally, these pseudomo-
nads are opportunistic pathogens. The diagnosis of infec-
tions caused by these pseudomonads is made by culturing the
bacteria and identifying them by differential reactions on a
complex set of biochemical substrates. Automated instru-
ments and non-automated kits may not be reliable in the iden-
tification of the non-aeruginosa Pseudomonas and related
genera. Matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) is a promising
new technology that may facilitate more rapid identification
of the more common species recovered from human clinical
material. Many of the non-P aeruginosa species are nonfer-
mentative and difficult to identify by routine methods; sub-
mission to a reference laboratory for molecular identification
using 16StTRNA or other gene target sequencing may be nec-
essary to obtain definitive identification. Many of the pseu-
domonads have antimicrobial susceptibility patterns that are
different from those of P aeruginosa.

ACINETOBACTER

Acinetobacter species are aerobic gram-negative bacteria that
are widely distributed in soil and water and can occasionally
be cultured from skin, mucous membranes, secretions, and
the hospital environment.

Acinetobacter baumannii is the species most com-
monly isolated. Acinetobacter Iwoffii, Acinetobacter johnso-
nii, Acinetobacter haemolyticus, and other species are isolated
occasionally. Some isolates have not received species names
but are referred to as genomospecies. Acinetobacters were
previously called by a number of different names, including
Mima polymorpha and Herellea vaginicola, reflecting many
of the organisms’ characteristics.

Acinetobacters are usually coccobacillary or coccal in
appearance; they resemble neisseriae on smears, because
diplococcal forms predominate in body fluids and on solid
media. Rod-shaped forms also occur, and occasionally the
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bacteria appear to be gram-positive. Acinetobacter grows
well on most types of media used to culture specimens from
patients. Acinetobacter recovered from patients with menin-
gitis and bacteremia has been mistaken for Neisseria men-
ingitidis; similarly, Acinetobacter recovered from the female
genital tract has been mistaken for Neisseria gonorrhoeae.
However, the neisseriae produce oxidase, and Acinetobacter
does not.

Acinetobacters often are commensals but occasionally
cause nosocomial infection. A baumannii has been isolated
from blood, sputum, skin, pleural fluid, and urine, usually
in device-associated infections. A johnsonii is a nosocomial
pathogen of low virulence and has been found in blood
cultures of patients with plastic intravenous catheters.
Acinetobacters encountered in nosocomial pneumonias
often originate in the water of room humidifiers or vapor-
izers. In patients with Acinetobacter bacteremias, intrave-
nous catheters are almost always the source of infection. In
patients with burns or with immune deficiencies, acinetobac-
ters act as opportunistic pathogens and can produce sepsis.
Acinetobacter strains are often multidrug resistant, and ther-
apy of infection can be difficult. In many cases, the only active
agent may be colistin. Such multidrug resistant strains are a
common cause of serious wound infections among wounded
servicemen in Iraq. Susceptibility testing should be done to
help select the best antimicrobial drugs for therapy. The more
susceptible Acinetobacter strains respond most commonly
to gentamicin, amikacin, or tobramycin and to extended-
spectrum penicillins or cephalosporins.

UNCOMMON GRAM-NEGATIVE
BACTERIA

AGGREGATIBACTER

Aggregatibacter actinomycetemcomitans (formerly Actino-
bacillus actinomycetemcomitans) is a small gram-negative
coccobacillary organism that grows slowly. As its name
implies, it is often found in actinomycosis. It also causes severe
periodontal disease in adolescents, endocarditis, abscesses,
osteomyelitis, and other infections. It is treatable with tet-
racycline or chloramphenicol and sometimes with penicil-
lin G, ampicillin, or erythromycin. The other important
organism in this genus is Aggregatibacter aphrophilus (for-
merly Haemophilus aphrophilus and the “A” in the HACEK
acronym-Haemophilus, Aggregatibacter, Cardiobacterium,
Eikenella, Kingella). See Chapter 18 for additional discussion.

ACHROMOBACTER AND ALCALIGENES

The classification of species within the genera Achromobacter
and Alcaligenes is changing and confusing. These groups
include species of oxidase-positive, gram-negative rods. They
have peritrichous flagella and are motile, which differentiates

them from the pseudomonads. They alkalinize citrate medium
and oxidation-fermentation medium containing glucose and
are urease negative. They may be part of the normal human
microbiota and have been isolated from respirators, nebuliz-
ers, and renal dialysis systems. They are occasionally isolated
from urine, blood, spinal fluid, wounds, and abscesses.

OCHROBACTRUM

The genus Ochrobactrum contains species previously clas-
sified in the genus Achromobacter and also has other
Ochrobactrum species. They are similar to Achromobacter
and Alcaligenes. Ochrobactrum anthropi is most often iso-
lated from intravascular catheter-related bacteremia. It also
may contaminate biologic products.

CAPNOCYTOPHAGA

The Capnocytophaga species are slow-growing capnophilic,
gram-negative, fusiform or filamentous bacilli. They are
fermentative and facultative anaerobes that require CO, for
aerobic growth. They may show gliding motility, which can
be seen as outgrowths of colonies. They produce a substance
that modifies polymorphonuclear cell chemotactic activity.
Capnocytophaga ochracea, Capnocytophaga sputigena, and
Capnocytophaga gingivalis are members of the normal oral
microbiota of humans. They have been associated with severe
periodontal disease in juveniles. They occasionally cause
bacteremia and severe systemic disease in immunocompro-
mised patients, especially granulocytopenic patients with
oral ulcerations. Capnocytophaga canimorsus (previously
-dysgonic fermenter 2 [DF-2]) is found among the oral flora
of dogs. When transmitted to humans, it occasionally causes
fulminant infection in patients with asplenia or alcoholism
and rarely, in healthy people. Capnocytophaga cynodegmi
(DF-2-like) is associated with wound infections from dog or
cat bites or scratches.

CARDIOBACTERIUM

Cardiobacterium hominis, another bacterium with a descrip-
tive name, is a facultatively anaerobic, pleomorphic gram-
negative rod that is part of the normal microbiota of the upper
respiratory tract and bowel and occasionally causes endocar-
ditis. Using modern blood culture medium, it is no longer
necessary to hold blood cultures for more than the standard
5- to 7-day incubation period to grow Cardiobacterium and
other members of the HACEK group.

CHROMOBACTERIA

Chromobacterium violaceum is a gram-negative bacillus
resembling pseudomonads. The organism usually produces
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a violet pigment. It occurs in subtropical climates in soil and
water and may infect animals and humans through breaks
in the skin or via the gut. This may result in abscesses, diar-
rhea, and sepsis, with many deaths. Chromobacteria are
often susceptible to chloramphenicol, tetracyclines, and
aminoglycosides.

EIKENELLA CORRODENS

E corrodens (the “E” in the HACEK acronym) is a small, fas-
tidious, capnophilic gram-negative rod that is part of the
gingival and bowel microbiota of 40-70% of humans. About
50% of isolates form pits in agar during the several days of
incubation required for growth. Eikenella is oxidase positive
and does not ferment carbohydrates. It is found in mixed
flora infections associated with contamination by oral muco-
sal organisms; it is often present with streptococci. It occurs
frequently in infections from human bites. Eikenella is uni-
formly resistant to clindamycin, which can be used to make
a selective agar medium. Eikenella is usually susceptible to
ampicillin and the newer penicillins and cephalosporins.
B-lactamase-producing strains have been reported.

CHRYSEOBACTERIUM

Organisms of the Chryseobacterium group are long, thin,
nonmotile gram-negative rods that are oxidase positive,
proteolytic, and weakly fermentative. They often form dis-
tinctive yellow colonies. Chryseobacteria are commonly
found in sink drains, faucets, and on medical equipment
that has been exposed to contaminated water and not
sterilized. Chryseobacteria occasionally colonize the respi-
ratory tract. Elizabethkingia meningoseptica, formerly
Chryseobacterium meningosepticum, rarely causes meningi-
tis and is more frequently associated with nosocomial pneu-
monia. Chryseobacterium species are often resistant to many
antimicrobial drugs.

KINGELLA

The Kingella group (the “K” in the acronym HACEK) includes
four species, of which Kingella kingae is an oxidase-positive,
nonmotile organism that is hemolytic when grown on blood
agar. It is a gram-negative rod, but coccobacillary and dip-
lococcal forms are common. It is part of the normal oral
microbiota and occasionally causes infections of bone, joints,
and tendons. After Staphylococcus aureus, it is the most com-
mon cause of acute septic arthritis in children younger than
5 years of age. The organism probably enters the circulation
with minor oral trauma such as tooth brushing. It is difficult
to recover from synovial fluid; inoculation of joint fluid into
blood culture bottles enhances recovery. It is susceptible to
penicillin, ampicillin, erythromycin, and other antimicrobial
drugs.

MORAXELLA

The Moraxella group includes six species. They are nonmo-
tile, nonfermentative, and oxidase positive. On staining, they
appear as small gram-negative bacilli, coccobacilli, or cocci.
They are members of the normal microbiota of the upper
respiratory tract and occasionally cause bacteremia, endo-
carditis, conjunctivitis, meningitis, or other infections. Most
of them are susceptible to penicillin and other antimicrobial
drugs. Moraxella catarrhalis often produces 3-lactamase (see
Chapter 20).

CHAPTER SUMMARY

»  Gram-negative bacteria that are not members of the fam-
ily Enterobacteriaceae are a very diverse group of organ-
isms ranging from opportunistic pathogens that are
residents of the normal human microbiota, such as the
HACEK group, to opportunistic environmental organ-
isms such as Stenotrophomonas maltophilia, to virulent
pathogens such as P aeruginosa.

o P aeruginosa is an oxidase-positive, frequently pig-
mented, gram-negative, glucose nonfermenting rod that
elaborates enzymes, such as elastase, and other virulence
factors that promote disease. This organism causes a
broad range of infections from superficial skin disease,
such as hot tub folliculitis, to gram-negative sepsis and
ecthyma gangrenosum in neutropenic patients.

o  The HACEK organisms are frequently found in the oral
cavity, require CO, for growth, do not grow well on Mac-
Conkey agar, and may be causative agents of infectious
endocarditis in patients with preexisting valvular heart
disease.

o Acinetobacter sp. and Stenotrophomonas maltophilia are
two organisms frequently associated with hospital
acquired infections that are very drug resistant. In
some cases, the only active agent for multidrug resistant
Acinetobacter is colistin.

REVIEW QUESTIONS

1. A sputum culture of a patient with cystic fibrosis grows Pseudo-
monas aeruginosa that form very mucoid colonies. The implica-
tion of this observation is which one of the following?

(A) The P aeruginosa are highly susceptible to the aminoglyco-
side antimicrobial tobramycin.

(B) The P aeruginosa is infected with a pyocin (a bacteriocin).

(C) The colonies are mucoid because they have polysaccharide
capsule of hyaluronic acid.

(D) The exotoxin A gene has been disabled and the P aerugi-
nosa are no longer able to block host cell protein synthesis.

(E) The P aeruginosa have formed a biofilm in the patient’s
airway.

2. An environmental gram-negative bacillus that is resistant to
cephalosporins, aminoglycosides, and quinolones has become
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a very important nosocomial pathogen largely because it is
selected by use of those antibiotics. This gram-negative bacillus
can take 2-3 days to grow and must be differentiated from
Burkholderia cepacia. It is

(A) Pseudomonas aeruginosa

(B) Acinetobacter baumannii

(C) Alcaligenes xylosoxidans

(D) Klebsiella pneumoniae

(E) Stenotrophomonas maltophilia

This gram-negative bacillus, which is oxidase positive and does
not ferment carbohydrates, is frequently found in human bite
infections.

(A) Escherichia coli

(B) Neisseria meningitidis

(C) Chromobacterium violaceum

(D) Eikenella corrodens

(E) Proteus mirabilis

A 17-year-old girl with cystic fibrosis has a slight increase in her
frequent cough and production of mucoid sputum. A sputum
specimen is obtained and plated on routine culture media. The
predominant growths are gram-negative bacilli that form very
mucoid colonies after 48 hours of incubation. These bacilli are
oxidase positive, grow at 42°C, and have a grapelike odor. These
gram-negative bacilli are which of the following?

(A) Kilebsiella pneumoniae

(B) Pseudomonas aeruginosa

(C) Staphylococcus aureus

(D) Streptococcus pneumoniae

(E) Burkholderia cepacia

The sputum from the 17-year-old patient with cystic fibrosis
(question 4) also is plated on mannitol salt agar, which turns
yellow (from the baseline pink) where white colonies of gram-
positive cocci are growing; the cocci are catalase positive and
coagulase positive. The microorganisms growing on the man-
nitol salt agar are

(A)
(B)
©
D)
(E)
The sputum from the 17-year-old patient with cystic fibrosis
(question 4) also is plated on a colistin-containing agar. After
72 hours of incubation, the colistin-containing agar grows
gram-negative bacilli that are oxidase positive but are otherwise
difficult to identify. This microorganism is of major concern. It
is sent to a reference laboratory so that molecular methods can
be used to identify or rule out which of the following?

Burkholderia cepacia
Streptococcus pneumoniae
Stenotrophomonas maltophilia
Staphylococcus aureus
Streptococcus pyogenes

(A) Pseudomonas aeruginosa
(B) Burkholderia cepacia

(C) Haemophilus influenzae
(D) Pseudomonas putida

(E) Burkholderia pseudomallei

When a Burkholderia cepacia complex organism is isolated
from a patient with cystic fibrosis, great care must be taken
in identifying the organism for which one of the following
reasons?

(A) B cepacia is commonly susceptible to penicillin G, but
other similar gram-negative bacilli are not.

10.

11.

12.

(B) The presence of B cepacia complex in a CF patient’s airway
has major implications for the patient’s long-term progno-
sis and therapeutic options.

Only B cepacia produces biofilms.

B cepacia complex produces an enzyme, sputolysase, which
liquefies sputum, making it easier for the patient to cough
and clear the airway.

Selective media for Pseudomonas aeruginosa commonly
used for CF patients’ sputum cultures typically inhibit the
B cepacia complex organisms, making it difficult to iden-
tify them.

©
(D)

(E)

. Which of the following statements about Acinetobacter species

is (are) true?

(A) They are widespread in nature and in the hospital
environment.

They are generally nonpathogenic to healthy individuals.
They may appear as gram-positive cocci.

They can mimic the morphology of Neisseria species in
Gram stains of endocervical secretions to diagnose gonor-
rhea in women.

They can be a significant cause of ventilator-associated
pneumonia in intensive care unit patients.

All of the above.

(B)
©
(D)
(E)

(F)

. A 37-year-old firefighter sustains smoke inhalation and is hos-

pitalized for ventilatory support. He has a severe cough and
begins to expectorate purulent sputum. Gram stain of his spu-
tum specimen shows numerous polymorphonuclear cells and
numerous gram-negative rods. Sputum culture grows numer-
ous gram-negative rods that are oxidase-positive. They grow
well at 42°C. On clear agar medium, they produce a green color
in the agar. The agar where the green color is located fluoresces
when exposed to ultraviolet light. The organism causing the
patient’s infection is

(A) Pseudomonas aeruginosa

(B) Klebsiella pneumoniae

(C) Escherichia coli

(D) Burkholderia cepacia

(E) Burkholderia pseudomallei

The pigment produced by the microorganism in question 9 is
(A) Aquamarine green

(B) Aerobactin

(C) Enterochelin

(D) Pyoverdin

(E) Prodigiosin

Burkholderia cepacia is infrequently found in or on
(A) Swimming pools

(B) Soil

(C) Pond water

(D) Plants

Which of the following statements about Pseudomonas aerugi-
nosa is correct?

(A) P aeruginosa are typically susceptible to penicillin G.

(B) Paeruginosaare readily grown in anaerobic blood cultures.

(C) P aeruginosa are able to penetrate intact normal human
skin by elaborating the enzyme invasin.

(D) P aeruginosa seldom, if ever, cause pneumonia.

(E) P aeruginosa have fimbriae, which promote attachment to
epithelial cells.
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13. The mechanism of action of exotoxin A of Pseudomonas aeru-
ginosa is
(A) To activate acetylcholine esterase
(B) To block elongation factor 2
(C) To form pores in white blood cells and increase cation
permeability
(D) To increase intracellular cyclic adenosine monophosphate
(E) To split lecithin into phosphorylcholine and diacylglycerol
14. The HACEK bacteria sometimes cause indolent endocarditis
or other infections. This acronym represents which of the
following?
(A) Cardiobacterium hominis
(B) Eikenella corrodens
(C) Kingella kingae
(D) Aggregatibacter
aphrophilus)
(E) All of the above
15. A 30-year-old man, a dog owner, presents with fever to 39° C,
hypotension, and early signs of disseminated intravascular
coagulation. There is a left upper quadrant scar on physical
examination, petechial lesions on the legs, and evidence of
scratches from his dog on the arms and legs. Sepsis is suspected.
The most likely pathogen is

aphrophilus  (formerly Haemophilus

(A) Neisseria meningitides

(B) Capnocytophaga canimorsus
(C) Stenotrophomonas maltophilia
(D) Alcaligenes species

(E) Achromobacter species

Answers

1. E 5. D 9. A 13. B
2. E 6. B 10. D 14. E
3.D 7. B 11. A 15. B
4. B 8. F 12. E
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Vibrios, Campylobacters,
Helicobacter, and Associated

Bacteria

Vibrio, Aeromonas, Plesiomonas, Campylobacter, and Helico-
bacter species are gram-negative rods that are all widely
distributed in nature. The vibrios are found in marine and
surface waters. Aeromonas is found predominantly in fresh
water and occasionally in cold-blooded animals. Plesiomonas
exists in both cold- and warm-blooded animals. The campylo-
bacters are found in many species of animals, including many
domesticated animals. Vibrio cholerae produces an entero-
toxin that causes cholera, a profuse watery diarrhea that can
rapidly lead to dehydration and death. Campylobacter jejuni
is a common cause of enteritis in humans. Less commonly,
Aeromonas and, rarely, Plesiomonas have been associated
with diarrheal disease in humans. Helicobacter pylori has
been associated with gastritis and duodenal ulcer disease.

THE VIBRIOS

Vibrios are among the most common bacteria in surface
waters worldwide. They are curved aerobic rods and are
motile, possessing a polar flagellum. V cholerae serogroups
Ol and O139 cause cholera in humans, and other vibrios may
cause sepsis or enteritis. The medically important vibrios are
listed in Table 17-1.

VIBRIO CHOLERAE

The epidemiology of cholera closely parallels the recognition
of V cholerae transmission in water and the development of
sanitary water systems.

Morphology and Identification

A. Typical Organisms

Upon first isolation, V cholerae is a comma-shaped, curved
rod 2-4 pm long (Figure 17-1). It is actively motile by means
of a polar flagellum. On prolonged cultivation, vibrios may
become straight rods that resemble the gram-negative enteric
bacteria.

CHAUPTER

B. Culture

V' cholerae produces convex, smooth, round colonies that
are opaque and granular in transmitted light. V' cholerae
and most other vibrios grow well at 37°C on many kinds
of media, including defined media containing mineral salts
and asparagine as sources of carbon and nitrogen. V cholerae
grows well on thiosulfate-citrate-bile-sucrose (TCBS) agar,
a media selective for vibrios, on which it produces yellow
colonies (sucrose fermented) that are readily visible against
the dark-green background of the agar (Figure 17-2). Vibrios
are oxidase positive, which differentiates them from enteric
gram-negative bacteria. Characteristically, vibrios grow at a
very high pH (8.5-9.5) and are rapidly killed by acid. Cultures
containing fermentable carbohydrates therefore quickly
become sterile.

In areas where cholera is endemic, direct cultures of stool
on selective media, such as TCBS, and enrichment cultures
in alkaline peptone water are appropriate. However, routine
stool cultures on special media such as TCBS generally are
not necessary or cost effective in areas where cholera is rare.

C. Growth Characteristics

V cholerae regularly ferments sucrose and mannose but not
arabinose. A positive oxidase test result is a key step in the pre-
liminary identification of V cholerae and other vibrios. Vibrio
species are susceptible to the compound O/129 (2,4-diamino-
6,7-diisopropylpteridine phosphate), which differentiates
them from Aeromonas species, which are resistant to O/129.
Most Vibrio species are halotolerant, and NaCl often stimu-
lates their growth. Some vibrios are halophilic, requiring the
presence of NaCl to grow. Another difference between vibrios
and aeromonads is that vibrios grow on media containing 6%
NaCl, but Aeromonas does not.

Antigenic Structure and Biologic
Classification

Many vibrios share a single heat-labile flagellar H antigen.
Antibodies to the H antigen are probably not involved in the
protection of susceptible hosts.
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TABLE 17-1

Organism BHU

The Medically Important Vibrios

Human Disease

Vibrio cholerae serogroups O1
and 0139

Epidemic and pandemic
cholera

Cholera-like diarrhea;
mild diarrhea; rarely,
extraintestinal infection

Vibrio cholerae serogroups non-
0O1/non-0139

Vibrio parahaemolyticus Gastroenteritis, perhaps
extraintestinal infection
Others Ear, wound, soft tissue, and

other extraintestinal
infections (all uncommon)

Vibrio mimicus, Vibrio
vulnificus, Vibrio hollisae,
Vibrio fluvialis, Vibrio
damsela, Vibrio anginolyticus,
Vibrio metschnikovii, Vibrio
cincinnatiensis

V cholerae has O lipopolysaccharides that confer sero-
logic specificity. There are at least 206 O antigen groups.
V cholerae strains of O group 1 and O group 139 cause clas-
sic cholera; occasionally, non-O1/non-0139 V cholerae causes
cholera-like disease. Antibodies to the O antigens tend to pro-
tect laboratory animals against infections with V cholerae.

The V cholerae serogroup Ol antigen has determi-
nants that make possible further typing; the serotypes are
Ogawa, Inaba, and Hikojima. Two biotypes of epidemic
V cholerae have been defined, classic and El Tor. The El
Tor biotype produces a hemolysin, gives positive results on
the Voges-Proskauer test, and is resistant to polymyxin B.
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FIGURE 17-1 Gram stain of Vibrio cholerae. Often they are
comma shaped or slightly curved (arrows) and 1 x 2 to 4 um. Original
magnification x1000.

FIGURE 17-2 Colonies of Vibrio cholerae growing on thiosulfate,
citrate, bile salts, and sucrose agar. The glistening yellow colonies are
2-3 mm in diameter and are surrounded by a diffuse yellowing of
the indicator in the agar up to 1 cm in diameter. The plate is 10 cm in
diameter.

Molecular techniques can also be used to type V cholerae.
Typing is used for epidemiologic studies, and tests generally
are done only in reference laboratories.

V cholerae O139 is very similar to V cholerae Ol El Tor
biotype. V cholerae 0139 does not produce the Ol lipopoly-
saccharide and does not have all the genes necessary to make
this antigen. V cholerae O139 makes a polysaccharide capsule
like other non-O1 V cholerae strains, but V cholerae O1 does
not make a capsule.

Vibrio cholerae Enterotoxin

V cholerae produce a heat-labile enterotoxin with a molecular
weight (MW) of about 84,000, consisting of subunits A (MW,
28,000) and B (see Chapter 9). Ganglioside GM, serves as the
mucosal receptor for subunit B, which promotes entry of sub-
unit A into the cell. Activation of subunit A, yields increased
levels of intracellular cyclic adenosine monophosphate
(cAMP) and results in prolonged hypersecretion of water
and electrolytes. There is increased sodium-dependent chlo-
ride secretion, and absorption of sodium and chloride by the
microvilli is inhibited. Electrolyte-rich diarrhea occurs—as
much as 20-30 L/day—with resulting dehydration, shock,
acidosis, and death. The genes for V cholerae enterotoxin
are on the bacterial chromosome. Cholera enterotoxin is
antigenically related to LT of Escherichia coli and can stimu-
late the production of neutralizing antibodies. However, the
precise role of antitoxic and antibacterial antibodies in pro-
tection against cholera is not clear.



CHAPTER 17 Vibrios, Campylobacters, Helicobacter, and Associated Bacteria 257

Pathogenesis and Pathology

Under natural conditions, V cholerae is pathogenic only for
humans. A person with normal gastric acidity may have to
ingest as many as 10'° or more V cholerae to become infected
when the vehicle is water because the organisms are sus-
ceptible to acid. When the vehicle is food, as few as 10*-10*
organisms are necessary because of the buffering capacity of
food. Any medication or condition that decreases stomach
acidity makes a person more susceptible to infection with
V cholerae.

Cholera is not an invasive infection. The organisms do
not reach the bloodstream but remain within the intestinal
tract. Virulent V cholerae organisms attach to the microvilli
of the brush border of epithelial cells. There they multiply and
liberate cholera toxin and perhaps mucinases and endotoxin.

Clinical Findings

About 50% of infections with classic V' cholerae are asymp-
tomatic, as are about 75% of infections with the El Tor bio-
type. The incubation period is 12 hours-3 days for persons
who develop symptoms, depending largely on the size of
the inoculum ingested. There is a sudden onset of nausea
and vomiting and profuse diarrhea with abdominal cramps.
Stools, which resemble “rice water,” contain mucus, epithe-
lial cells, and large numbers of vibrios. There is rapid loss of
fluid and electrolytes, which leads to profound dehydration,
circulatory collapse, and anuria. The mortality rate without
treatment is between 25% and 50%. The diagnosis of a full-
blown case of cholera presents no problem in the presence of
an epidemic. However, sporadic or mild cases are not readily
differentiated from other diarrheal diseases. The El Tor bio-
type tends to cause milder disease than the classic biotype.

Diagnostic Laboratory Tests

A. Specimens
Specimens for culture consist of mucus flecks from stools.

B. Smears

The microscopic appearance of smears made from stool sam-
ples is not distinctive. Dark-field or phase contrast micros-
copy may show the rapidly motile vibrios.

C. Culture

Growth is rapid in peptone agar, on blood agar with a pH near
9.0, or on TCBS agar, and typical colonies can be picked in
18 hours. For enrichment, a few drops of stool can be incubated
for 6-8 hours in taurocholate peptone broth (pH, 8.0-9.0);
organisms from this culture can be stained or subcultured.
Accurate identification of vibrios, including V cholerae, using
commercial systems and kit assays is quite variable. matrix-
assisted laser desorption ionization-time of flight mass

spectrometry (MALDI-TOFMS) has not yet been extensively
validated for this group of organisms.

D. Specific Tests

V cholerae organisms are further identified by slide aggluti-
nation tests using anti-O group 1 or group 139 antisera and
by biochemical reaction patterns. The diagnosis of cholera
under field conditions has been reported to be facilitated by a
sensitive and specific immunochromatographic dipstick test.

Immunity

Gastric acid provides some protection against cholera vibrios.

An attack of cholera is followed by immunity to reinfec-
tion, but the duration and degree of immunity are not known.
In experimental animals, specific IgA antibodies occur in the
lumen of the intestine. Similar antibodies in serum develop
after infection but last only a few months. Vibriocidal anti-
bodies in serum (titer >1:20) have been associated with pro-
tection against colonization and disease. The presence of
antitoxin antibodies has not been associated with protection.

Treatment

The most important part of therapy consists of water and
electrolyte replacement to correct the severe dehydration and
salt depletion. Several guidelines, including those from the
World Health Organization, for effective rehydration have
been published and are provided in the list of references at
the end of this chapter. Many antimicrobial agents are effec-
tive against V cholerae, but these play a secondary role in
patient management. Oral tetracycline and doxycycline tend
to reduce stool output in cholera and shorten the period of
excretion of vibrios. In some endemic areas, tetracycline
resistance of V cholerae has emerged; the genes are carried
by transmissible plasmids. In children and pregnant women,
alternatives to the tetracyclines include erythromycin and
furazolidine.

Epidemiology, Prevention, and Control

Six pandemics (worldwide epidemics) of cholera occurred
between 1817 and 1923 caused most likely by V cholerae O1
of the classic biotype and largely originating in Asia, usually
the Indian subcontinent. The seventh pandemic began in
1961 in the Celebes Islands, Indonesia, with spread to Asia,
the Middle East, and Africa. This pandemic was caused by
V cholerae biotype El Tor. Starting in 1991, the seventh pan-
demic spread to Peru and then to other countries of South
America and Central America. Cases also occurred in Africa.
Millions of people have had cholera in this pandemic. Some
consider the cholera caused by the serotype O139 strain to be
the eighth pandemic that began in the Indian subcontinent
in 1992-1993, with spread to Asia. The disease has been rare
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in North America since the mid-1800s, but an endemic focus
exists on the Gulf Coast of Louisiana and Texas.

Cholera is endemic in India and Southeast Asia. From
these centers, it is carried along shipping lanes, trade routes,
and pilgrim migration routes. The disease is spread by con-
tact involving individuals with mild or early illness and
by water, food, and flies. In many instances, only 1-5% of
exposed susceptible persons develop disease. The carrier state
seldom exceeds 3-4 weeks, and the importance of carriers
in transmission is unclear. Vibrios survive in water for up to
3 weeks.

V cholerae lives in aquatic environments. And such envi-
ronments are the vibrios natural reservoir. V cholerae lives
attached to algae, copepods, and crustacean shells. It can sur-
vive for years and grow, but when conditions are not suitable
for growth, it can become dormant.

Control rests on education and on improvement of
sanitation, particularly of food and water. Patients should
be isolated, their excreta disinfected, and contacts followed up.
Chemoprophylaxis with antimicrobial drugs may have a
place. Repeated injection of a vaccine containing either lipo-
polysaccharides extracted from vibrios or dense Vibrio sus-
pensions can confer limited protection to heavily exposed
persons (eg, family contacts) but is not effective as an epi-
demic control measure.

VIBRIO PARAHAEMOLYTICUS
AND OTHER VIBRIOS

Vibrio parahaemolyticus is a halophilic bacterium that causes
acute gastroenteritis after ingestion of contaminated sea-
food such as raw fish or shellfish. After an incubation period
of 12-24 hours, nausea and vomiting, abdominal cramps,
fever, and watery to bloody diarrhea occur. Fecal leukocytes
are often observed. The enteritis tends to subside spontane-
ously in 1-4 days with no treatment other than restoration
of water and electrolyte balance. No enterotoxin has yet been
isolated from this organism. The disease occurs worldwide,
with highest incidence in Asia and other areas where people
eat raw seafood. V parahaemolyticus does not grow well on
some of the differential media used to grow salmonellae and
shigellae, but it does grow well on blood agar. It also grows
well on TCBS, where it yields green colonies (does not fer-
ment sucrose). V parahaemolyticus is usually identified by its
oxidase-positive growth on blood agar.

Vibrio vulnificus can cause severe wound infections,
bacteremia, and probably gastroenteritis. It is a free-living
estuarine bacterium found in the United States on the Atlantic
and Pacific Coasts and especially the Gulf Coast. Infections
have been reported from Korea, and the organism may be dis-
tributed worldwide. Vvulnificus is particularly apt to be found
in oysters, especially in warm months. Bacteremia with no
focus of infection occurs in persons who have eaten infected
oysters and who have alcoholism or liver disease. Wounds
may become infected in normal or immunocompromised

persons who are in contact with water where the bacterium
is present. Infection often proceeds rapidly, with develop-
ment of severe disease. About 50% of the patients with bacte-
remia die. Wound infections may be mild but often proceed
rapidly (over a few hours), with development of bullous skin
lesions, cellulitis, and myositis with necrosis. Several of the
first deaths in Louisiana and Texas after hurricane Katrina
were caused by V vulnificus. Because of the rapid progression
of the infection, it is often necessary to treat with appropriate
antibiotics before culture confirmation of the etiology can be
obtained. Diagnosis is by culturing the organism on standard
laboratory media; TCBS is the preferred medium for stool
cultures, where most strains produce blue-green (sucrose-
negative) colonies.

Tetracycline appears to be the drug of choice for V vul-
nificus infection; ciprofloxacin may be effective also based on
in vitro activity.

Several other vibrios also cause disease in humans:
Vibrio mimicus causes diarrhea after ingestion of uncooked
seafood, particularly raw oysters. Vibrio hollisae and Vibrio
fluvialis also cause diarrhea. Vibrio alginolyticus causes eye,
ear, or wound infection after exposure to seawater. Vibrio
damsela also causes wound infections. Other vibrios are very
uncommon causes of disease in humans.

Concept Checks

o  Vibrio species are halophilic, oxidase-positive, motile,
curved, gram-negative rods that are found in surface
waters worldwide.

o Many Vibrio species are pathogenic for humans, but V'
cholerae is the species of most global importance respon-
sible for pandemics of cholera. Although there are more
than 200 serotypes of V cholerae, serotypes Ol and 0139
are associated with cholera.

oV cholerae O1 can be further classified into the classic
and El Tor biotypes; classic biotypes have been respon-
sible for most of the major pandemics and are more likely
to cause symptomatic infection. El Tor has caused the
most recent pandemic.

oV cholerae causes an acute watery diarrhea after inges-
tion in high numbers in contaminated water or food
by elaboration of a heat-labile enterotoxin that has the
classic A-B toxin structure. The B segment binds to GM,
ganglioside receptors, and the active A subunit induces
cAMP, causing secretion of sodium chloride while at the
same time preventing the reabsorption by the microvilli.

« Diagnosis is made by culturing stool on selective
medium such as TCBS or alkaline peptone broth. Treat-
ment involves rehydration and secondarily tetracycline
or doxycycline.

o Other important Vibrio species include V parahaemo-
Iyticus, the most common cause of foodborne gastroen-
teritis in Asia, and V vulnificus, a cause of severe sepsis in
patients with cirrhosis.
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AEROMONAS

The taxonomy of the genus Aeromonas is in transition. The
genus has been placed in the new family Aeromonadaceae from
the family Vibrionaceae. Based on DNA hybridization groups,
many genospecies have been recognized; some are renamed spe-
cies, some are newly named, and some are not yet named. The
following three groups are of primary clinical importance in
human infections: Aeromonas hydrophila complex, Aeromonas
caviae complex, and Aeromonas veronii biovar sobria.

Aeromonads are 1-4 um long and are motile. Their
colony morphology is similar to that of enteric gram-negative
rods (see Chapter 15), and they produce large zones of hemo-
lysis on blood agar. Aeromonas species cultured from stool
specimens grow readily on the differential media used to cul-
ture enteric gram-negative rods and can easily be confused
with enteric bacteria. Aeromonas species are distinguished
from the enteric gram-negative rods by finding a positive
oxidase reaction in growth obtained from a blood agar plate.
Aeromonas species are differentiated from vibrios by show-
ing resistance to the compound O/129 (see above) and lack of
growth on media containing 6% NaCl.

Typically, aeromonads produce hemolysins. Some strains
produce an enterotoxin. Cytotoxins and the ability to invade
cells in tissue culture have been noted. However, none of these
characteristics have been clearly shown to be associated with
diarrheal disease in humans. Koch’s postulates have not been
satisfied, largely because there is no suitable animal model that
reproduces human Aeromonas-associated diarrhea. However,
gastroenteritis, caused mostly by A caviae complex, ranges
from acute watery diarrhea to less commonly a dysenteric type
of illness. Aeromonas species are also associated with extrain-
testinal infections such as bacteremia and wound infections.
The latter are often the result of trauma that occurs in a water
environment and are caused primarily by A hydrophila.

Aeromonas strains are susceptible to tetracyclines, ami-
noglycosides, and third-generation cephalosporins.

PLESIOMONAS

Plesiomonas shigelloides is an oxidase positive, gram-negative
rod with polar flagella that has recently been moved into the
Enterobacteriaceae family. Plesiomonas is most common in
tropical and subtropical areas. It is a water and soil organism
and has been isolated from freshwater fish and many animals.
Most isolates from humans have been from stool cultures of
patients with diarrhea. Plesiomonas grows on the differential
media used to isolate Salmonella and Shigella from stool spec-
imens (see Chapter 15). Some Plesiomonas strains share anti-
gens with Shigella sonnei, and cross-reactions with Shigella
antisera occur. Plesiomonas can be distinguished from shi-
gellae in diarrheal stools by the oxidase test: Plesiomonas is
oxidase positive, and shigellae are not. Plesiomonas species
are positive for DNase; this and other biochemical tests dis-
tinguish it from Aeromonas species.

CAMPYLOBACTER

Campylobacters cause both diarrheal and systemic diseases
and are among the most widespread causes of infection in the
world. Campylobacter infection of domesticated animals also
is widespread. The classification of bacteria within the family
Campylobacteriaceae has changed frequently. Some species
previously classified as campylobacters have been reclassified
in the genus Helicobacter. The genus Arcobacter has been cre-
ated. The organisms that cause intestinal or systemic illness
are discussed in this section. H pylori, which causes gastric
infection, is discussed separately below. Campylobacter jejuni
is the prototype organism in the group and is a very common
cause of diarrhea in humans.

CAMPYLOBACTER JEJUNI
AND CAMPYLOBACTER COLI

C jejuni and Campylobacter coli have emerged as common
human pathogens, causing mainly enteritis and occasionally
systemic infection. C jejuni and C coli cause infections that
are clinically indistinguishable, and laboratories generally do
not differentiate between the two species. Between 5% and
10% of infections reported to be caused by C jejuni are prob-
ably caused by C coli. These bacteria are at least as common as
salmonellae and shigellae as a cause of diarrhea; an estimated
2 million cases occur in the United States each year.

Morphology and Identification
A. Typical Organisms

Cjejuni and the other campylobacters are gram-negative rods
with comma, S, or “gull wing” shapes (Figure 17-3). They are
motile, with a single polar flagellum, and do not form spores.

B. Culture

The culture characteristics are most important in the isola-
tion and identification of C jejuni and the other campylo-
bacters. Selective media are needed, and incubation must be
in an atmosphere with reduced O, (5% O,) with added CO,
(10% CO,). A relatively simple way to produce the incubation
atmosphere is to place the plates in an anaerobe incubation
jar without the catalyst and to produce the gas with a com-
mercially available gas-generating pack or by gas exchange.
Incubation of primary plates for isolation of C jejuni should
be at 42°C. Although C jejuni grows well at 36-37°C, incu-
bation at 42°C prevents growth of most of the other bac-
teria present in feces, thus simplifying the identification
of C jejuni. Several selective media are in widespread use.
Skirrow’s medium contains vancomycin, polymyxin B, and
trimethoprim to inhibit growth of other bacteria, but this
medium may be less sensitive than other commercial prod-
ucts that contain charcoal, other inhibitory compounds, and
cephalosporin antibiotics. However, because they contain a
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FIGURE 17-3 Gram stain of Campylobacter jejuni showing
“comma’- or “gull wing"-shaped gram-negative bacilli (arrows).
Campylobacters stain faintly and can be difficult to visualize. Original
magnification x1000.

cephalosporin, they will not grow Campylobacter fetus and
several other Campylobacter species. The selective media are
suitable for isolation of C jejuni at 42°C; when media without
antibiotics are incubated at 36-37°C, other campylobacters
may be isolated. The colonies tend to be colorless or gray.
They may be watery and spreading or round and convex, and
both colony types may appear on one agar plate.

C. Growth Characteristics

Because of the selective media and incubation conditions
for growth, an abbreviated set of tests is usually all that is
necessary for identification. C jejuni and the other campylo-
bacters pathogenic for humans are positive for both oxidase
and catalase. Campylobacters do not oxidize or ferment car-
bohydrates. Gram-stained smears show typical morphology.
Nitrate reduction, hydrogen sulfide production, hippurate
tests, and antimicrobial susceptibilities can be used for fur-
ther identification of species.

Antigenic Structure and Toxins

The campylobacters have lipopolysaccharides with endotoxic
activity. Cytopathic extracellular toxins and enterotoxins
have been found, but the significance of the toxins in human
disease is not well defined.

Pathogenesis and Pathology

The infection is acquired by the oral route from food,
drink, or contact with infected animals or animal products,

especially poultry. C jejuni is susceptible to gastric acid, and
ingestion of about 10* organisms is usually necessary to pro-
duce infection. This inoculum is similar to that required
for Salmonella and Shigella infection but less than that for
Vibrio infection. The organisms multiply in the small intes-
tine, invade the epithelium, and produce inflammation that
results in the appearance of red and white blood cells in the
stools. Occasionally, the bloodstream is invaded, and a clini-
cal picture of enteric fever develops. Localized tissue inva-
sion coupled with the toxic activity appears to be responsible
for the enteritis.

Clinical Findings

Clinical manifestations are acute onset of crampy abdomi-
nal pain, profuse diarrhea that may be grossly bloody, head-
ache, malaise, and fever. Usually the illness is self-limited to
a period of 5-8 days, but occasionally it continues longer.
C jejuni isolates are usually susceptible to erythromycin, and
therapy shortens the duration of fecal shedding of bacteria.
Most cases resolve without antimicrobial therapy; however,
in about 5-10% of patients, symptoms may recur. Certain
serotypes of C jejuni have been associated with postdiarrheal
Guillain-Barré syndrome, a form of ascending paralytic dis-
ease. Reactive arthritis and Reiter’s syndrome may also follow
acute campylobacter diarrhea.

Diagnostic Laboratory Tests

A. Specimens

Diarrheal stool is the usual specimen. C jejuni, C fetus, and
other campylobacters may occasionally be recovered from
blood cultures usually from immunocompromised or elderly
patients. Other extraintestinal infections are uncommon.

B. Smears

Gram-stained smears of stool may show the typical “gull
wing”-shaped rods. Dark-field or phase contrast microscopy
may show the typical darting motility of the organisms.

C. Culture

Culture on the selective media described earlier is the defini-
tive test to diagnose C jejuni enteritis. If another species of
Campylobacter is suspected, medium without a cephalospo-
rin should be used and incubated at 36-37°C.

Epidemiology and Control

Campylobacter enteritis resembles other acute bacterial diar-
rheas, particularly shigella dysentery. The source of infection
may be food (eg, milk, undercooked fowl) or contact with
infected animals or humans and their excreta. Outbreaks
arising from a common source, eg, unpasteurized milk, may
require public health control measures.
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CAMPYLOBACTER FETUS

C fetus has two subspecies, fetus and venerealis. C fetus sub-
species fetus is an opportunistic pathogen that causes sys-
temic infections in immunocompromised patients. It may
occasionally cause diarrhea. The gastrointestinal tract may
be the portal of entry when C fetus causes bacteremia and
systemic infection. C fetus has several surface array proteins
(S protein; MW, 100,000-149,000), which form a capsule-like
structure on the surface of the organism (compared with the
polysaccharide capsules of pathogens such as Neisseria men-
ingitidis and Streptococcus pneumoniae). In a mouse model
of C fetus infection, the presence of the S protein as a surface
capsule correlated with the ability of the bacteria to cause
bacteremia after oral challenge and cause death in a high per-
centage of the animals. C fetus subspecies venerealis is a rare
cause of human disease.

OTHER CAMPYLOBACTERS

Campylobacter species other than C jejuni are encountered
infrequently. This is partially because of the standard methods
used for isolation of campylobacters from stool specimens,
which include incubation at 42°C and use of medium con-
taining a cephalosporin. Campylobacter lari is often found
in seagulls and occasionally causes diarrhea in humans.
Campylobacter upsaliensis from dogs occasionally causes
diarrhea in humans. Helicobacter fennelliae and Helicobacter
cinaedi can cause either diarrheal or extraintestinal disease.
The Arcobacter species are uncommon enteric pathogens and
are also rarely associated from extraintestinal specimens.

HELICOBACTER PYLORI

H pylori is a spiral-shaped gram-negative rod. H pylori is
associated with antral gastritis, duodenal (peptic) ulcer
disease, gastric ulcers, gastric adenocarcinoma and gastric
mucosa-associated lymphoid tissue (MALT) lymphomas.
Other Helicobacter species that infect the gastric mucosa
exist but are rare.

Morphology and Identification
A. Typical Organisms

H pylori has many characteristics in common with campy-
lobacters. It has multiple flagella at one pole and is actively
motile.

B. Culture

Culture sensitivity can be limited by prior therapy, contami-
nation with other mucosal bacteria, and other factors. H
pylori grows in 3-6 days when incubated at 37°C in a micro-
aerophilic environment, as for C jejuni. The media for pri-
mary isolation include Skirrow’s medium with vancomycin,

polymyxin B, and trimethoprim, chocolate medium, and
other selective media with antibiotics (eg, vancomycin, nali-
dixic acid, amphotericin). The colonies are translucent and
1-2 mm in diameter.

C. Growth Characteristics

H pylori is oxidase positive and catalase positive, has a char-
acteristic morphology, is motile, and is a strong producer of
urease.

Pathogenesis and Pathology

H pylori grows optimally at a pH of 6.0-7.0 and would be
killed or not grow at the pH within the gastric lumen. Gastric
mucus is relatively impermeable to acid and has a strong buft-
ering capacity. On the lumen side of the mucus, the pH is
low (1.0-2.0); on the epithelial side, the pH is about 7.4. H
pylori is found deep in the mucous layer near the epithelial
surface where physiologic pH is present. H pylori also pro-
duces a protease that modifies the gastric mucus and further
reduces the ability of acid to diffuse through the mucus. H
pylori produces potent urease activity, which yields produc-
tion of ammonia and further buffering of acid. H pylori is
quite motile, even in mucus, and is able to find its way to the
epithelial surface. H pylori overlies gastric-type but not intes-
tinal-type epithelial cells.

In human volunteers, ingestion of H pylori resulted in
development of gastritis and hypochlorhydria. There is a
strong association between the presence of H pylori infection
and duodenal ulceration. Antimicrobial therapy results in
clearing of H pylori and improvement of gastritis and duode-
nal ulcer disease.

The mechanisms by which H pylori causes mucosal
inflammation and damage are not well defined but probably
involve both bacterial and host factors. The bacteria invade
the epithelial cell surface to a limited degree. Toxins and
lipopolysaccharide may damage the mucosal cells, and the
ammonia produced by the urease activity may also directly
damage the cells.

Histologically, gastritis is characterized by acute and
chronic inflammation. Polymorphonuclear and mononuclear
cell infiltrates are seen within the epithelium and lamina pro-
pria. Vacuoles within cells are often pronounced. Destruction
of the epithelium is common, and glandular atrophy may
occur. H pylori thus is a major risk factor for gastric cancer.

Clinical Findings

Acute infection can yield an upper gastrointestinal illness
with nausea and pain; vomiting and fever may also be present.
The acute symptoms may last for less than 1 week or as long
as 2 weeks. After colonization, the H pylori infection persists
for years and perhaps decades or even a lifetime. About 90%
of patients with duodenal ulcers and 50-80% of those with
gastric ulcers have H pylori infection. Recent studies confirm
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that H pylori also is a risk factor for gastric carcinoma and
lymphoma.

Diagnostic Laboratory Tests

A. Specimens

Gastric biopsy specimens can be used for histologic examina-
tion or minced in saline and used for culture. Blood is col-
lected for determination of serum antibodies. Stool samples
may be collected for H pylori antigen detection.

B. Smears

The diagnosis of gastritis and H pylori infection can be
made histologically. A gastroscopy procedure with biopsy is
required. Routine stains demonstrate gastritis, and Giemsa
or special silver stains can show the curved or spiral-shaped
organisms.

C. Culture

As above. Culture is performed when patients are not
responding to treatment, and there is a need to assess suscep-
tibility patterns.

D. Antibodies

Several assays have been developed to detect serum antibod-
ies specific for H pylori. The serum antibodies persist even if
the H pylori infection is eradicated, and the role of antibody
tests in diagnosing active infection or after therapy is there-
fore limited.

E. Special Tests

Rapid tests to detect urease activity are widely used for pre-
sumptive identification of H pylori in specimens. Gastric
biopsy material can be placed onto a urea-containing medium
with a color indicator. If H pylori is present, the urease rapidly
splits the urea (1-2 hours), and the resulting shift in pH yields
a color change in the medium. In vivo tests for urease activ-
ity can be done also. In urea breath tests, *C- or C-labeled
urea is ingested by the patient. If H pylori is present, the ure-
ase activity generates labeled CO, that can be detected in the
patient’s exhaled breath.

Detection of H pylori antigen in stool specimens is
appropriate as a test of cure for patients with known H pylori
infection who have been treated.

Immunity

Patients infected with H pylori develop an IgM antibody
response to the infection. Subsequently, IgG and IgA are
produced, and these persist, both systemically and at the
mucosa, in high titer in chronically infected persons. Early
antimicrobial treatment of H pylori infection blunts the anti-
body response; such patients are thought to be subject to
repeat infection.

Treatment

Triple therapy with metronidazole and either bismuth sub-
salicylate or bismuth subcitrate plus either amoxicillin or
tetracycline for 14 days eradicates H pylori infection in
70-95% of patients. An acid-suppressing agent given for 4
to 6 weeks enhances ulcer healing. Proton pump inhibitors
(PPIs) directly inhibit H pylori and appear to be potent ure-
ase inhibitors. The preferred initial therapy is 7-10 days of
a PPI plus amoxicillin and clarithromycin or a quadruple
regimen of a PPI metronidazole, tetracycline, and bismuth
for 10 days.

Epidemiology and Control

H pylori is present on the gastric mucosa of fewer than 20%
of persons younger than years 30 but increases in prevalence
to 40-60% of persons age 60 years, including persons who
are asymptomatic. In developing countries, the prevalence of
infection may be 80% or higher in adults. Person-to-person
transmission of H pylori is likely because intrafamilial clus-
tering of infection occurs. Acute epidemics of gastritis sug-
gest a common source for H pylori.

Concept Checks

o Aeromonas and Plesiomonas are oxidase positive, gram-
negative rods that, unlike vibrios, are more often found
in fresh water and soil. Both organisms have been asso-
ciated with diarrhea and less frequently a variety of
extraintestinal manifestations. They will grow on stan-
dard laboratory media but not TCBS and are inhibited
by sodium chloride.

o  Campylobacters are oxidase positive, curved or spiral-
shaped organisms that sometimes have a “gull’s wing”
appearance. C jejuni is the major pathogen and is associ-
ated primarily with febrile diarrhea that may be bloody.
Contaminated food, primarily poultry, is the major vehi-
cle for infection.

o Campylobacter jejuni and other thermophilic campylo-
bacters grow well at 42°C in a microaerophilic environ-
ment of 5% oxygen and 10% CO, Selective media that
contain antibiotics are generally used to recover the
organisms from stool.

o Cfetusis not a thermophilic organism and has been pri-
marily recovered from the blood and other extraintesti-
nal sites of immunocompromised patients.

o Helicobacter species are also curved or spiral-shaped
pathogens. H pylori is associated with upper gastrointes-
tinal diseases such as gastric and duodenal ulcers, gastric
adenocarcinoma, and MALT lymphomas. The organism
is urease positive, which protects it against gastric acidity.
Diagnosis is made by a variety of methods including
biopsy, urea breath tests, and stool antigen. Triple and
quadruple antibiotic regimens that include PPIs are
necessary for successful treatment.
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REVIEW QUESTIONS

1. Long-term carriage and shedding is most likely to occur after

gastrointestinal infection with which of the following species?

(A) Escherichia coli O157:H7

(B) Shigella dysenteriae

(C) Vibrio cholerae

(D) Campylobacter jejuni

(E) Salmonella typhi

. A 63-year-old man visited his favorite oyster restaurant in a

small town on the eastern shore of the Gulf Coast of Texas. He

ate two dozen oysters. Two days later, he was admitted to the

hospital because of an abrupt onset of chills, fever, and light-

headedness when he stood up. (In the emergency department

(ED), his blood pressure was 60/40 mm Hg.) While in the ED,

he developed erythematous skin lesions. These rapidly evolved

into hemorrhagic bullae, which then formed ulcers. The man

drank a six-pack of beer and one half-bottle of whisky each day.

A microorganism of major concern for this patient is

(A) Vibrio vulnificus

(B) Escherichia coli

(C) Salmonella typhi

(D) Clostridium perfringens

(E) Streptococcus pyogenes (group A streptococci)

. A 10-year-old boy was playing in a slowly moving stream when

he cut his foot on a sharp object. Three days later he was brought

to the emergency department because of pain and swelling at

the site of the wound and drainage of pus from it. The most

likely cause of the infection is

(A) Vibrio vulnificus

(B) Escherichia coli

(C) Aeromonas hydrophila

(D) Proteus mirabilis

(E) Salmonella typhimurium

. A family of four persons ate a meal that included undercooked

chicken. Within 3 days, three members developed an illness

characterized by fever, headache, myalgia, and malaise. Two of

the patients had concomitant diarrhea and abdominal pain. The

third person developed diarrhea after the systemic symptoms had

cleared. Stool cultures grew Campylobacter jejuni. Which of the fol-

lowing culture conditions was most likely used to isolate C jejuni?

(A) Thiosulfate-citrate-bile-sucrose medium incubated at 37°C
in 5% oxygen and 10% CO,

(B) Salmonella-Shigella selective medium incubated at 37°C in
ambient air

(C) MacConkey agar and Hektoen enteric agar incubated at
42°C in 5% oxygen and 10% CO,

(D) 5% sheep blood agar incubated at 37°C in ambient air

(E) A medium containing vancomycin, polymyxin B, and tri-
methoprim incubated at 42°C in 5% oxygen and 10% CO,

. Bacteremia associated with a gastrointestinal infection is most

likely to occur with which of the following?

(A) Salmonella typhi

(B) Vibrio cholerae

(C) Shigella boydii

(D) Vibrio parahaemolyticus

(E) Campylobacter jejuni

. During the El Nifio years in the mid- to late 1990s, the waters of
Puget Sound between Washington State and British Columbia
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warmed considerably. During this time, many people who ate
clams and oysters from these waters became ill with a disease
characterized by explosive diarrhea and moderately severe
abdominal cramps. The diarrhea was usually watery, but in
some patients, it was bloody. The diarrhea usually had an onset
within 24 hours after eating the shellfish. Stool cultures typi-
cally yielded a pathogenic gram-negative bacillus. The microor-
ganism of concern in this setting is

(A) Enterotoxigenic Escherichia coli

(B) Vibrio cholerae

(C) Enterohemorrhagic Escherichia coli

(D) Vibrio parahaemolyticus

(E) Shigella dysenteriae

A patient presents to the emergency department with nonbloody
diarrhea for 12 hours. The patient lives in Washington, DC, and
has not recently traveled out of the area. Which one of the fol-
lowing is unlikely to be the cause of your patient’s diarrhea?

(A) Salmonella typhimurium

(B) Campylobacter jejuni

(C) Shigella sonnei

(D) Vibrio cholerae

An 18-year-old woman in rural Bangladesh develops profuse
(8 L/d) diarrhea. She has no symptoms other than the diarrhea
and the manifestations of the fluid and electrolyte loss caused
by the diarrhea. The most likely cause of her diarrhea is

(A) Campylobacter jejuni

(B) Enterotoxigenic Escherichia coli

(C) Salmonella typhimurium

(D) Vibrio cholerae

(E) Shigella dysenteriae

Age and geography are major factors in the prevalence of colo-
nization by Helicobacter pylori. In developing countries, the
prevalence of colonization may be greater than 80% in adults.
In the United States, the prevalence of colonization with this
microorganism in adults older than age 60 years is

(A) 1-2%

(B) 5-10%

(C) 15-20%

(D) 40-60%

(E) 80-95%

A 59-year-old man comes to the emergency department in the
afternoon because of acute swelling and pain in his right leg.
Earlier that morning, he had been working on a small sport
fishing boat in an estuary on the Gulf Coast of Texas. While
walking around the boat in shallow water, he scratched his leg,
breaking the skin at the site of the current pain and swelling.
He was not wearing boots. About 1 hour after the injury, the
scratch became red and painful. Swelling developed. Within
3 hours, the leg below the knee had become markedly swollen.
The skin was red and tender. There was serous drainage from
the wound, which had ulcerated and was now much enlarged.
Near the wound, bullae were forming—the largest approxi-
mately 2.5 cm in diameter. The most likely cause of this medical
emergency is

(A) Staphylococcus aureus

(B) Streptococcus pyogenes

(C) Clostridium perfringens

(D) Escherichia coli

(E) Vibrio vulnificus
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11. The Vibrio cholerae factor responsible for diarrhea is a toxin that

(A) Blocks EF-2

(B) Yields increased intracellular levels of cAMP

(C) Cleaves SNARE

(D) Blocks EF-1-dependent binding of amino-acyl-tRNA to
ribosomes

(E) Cleaves VAMP

12. In September 1854, a severe epidemic of cholera occurred in the
Soho/Golden Square area of London. Dr. John Snow, a father of
epidemiology, studied the epidemic and helped stop it by which
of the following actions?

(A) Banning the sale of apples at the local markets
(B) Removing the handle of the Broad Street water pump
(C) Stopping the sale of shellfish imported from Normandy
(D) Pasteurizing milk

13. A 45-year-old man develops a gastric ulcer that can be visualized
on a contrast medium-enhanced radiograph of his stomach. A
biopsy specimen is taken from the gastric mucosa at the site of
the ulcer. A presumptive diagnosis can be reached most rapidly
by inoculating part of the specimen on which of the following?

(A) A medium used to detect urease incubated at 37°C
(B) A medium containing vancomycin, polymyxin B, and
trimethoprim incubated at 42°C
(C) MacConkey agar medium incubated at 37°C
(D) Thiosulfate-citrate-bile-sucrose medium incubated at 42°C
(E) Blood agar medium incubated at 37°C
14. Which of the following is useful in differentiating Vibrio species
from Aeromonas species?
(A) Growth or no growth on a medium containing NaCl
(B) The presence or absence on endotoxin in the cell wall.
(C) Productionorlack of production of a heat-labile enterotoxin
(D) Positivity or negativity on the enterocyte invasion test

15. In the United States, public health officials often warn people to
thoroughly cook chicken commercially obtained from supermar-
kets and stores. What percentage of chickens obtained from these
sources are likely to be contaminated with Campylobacter jejuni?
(A) 1-5%

(B) 6-15%

(C) 15-30%

(D) 30-50%

(E) Greater than 50%

Answers
1.LE 5 A 9.D 13. A
2.A 6.D 10.E 14. A
3.C 7.D 11.B 15.E

4.E 8.D 12.B
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Haemophilus, Bordetella,
Brucella, and Francisella

THE HAEMOPHILUS SPECIES

This is a group of small, gram-negative, pleomorphic bacteria
that require enriched media, usually containing blood or its
derivatives, for isolation. Haemophilus influenzae typeb is an
important human pathogen; Haemophilus ducreyi, a sexually
transmitted pathogen, causes chancroid; other Haemophilus
species are among the normal microbiota of mucous mem-
branes and only occasionally cause disease. Haemophilus
aphrophilus and Haemophilus paraphrophilus have been com-
bined into a single new species Aggregatibacter aphrophilus;
likewise, Haemophilus segnis is now a member of the Aggre-
gatibacter genus (Table 18-1).

HAEMOPHILUS INFLUENZAE

Haemophilus influenzae is found on the mucous membranes
of the upper respiratory tract in humans. It is an important
cause of meningitis in children and causes upper and lower
respiratory tract infections in children and adults.

Morphology and Identification
A. Typical Organisms

In specimens from acute infections, the organisms are short
(1.5 um) coccoid bacilli, sometimes occurring in pairs or
short chains. In cultures, the morphology depends both on
the length of incubation and on the medium. At 6-8 hours
in rich medium, the small coccobacillary forms predominate.
Later there are longer rods, lysed bacteria, and very pleomor-
phic forms.

Organisms in young cultures (6-18 hours) on enriched
medium have a definite capsule. The capsule is the antigen
used for “typing” H influenzae (see later discussion).

B. Culture

On chocolate agar, flat, grayish brown colonies with diam-
eters of 1-2 mm are present after 24 hours of incubation.
IsoVitaleX in media enhances growth. H influenzae does
not grow on sheep blood agar except around colonies
of staphylococci (“satellite phenomenon”). Haemophilus

CHAPTER

haemolyticus and Haemophilus parahaemolyticus are hemo-
lytic variants of H influenzae and Haemophilus parainfluen-
zae, respectively.

C. Growth Characteristics

Identification of organisms of the Haemophilus group
depends partly on demonstrating the need for certain growth
factors called X and V. Factor X acts physiologically as hemin;
factor V can be replaced by nicotinamide adenine nucleotide
(NAD) or other coenzymes. Colonies of staphylococci on
sheep blood agar cause the release of NAD, yielding the satel-
lite growth phenomenon. The requirements for X and V fac-
tors of various Haemophilus species are listed in Table 18-1.
Carbohydrates are fermented poorly and irregularly.

In addition to serotyping on the basis of capsular poly-
saccharides (see later discussion), H influenzae and H para-
influenzae can be biotyped on the basis of the production of
indole, ornithine decarboxylase and urease. Most of the inva-
sive infections caused by H influenzae belong to biotypes I
and II (there are a total of eight).

D. Variation

In addition to morphologic variation, H influenzae has a
marked tendency to lose its capsule and the associated type
specificity. Nonencapsulated variant colonies lack iridescence.

E. Transformation

Under proper experimental circumstances, the DNA
extracted from a given type of H influenzae is capable of
transferring that type specificity to other cells (transforma-
tion). Resistance to ampicillin and chloramphenicol is con-
trolled by genes on transmissible plasmids.

Antigenic Structure

Encapsulated H influenzae contains capsular polysaccha-
rides (molecular weight >150,000) of one of six types (a-f).
The capsular antigen of type b is a polyribitol ribose phos-
phate (PRP). Encapsulated H influenzae can be typed by slide
agglutination, coagglutination with staphylococci, or aggluti-
nation of latex particles coated with type-specific antibodies.
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TABLE 18-1 Characteristics and Growth
Requirements of the Haemophilus and Aggregatibacter
Species Important to Humans

Requires
Species X Vv Hemolysis
Haemophilus influenzae + + -
(H aegyptius)
Haemophilus parainfluenzae - + -
Haemophilus ducreyi + - -
Haemophilus haemolyticus + + +
Aggregatibacter aphrophilus? - +/- -
Haemophilus - + +
paraphrophaemolyticus
Aggregatibacter segnis® — + =

*Formerly Haemophilus aphrophilus and Haemophilus paraphrophilus.
5Formerly Haemophilus segnis.

X, heme; V, nicotinamide-adenine dinucleotide.

A capsule swelling test with specific antiserum is analogous
to the quellung test for pneumococci. Typing can also be
done by immunofluorescence. Most H influenzae organisms
in the normal microbiota of the upper respiratory tract are
not encapsulated.

The somatic antigens of H influenzae consist of outer
membrane proteins. Lipooligosaccharides (endotoxins) share
many structures with those of neisseriae.

Pathogenesis

H influenzae produces no exotoxin. The nonencapsulated
organism is a regular member of the normal respiratory
microbiota of humans. The capsule is antiphagocytic in the
absence of specific anticapsular antibodies. The polyribose
phosphate capsule of type b H influenzae is the major viru-
lence factor.

The carrier rate in the upper respiratory tract for H
influenzae type b was 2-4% in the prevaccine era and is now
less than 1%. The carrier rate for nontypeable H influenzae
is 50-80% or higher. Type b H influenzae causes meningi-
tis, pneumonia and empyema, epiglottitis, cellulitis, septic
arthritis, and occasionally other forms of invasive infection.
Nontypeable H influenzae tends to cause chronic bronchitis,
otitis media, sinusitis, and conjunctivitis after breakdown
of normal host defense mechanisms. The carrier rate for the
encapsulated types a and c to f is low (1-2%), and these cap-
sular types rarely cause disease. Although type b can cause
chronic bronchitis, otitis media, sinusitis, and conjunctivitis,
it does so much less commonly than nontypeable H influen-
zae. Similarly, nontypeable H influenzae only occasionally
causes invasive disease (~5% of cases).

The blood of many persons older than age 3-5 years is
bactericidal for H influenzae, and clinical infections are less

frequent in such individuals. However, bactericidal antibod-
ies have been absent from 25% of adults in the United States,
and clinical infections have occurred in adults.

Clinical Findings

H influenzae type b enters by way of the respiratory tract.
There may be local extension with involvement of the sinuses
or the middle ear. H influenzae, mostly nontypeable, and
pneumococci are two of the most common etiologic agents
of bacterial otitis media and acute sinusitis. Encapsulated
organisms may reach the bloodstream and be carried to the
meninges or, less frequently, may establish themselves in the
joints to produce septic arthritis. Before the use of the con-
jugate vaccine, H influenzae type b was the most common
cause of bacterial meningitis in children age 5 months to
5 years in the United States. Clinically, it resembles other
forms of childhood meningitis, and diagnosis rests on bacte-
riologic demonstration of the organism.

Occasionally, a fulminating obstructive laryngotrache-
itis with swollen, cherry-red epiglottis develops in infants and
requires prompt tracheostomy or intubation as a lifesaving
procedure. Pneumonitis and epiglottitis caused by H influ-
enzae may follow upper respiratory tract infections in small
children and old or debilitated people. Adults may have bron-
chitis or pneumonia caused by H influenzae.

Diagnostic Laboratory Tests

A. Specimens

Specimens consist of expectorated sputum and other types of
respiratory specimens, pus, blood, and spinal fluid for smears
and cultures depending on the source of the infection.

B. Direct Identification

Commercial kits are available for immunologic detection of
H influenzae antigens in spinal fluid. A positive test result
indicates that the fluid contains high concentrations of spe-
cific polysaccharide from H influenzae type b. These antigen
detection tests generally are not more sensitive than a Gram
stain and therefore are not widely used, especially because the
incidence of H influenzae meningitis is so low. A Gram stain
of H influenzae in sputum is depicted in Figure 18-1.

C. Culture

Specimens are grown on IsoVitaleX-enriched chocolate agar
until typical colonies appear. H influenzae is differentiated
from related gram-negative bacilli by its requirements for X
and V factors and by its lack of hemolysis on blood agar (see
Table 18-1).

Tests for X (heme) and V (nicotinamide-adenine dinu-
cleotide) factor requirements can be done in several ways. The
Haemophilus species that require V factor grow around paper
strips or disks containing V factor placed on the surface
of agar that has been autoclaved before the blood was added
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FIGURE 18-1 Gram stain of Haemophilus influenzae in sputum.
The organisms are very small (0.3 X 1 um) gram-negative coccobacilli
(small arrows). The large, irregularly shaped objects (large arrow) are
the nuclei of polymorphonuclear cells. Mucus is faintly stained pink
in the background.

(V factor is heat labile). Alternatively, a strip containing X
factor can be placed in parallel with one containing V factor
on agar deficient in these nutrients. Growth of Haemophilus
in the area between the strips indicates requirement for both
factors. A better test for X factor requirement is based on
the inability of H influenzae (and a few other Haemophilus
species) to synthesize heme from &-aminolevulinic acid.
The inoculum is incubated with the 8-aminolevulinic acid.
Haemophilus organisms that do not require X factor synthe-
size porphobilinogen, porphyrins, protoporphyrin IX, and
heme. The presence of red fluorescence under ultraviolet light
(~360 nm) indicates the presence of porphyrins and a positive
test result. Haemophilus species that synthesize porphyrins
(and thus heme) are not H influenzae (see Table 18-1.)

Immunity

Infants younger than age 3 months may have serum anti-
bodies transmitted from their mothers. During this time,
H influenzae infection is rare, but subsequently, the anti-
bodies are lost. Children often acquire H influenzae infec-
tions, which are usually asymptomatic but may be in the
form of respiratory disease or meningitis. H influenzae was
the most common cause of bacterial meningitis in children
from 5 months to 5 years of age until the early 1990s when
the conjugate vaccines became available (see later discussion).
By age 3-5 years, many unimmunized children have naturally
acquired anti-PRP antibodies that promote complement-
dependent bactericidal killing and phagocytosis. Immuni-
zation of children with H influenzae type b conjugate vaccine
induces the same antibodies.

There is a correlation between the presence of bacteri-
cidal antibodies and resistance to major H influenzae type b
infections. However, it is not known whether these antibodies
alone account for immunity. Pneumonia or arthritis caused
by infection with H influenzae can develop in adults with
such antibodies.

Treatment

The mortality rate for individuals with untreated H influenzae
meningitis may be up to 90%. Many strains of H influenzae
type b are susceptible to ampicillin, but up to 25% produce
[-lactamase under control of a transmissible plasmid and are
resistant. Essentially all strains are susceptible to the third-
generation cephalosporins. Cefotaxime given intravenously
gives excellent results. Prompt diagnosis and antimicrobial
therapy are essential to minimize late neurologic and intellec-
tual impairment. Prominent among late complications of H
influenzae type b meningitis is the development of a localized
subdural accumulation of fluid that requires surgical drainage.

Epidemiology, Prevention, and Control

Encapsulated H influenzae type b is transmitted from person
to person by the respiratory route. H influenzae type b disease
can be prevented by administration of Haemophilus b con-
jugate vaccine to children. Currently, two conjugate vaccines
are available for use: PRP-OMPC (polysaccharide linked
to outer membrane protein complex), the outer membrane
protein complex of Neisseria meningitidis serogroup B, and
PRP-T, which uses tetanus toxoid. Beginning at age 2 months,
all children should be immunized with one of the conjugate
vaccines. Depending on which vaccine product is chosen,
the series consists of three doses at 2, 4, and 6 months of age
or two doses given at 2 and 4 months of age. An additional
booster dose is given sometime between 12 and 15 months
of age. Both conjugate vaccines can be given at the time of
other vaccine administration such as DTaP (diphtheria, teta-
nus, and acellular pertussis). Widespread use of H influen-
zae type b vaccine has reduced the incidence of H influenzae
type b meningitis in children by more than 95%. The vaccine
reduces the carrier rates for H influenzae type b.

Contact with patients with H influenzae type b clinical
infection poses little risk for adults but presents a definite
risk for nonimmune siblings and other nonimmune children
younger than age 4 years who are close contacts. Prophylaxis
with rifampin is recommended for such children.

HAEMOPHILUS AEGYPTIUS

This organism was formerly called the Koch-Weeks bacil-
lus and it is associated with highly communicable form of
conjunctivitis (pinkeye) in children. H aegypticus is closely
related to H influenzae biotype III, the causative agent of
Brazilian purpuric fever. The latter is a disease of children
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characterized by fever, purpura, shock, and death. In the past,
these infections were mistakenly attributed to H aegyptius.

AGGREGATIBACTER APHROPHILUS

Organisms belonging to the species H aphrophilus and H
paraphrophilus have been combined into the same species,
and the name was changed to Aggregatibacter aphrophilus.
H segnis and Actinobacillus actinomycetemcomitans have
also been added to the genus Aggregatibacter. A aphrophilus
isolates are often encountered as causes of infective endo-
carditis and pneumonia. These organisms are present in
the oral cavity as part of the normal respiratory microbiota
along with other members of the HACEK (Haemophilus spe-
cies, Actinobacillus/Aggregatibacter species, Cardiobacterium
hominis, Eikenella corrodens, and Kingella kingae) group (see
Chapter 16)

HAEMOPHILUS DUCREYI

H ducreyi causes chancroid (soft chancre), a sexually trans-
mitted disease. Chancroid consists of a ragged ulcer on the
genitalia, with marked swelling and tenderness. The regional
lymph nodes are enlarged and painful. The disease must be
differentiated from syphilis, herpes simplex infection, and
lymphogranuloma venereum.

The small gram-negative rods occur in strands in the
lesions, usually in association with other pyogenic microor-
ganisms. H ducreyi requires X factor but not V factor. It is
grown best from scrapings of the ulcer base that are inoculated
onto chocolate agar containing 1% IsoVitaleX and vancomy-
cin, 3 ug/mL; the agar is incubated in 10% CO, at 33°C. There
is no permanent immunity after chancroid infection. The rec-
ommended treatment by the Centers for Disease Control and
Prevention is 1 g of azithromycin taken orally. Other treat-
ment regimens include intramuscular ceftriaxone, oral cipro-
floxacin, or oral erythromycin; healing results in 2 weeks.

OTHER HAEMOPHILUS SPECIES

Haemophilus haemoglobinophilus requires X factor but not V
factor and has been found in dogs but not in human disease.
H haemolyticus is the most markedly hemolytic organism of
the group in vitro; it occurs both in the normal nasopharynx
and in association with rare upper respiratory tract infections
of moderate severity in childhood. H parainfluenzae resem-
bles H influenzae and is a normal inhabitant of the human
respiratory tract; it has been encountered occasionally in
infective endocarditis and in urethritis.

Concept Checks

o Haemophilus species are pleomorphic gram-negative
rods that require either X (hemin) or V (NAD) factors

or both for growth. Most of the species in this genus are
colonizers of the upper respiratory tract of humans.

o H influenzae is the major pathogen in the group, and
strains that are encapsulated, especially serotype b, are
more virulent, causing invasive disease, including bacte-
remia and meningitis in unprotected individuals.

o H influenzae type b, once a significant cause of child-
hood morbidity and mortality, is now rare in industrial-
ized countries that routinely vaccinate children with one
of two available conjugate vaccines.

o H aphrophilus and H paraphrophilus have been com-
bined into a single new genus and species, A aphrophi-
Ius. Other members of the Aggregatibacter genus include
A actinomycetemcomitans and A segnis. These organ-
isms are associated with a variety of different infections
including endocarditis.

e Hducreyiis associated with the sexually transmitted dis-
ease chancroid.

THE BORDETELLAE

There are several species of Bordetella. Bordetella pertussis,
ahighly communicable and important pathogen of humans,
causes whooping cough (pertussis). Bordetella paraper-
tussis can cause a similar disease. Bordetella bronchisep-
tica (Bordetella bronchicanis) causes diseases in animals,
such as kennel cough in dogs and snuffles in rabbits, and
only occasionally causes respiratory disease and bactere-
mia in humans, primarily in immunocompromised hosts.
Bordetella avium causes turkey coryza and is a rare cause
of respiratory illness in humans. Newer species and their
disease associations include Bordetella hinzii (bacteremia,
respiratory illness, arthritis), Bordetella holmesii (bactere-
mia among immunosuppressed patients), and Bordetella
trematum (wound infections and otitis media). B pertussis,
B parapertussis, and B bronchiseptica are closely related,
with 72-94% DNA homology and very limited differences
in multilocus enzyme analysis; the three species might be
considered three subspecies within a species. B avium is a
distinct species.

BORDETELLA PERTUSSIS

Morphology and Identification
A. Typical Organisms

The organisms are minute gram-negative coccobacilli resem-
bling H influenzae. With toluidine blue stain, bipolar meta-
chromatic granules can be demonstrated. A capsule is present.

B. Culture

Primary isolation of B pertussis requires enriched media.
Bordet-Gengou medium (potato-blood-glycerol agar) that
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contains penicillin G, 0.5 ug/mL, can be used; however, a
charcoal-containing medium supplemented with horse blood
(Regan Lowe) is preferable because of the longer shelf life.
The plates are incubated at 35-37°C for 3-7 days aerobically
in a moist environment (eg, a sealed plastic bag). The small,
faintly staining gram-negative rods are identified by immu-
nofluorescence staining. B pertussis is nonmotile.

C. Growth Characteristics

The organism is a strict aerobe and it is oxidase and catalase
positive but nitrate, citrate, and urea negative, the results of
which are useful for differentiating among the other species
of bordetellae. It does not require X and V factors on sub-
culture. Hemolysis of blood-containing medium is associated
with virulent B pertussis.

D. Variation

When isolated from patients and cultured on enriched media,
B pertussis is in the hemolytic and pertussis toxin-producing
virulent phase. There are two mechanisms for B pertussis to
shift to nonhemolytic, nontoxin-producing avirulent forms.
Reversible phenotypic modulation occurs when B pertussis
is grown under certain environmental conditions (eg, 28°C
vs. 37°C, the presence of MgSO,). Reversible phase variation
follows a low-frequency mutation in the genetic locus that
controls the expression of the virulence factors (see later dis-
cussion). It is possible that these mechanisms play a role in
the infectious process, but such a role has not been demon-
strated clinically.

Antigenic Structure, Pathogenesis,
and Pathology

B pertussis produces a number of factors that are involved
in the pathogenesis of disease. One locus on the B pertussis
chromosome acts as a central regulator of virulence genes.
This locus has two Bordetella operons, bvgA and bvgS. The
products of the A and S loci are similar to those of known
two-component regulatory systems. bvgS responds to envi-
ronmental signals, and bvgA is a transcriptional activator
of the virulence genes. Filamentous hemagglutinin and
fimbriae mediate adhesion to ciliated epithelial cells and
are essential for tracheal colonization. Pertussis toxin
promotes lymphocytosis, sensitization to histamine, and
enhanced insulin secretion and has adenosine diphosphate-
ribosylating activity, with an A/B structure and mechanism
of action similar to that of cholera toxin. The filamentous
hemagglutinin and pertussis toxin are secreted proteins and
are found outside of the B pertussis cells. Adenylate cyclase
toxin, dermonecrotic toxin, and hemolysin also are reg-
ulated by the bvg system. The tracheal cytotoxin inhibits
DNA synthesis in ciliated cells and is not regulated by bvg.
The lipopolysaccharide in the cell wall may also be impor-
tant in causing damage to the epithelial cells of the upper
respiratory tract.
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B pertussis survives for only brief periods outside the
human host. There are no vectors. Transmission is largely by
the respiratory route from early cases and possibly via car-
riers. The organism adheres to and multiplies rapidly on the
epithelial surface of the trachea and bronchi and interferes
with ciliary action. The blood is not invaded. The bacteria lib-
erate the toxins and substances that irritate surface cells, caus-
ing coughing and marked lymphocytosis. Later, there may be
necrosis of parts of the epithelium and polymorphonuclear
infiltration, with peribronchial inflammation and interstitial
pneumonia. Secondary invaders such as staphylococci or H
influenzae may give rise to bacterial pneumonia. Obstruction
of the smaller bronchioles by mucous plugs results in atelec-
tasis and diminished oxygenation of the blood. This probably
contributes to the frequency of convulsions in infants with
whooping cough.

Clinical Findings

After an incubation period of about 2 weeks, the “catarrhal
stage” develops, with mild coughing and sneezing. During
this stage, large numbers of organisms are sprayed in drop-
lets, and the patient is highly infectious but not very ill.
During the “paroxysmal” stage, the cough develops its explo-
sive character and the characteristic “whoop” upon inhala-
tion. This leads to rapid exhaustion and may be associated
with vomiting, cyanosis, and convulsions. The “whoop” and
major complications occur predominantly in infants; parox-
ysmal coughing predominates in older children and adults.
The white blood count is high (16,000-30,000/uL), with an
absolute lymphocytosis. Convalescence is slow. B pertussis is
a common cause of prolonged (4-6 weeks) cough in adults.
Rarely, whooping cough is followed by the serious and poten-
tially fatal complication of encephalitis. Several types of ade-
novirus and Chlamydia pneumoniae can produce a clinical
picture resembling that caused by B pertussis.

Diagnostic Laboratory Tests

A. Specimens

Asalinenasal wash isthe preferred specimen. Nasopharyngeal
swabs or cough droplets expelled onto a “cough plate” held
in front of the patient’s mouth during a paroxysm are some-
times used but are not as good as the saline nasal wash.

B. Direct Fluorescent Antibody Test

The fluorescent antibody (FA) reagent can be used to examine
nasopharyngeal swab specimens. However, false-positive and
false-negative results may occur; the sensitivity is about 50%.
The FA test is most useful in identifying B pertussis after cul-
ture on solid media.

C. Culture

The saline nasal wash fluid is cultured on solid medium
agar (see earlier discussion). The antibiotics in the media



270 SECTIONIII Bacteriology

tend to inhibit other respiratory flora but permit growth of
B pertussis. Organisms are identified by immunofluorescence
staining or by slide agglutination with specific antiserum.

D. Polymerase Chain Reaction

Polymerase chain reaction (PCR) is the most sensitive
method to diagnosis pertussis. Primers for both B pertussis
and B parapertussis should be included. When available, the
PCR test should replace the direct FA tests. Existing primer
targets may cross-react with other Bordetella species.

E. Serology

Serologic tests on patients are of little diagnostic help because
a rise in agglutinating or precipitating antibodies does not
occur until the third week of illness. A single serum with
high-titer antibodies may be helpful in diagnosing the cause
of a long-term cough, one of several weeks” duration.

Immunity

Recovery from whooping cough or immunization is followed
by immunity. Second infections may occur but are mild; rein-
fections occurring years later in adults may be severe. It is
probable that the first defense against B pertussis infection is
the antibody that prevents attachment of the bacteria to the
cilia of the respiratory epithelium.

Treatment

B pertussis is susceptible to several antimicrobial drugs in
vitro. Administration of erythromycin during the catarrhal
stage of disease promotes elimination of the organisms and
may have prophylactic value. Treatment after onset of the
paroxysmal phase rarely alters the clinical course. Oxygen
inhalation and sedation may prevent anoxic damage to the
brain.

Prevention

Every infant should receive three injections of pertussis vac-
cine during the first year of life followed by a booster series
for a total of five doses. Multiple acellular pertussis vaccines
are licensed in the United States and elsewhere. Use of these
vaccines is recommended. The acellular vaccines have at least
two of the following antigens: inactivated pertussis toxin,
filamentous hemagglutinin, fimbrial proteins, and pertactin.

Because different vaccines have different antigens, the
same product should be used throughout an immunization
series. Pertussis vaccine is usually administered in com-
bination with toxoids of diphtheria and tetanus (DTaP).
Five doses of pertussis vaccine are recommended before
school entry. The usual schedule is administration of doses
at 2, 4, 6, and 15-18 months of age and a booster dose at
4-6 years of age. In 2005, it was recommended by the Advisory
Committee on Immunization Practices that all adolescents

and adults receive a single booster dose of tetanus, diphthe-
ria, and acellular pertussis (Tdap) to replace the booster dose
of tetanus and diphtheria toxoids alone (Td). Two acellular
pertussis vaccines are available in the United States for use in
adolescents and adults.

Prophylactic administration of erythromycin for 5 days
may also benefit unimmunized infants or heavily exposed
adults.

Epidemiology and Control

Whooping cough is endemic in most densely populated
areas worldwide and occurs intermittently in epidemics. The
source of infection is usually a patient in the early catarrhal
stage of the disease. Communicability is high, ranging from
30-90%. Most cases occur in children younger than age
5 years; most deaths occur in the first year of life.

Control of whooping cough rests mainly on adequate
active immunization of all infants.

BORDETELLA PARAPERTUSSIS

This organism may produce a disease similar to whooping
cough, but it is generally less severe. The infection is often
subclinical. B parapertussis grows more rapidly than typi-
cal B pertussis and produces larger colonies. It also grows on
blood agar. B parapertussis has a silent copy of the pertussis
toxin gene.

BORDETELLA BRONCHISEPTICA

B bronchiseptica is a small gram-negative bacillus that inhab-
its the respiratory tracts of canines, in which it may cause
“kennel cough” and pneumonitis. It causes snuftles in rabbits
and atrophic rhinitis in swine. It is infrequently responsible
for chronic respiratory tract infections in humans, primar-
ily in individuals with underlying diseases. It grows on blood
agar medium. B bronchiseptica has a silent copy of the per-
tussis toxin gene. This organism possesses a 3-lactamase that
renders it resistant to penicillins and cephalosporins.

Concept Checks

o Bordetella species are gram-negative coccobacilli. The
genus includes diverse species that range from the fas-
tidious and virulent pathogen B pertussis, the cause
of “whooping” cough, to species found primarily in
animals.

o B pertussis elaborates numerous virulence factors that
are responsible for pathogenesis—fimbriae and filamen-
tous hemagglutinin promote adherence; a variety of
toxins such as pertussis toxin, tracheal cytotoxin, hemo-
lysin, dermonecrotic toxin mediate the severe respiratory
symptoms, the hallmark lymphocytosis, and a prolonged
course.
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e B pertussis is fastidious and slow growing; specialized
media such as Regan-Lowe agar and incubation in ambi-
ent conditions at 35-37° C for up to 7 days are required
for optimum results.

o Nucleic acid amplification tests combined with culture
are the diagnostic methods of choice.

o Pertussis, also known as “whooping cough,” begins with
the catarrhal stage followed by the characteristic parox-
ysmal coughing stage that lasts weeks and ends with the
convalescence stage.

o Treatment requires supportive care; erythromycin is
given to reduce infectivity, but it does not alter the course
of the disease. Disease is preventable by vaccination with
an acellular vaccine.

o The other species of Bordetella may cause respiratory
infections but are not capable of causing classic pertussis.

THE BRUCELLAE

The brucellae are obligate parasites of animals and humans
and are characteristically located intracellularly. They are
relatively inactive metabolically. Brucella melitensis typically
infects goats; Brucella suis, swine; Brucella abortus, cattle;
and Brucella canis, dogs. Other species are found only in ani-
mals. Although named as species, DNA relatedness studies
have shown there is only one species in the genus, B meliten-
sis, with multiple biovars. The disease in humans, brucello-
sis (undulant fever, Malta fever), is characterized by an acute
bacteremic phase followed by a chronic stage that may extend
over many years and may involve many tissues.

Morphology and Identification
A. Typical Organisms

The appearance in young cultures varies from cocci to rods
1.2 um in length, with short coccobacillary forms predomi-
nating. They are gram negative but often stain irregularly,
and they are aerobic, nonmotile, and nonspore forming.

B. Culture

Small, convex, smooth colonies appear on enriched media in
2-5 days.

C. Growth Characteristics

Brucellae are adapted to an intracellular habitat, and their
nutritional requirements are complex. Some strains have
been cultivated on defined media containing amino acids,
vitamins, salts, and glucose. Fresh specimens from animal or
human sources are usually inoculated on trypticase-soy agar
or blood culture media. Whereas B abortus requires 5-10%
CO, for growth, the other three species grow in air.
Brucellae use carbohydrates but produce neither acid
nor gas in amounts sufficient for classification. Catalase and
oxidase are produced by the four species that infect humans.
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Hydrogen sulfide is produced by many strains, and nitrates
are reduced to nitrites.

Brucellae are moderately sensitive to heat and acidity.
They are killed in milk by pasteurization.

D. Variation

The typical virulent organism forms a smooth, transparent
colony; upon culture, it tends to change to the rough form,
which is avirulent.

The serum of susceptible animals contains a globulin
and a lipoprotein that suppresses growth of nonsmooth,
avirulent types and favors the growth of virulent types.
Resistant animal species lack these factors, so that rapid
mutation to avirulence can occur. D-alanine has a similar
effect in vitro.

Antigenic Structure

Differentiation among Brucella species or biovars is made
possible by their characteristic sensitivity to dyes and their
production of H_S. Few laboratories have maintained the pro-
cedures for these tests, and the brucellae are seldom placed
into the traditional species. Because brucellae are hazardous
in the laboratory, tests to classify them should be performed
only in reference public health laboratories using appropriate
biosafety precautions.

Pathogenesis and Pathology

Although each species of Brucella has a preferred host, all can
infect a wide range of animals, including humans.

The common routes of infection in humans are the intes-
tinal tract (ingestion of infected milk), mucous membranes
(droplets), and skin (contact with infected tissues of animals).
Cheese made from unpasteurized goats’ milk is a particularly
common vehicle. The organisms progress from the portal
of entry via lymphatic channels and regional lymph nodes
to the thoracic duct and the bloodstream, which distributes
them to the parenchymatous organs. Granulomatous nod-
ules that may develop into abscesses form in lymphatic tissue,
liver, spleen, bone marrow, and other parts of the reticuloen-
dothelial system. In such lesions, the brucellae are principally
intracellular. Osteomyelitis, meningitis, or cholecystitis also
occasionally occurs. The main histologic reaction in brucel-
losis consists of proliferation of mononuclear cells, exudation
of fibrin, coagulation necrosis, and fibrosis. The granulomas
consist of epithelioid and giant cells, with central necrosis
and peripheral fibrosis.

The brucellae that infect humans have apparent differ-
ences in pathogenicity. B abortus usually causes mild disease
without suppurative complications; noncaseating granulo-
mas of the reticuloendothelial system are found. B canis also
causes mild disease. B suis infection tends to be chronic with
suppurative lesions; caseating granulomas may be present.
B melitensis infection is more acute and severe.
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Persons with active brucellosis react more markedly
(fever, myalgia) than normal persons to injected Brucella
endotoxin. Sensitivity to endotoxin thus may play a role in
pathogenesis.

Placentas and fetal membranes of cattle, swine, sheep,
and goats contain erythritol, a growth factor for brucellae.
The proliferation of organisms in pregnant animals leads to
placentitis and abortion in these species. There is no erythri-
tol in human placentas, and abortion is not part of Brucella
infection of humans.

Clinical Findings

The incubation period ranges from 1-4 weeks. The onset is
insidious, with malaise, fever, weakness, aches, and sweats.
The fever usually rises in the afternoon; its fall during the
night is accompanied by drenching sweat. There may be gas-
trointestinal and nervous symptoms. Lymph nodes enlarge,
and the spleen becomes palpable. Hepatitis may be accom-
panied by jaundice. Deep pain and disturbances of motion,
particularly in vertebral bodies, suggest osteomyelitis. These
symptoms of generalized Brucella infection generally subside
in weeks or months, although localized lesions and symp-
toms may continue.

After the initial infection, a chronic stage may develop,
characterized by weakness, aches and pains, low-grade fever,
nervousness, and other nonspecific manifestations compat-
ible with psychoneurotic symptoms. Brucellae cannot be
isolated from the patient at this stage, but the agglutinin
titer may be high. The diagnosis of “chronic brucellosis” is
difficult to establish with certainty unless local lesions are
present.

Diagnostic Laboratory Tests

A. Specimens

Blood should be taken for culture, biopsy material for cul-
ture (lymph nodes, bone, and so on), and serum for serologic
tests.

B. Culture

Brucella agar was specifically designed to culture Brucella
species bacteria. The medium is highly enriched and—in
reduced form—is used primarily in cultures for anaerobic
bacteria. In oxygenated form, the medium grows Brucella
species bacteria very well. However, infection with Brucella
species is often not suspected when cultures of a patient’s
specimens are set up, and Brucella agar incubated aerobi-
cally is seldom used. Brucella species bacteria grow on com-
monly used media, including trypticase-soy medium with
or without 5% sheep blood, brain-heart infusion medium,
and chocolate agar. Blood culture media (see below) readily
grow Brucella species bacteria. Liquid medium used to cul-
ture Mycobacterium tuberculosis also supports the growth
of at least some strains. All cultures should be incubated in

8-10% CO, at 35-37°C and should be observed for 3 weeks
before being discarded as being negative results; liquid
media cultures should be blindly subcultured during this
time.

Bone marrow and blood are the specimens from which
brucellae are most often isolated. The method of choice for
bone marrow is to use pediatric Isolator tubes, which do not
require centrifugation, with inoculation of the entire contents
of the tube onto solid media. Media used in semiautomated
and automated blood culture systems readily grow brucel-
lae, usually within 1 week; however, holding the cultures for
3 weeks is recommended. Negative culture results for Brucella
do not exclude the disease because brucellae can be cultivated
from patients only during the acute phase of the illness or
during recurrence of activity.

After a few days of incubation on agar media, the bru-
cellae form colonies in the primary streak that are smaller
than 1 mm in diameter. They are nonhemolytic. The obser-
vation of tiny gram-negative coccobacilli that are catalase
positive and oxidase positive suggests Brucella species. All
further work on such a culture should be done in a bio-
logic safety cabinet. A Christensen’s urea slant should be
inoculated and observed frequently. A positive urease test
result is characteristic of Brucella species. B suis and some
strains of B melitensis can yield a positive test result less
than 5 minutes after inoculating the slant; other strains
take a few hours to 24 hours. Bacteria that meet these cri-
teria should be quickly submitted to a reference public
health laboratory for presumptive identification. Brucella
species are category B select agents. Molecular methods
have been developed to rapidly differentiate among the
various biovars.

C.Serology

Immunoglobulin M (IgM) antibody levels rise during
the first week of acute illness, peak at 3 months, and may
persist during chronic disease. Even with appropriate antibi-
otic therapy, high IgM levels may persist for up to 2 years in
a small percentage of patients. IgG antibody levels rise about
3 weeks after onset of acute disease, peak at 6-8 weeks, and
remain high during chronic disease. IgA levels parallel the
IgG levels. The usual serologic tests may fail to detect infec-
tion with B canis.

1. Agglutination test—To be reliable, serum agglutina-
tion tests must be performed with standardized heat-killed,
phenolized, smooth Brucella antigens. IgG agglutinin titers
above 1:80 indicate active infection. Individuals injected with
cholera vaccine may develop agglutination titers to brucellae.
If the serum agglutination test result is negative in patients
with strong clinical evidence of Brucella infection, tests must
be made for the presence of “blocking” antibodies. These can
be detected by adding antihuman globulin to the antigen-
serum mixture. Brucellosis agglutinins are cross-reactive
with tularemia agglutinins, and tests for both diseases should
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be done on positive sera; usually, the titer for one disease will
be much higher than that for the other.

2. Blocking antibodies—These are IgA antibodies that
interfere with agglutination by IgG and IgM and cause a sero-
logic test result to be negative in low serum dilutions (pro-
zone), although positive in higher dilutions. These antibodies
appear during the subacute stage of infection, tend to persist
for many years independently of activity of infection, and are
detected by the Coombs antiglobulin method.

3. ELISA assays—IgG, IgA, and IgM antibodies may be
detected using enzyme-linked immunosorbent assay (ELISA),
which use cytoplasmic proteins as antigens. These assays tend to
be more sensitive and specific than the agglutination test espe-
cially in the setting of chronic disease

Immunity

An antibody response occurs with infection, and it is prob-
able that some resistance to subsequent attacks is produced.
Immunogenic fractions from Brucella cell walls have a high
phospholipid content; lysine predominates among eight
amino acids; and there is no heptose (thus distinguishing the
fractions from endotoxin).

Treatment

Brucellae may be susceptible to tetracyclines, rifampin, tri-
methoprim-sulfamethoxazole, aminoglycosides, and some
quinolones. Symptomatic relief may occur within a few days
after treatment with these drugs. However, because of their
intracellular location, the organisms are not readily eradi-
cated completely from the host. For best results, treatment
must be prolonged. Combined treatment with a tetracycline
(eg, doxycycline) and either streptomycin for 2-3 weeks or
rifampin for 6 weeks is recommended.

Epidemiology, Prevention, and Control

Brucellae are animal pathogens transmitted to humans by
accidental contact with infected animal feces, urine, milk,
or tissues. The common sources of infection for humans are
unpasteurized milk, milk products, and cheese as well as
occupational contact (eg, farmers, veterinarians, and slaugh-
terhouse workers) with infected animals.

Cheese made from unpasteurized goat’s milk is a par-
ticularly common vehicle for transmission of brucellosis.
Occasionally, the airborne route may be important. Because
of occupational contact, Brucella infection is much more fre-
quent in men. The majority of infections remain asymptom-
atic (latent).

Infection rates vary greatly with different animals and
in different countries. Outside the United States, infection
is more prevalent. Eradication of brucellosis in cattle can
be attempted by test and slaughter, active immunization of
heifers with avirulent live strain 19, or combined testing,
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segregation, and immunization. Cattle are examined by
means of agglutination tests.

Active immunization of humans against Brucella infec-
tion is experimental. Control rests on limitation of spread
and possible eradication of animal infection, pasteurization
of milk and milk products, and reduction of occupational
hazards wherever possible.

Concept Checks

o Brucella species are obligate intracellular pathogens
found in animals; the disease in humans, brucellosis,
known by a variety of synonyms, such as Malta fever,
undulant fever, and so on, is caused primarily by contact
with animals or animal products, especially unpasteur-
ized milk or cheese.

« The incubation period ranges from 1-4 weeks; infection
may begin abruptly with fever, chills, sweats, and malaise
and progress to involve a multisystem illness with sple-
nomegaly, lymphadenopathy, and osteomyelitis; chronic
infection may persist for years.

«  Diagnosis may be difficult and in many cases relies on
serology because this fastidious organism can be diffi-
cult to cultivate even on selective media using prolonged
incubation.

o Treatment consists of prolonged antimicrobial agents
that are effective against intracellular pathogens such as
rifampin, trimethoprim-sulfamethoxazole, fluoroqui-
nolones, aminoglycosides and tetracyclines.

FRANCISELLA TULARENSIS
AND TULAREMIA

Francisella species are widely found in animal reservoirs
and aquatic environments. The taxonomy of this genus has
undergone numerous changes over the years. There are three
recognized subspecies of Francisella tularensis: tularensis
(type A), holarctica (type B), and mediasiatica. Subspecies
tularensis (type A) is the most virulent among this group and
the most pathogenic for humans. It is associated with wild
rabbits, ticks, and tabanid flies. Subspecies holarctica strains
cause milder infection and are associated with hares, ticks,
mosquitoes, and tabanid flies. F tularensis is transmitted to
humans by biting arthropods and flies, direct contact with
infected animal tissue, inhalation of aerosols, or ingestion
of contaminated food or water. The clinical presentation
depends on the route of infection; six major syndromes are
described (see Pathogenesis and Clinical Findings). Other
species of Francisella exist and include Francisella philo-
miragia, Francisella novicida, and Francisella noatunensis.
Infections caused by F philomiragia and F novicida are rare
causes of human infections, and the former has usually been
found in situations of near-drowning. F noatunensis has not
been associated with human disease. These organisms will
not be discussed.
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Morphology and Identification
A. Typical Organisms

F tularensis is a small, gram-negative coccobacillus. It is
rarely seen in smears of tissue (Figure 18-2).

B. Specimens

Blood is taken for serologic tests. The organism may be recov-
ered in culture from lymph node aspirates, bone marrow,
peripheral blood, deep tissue, and ulcer biopsies.

C. Culture

Growth requires enriched media containing cysteine. In
the past, glucose-cysteine blood agar was preferred, but
F tularensis grows on commercially available hemin contain-
ing media such as chocolate agar, modified Thayer-Martin
agar, and buffered charcoal yeast extract (BCYE) agar used
to grow Legionella species. Media should be incubated in
CO, at 35-37°C for 2-5 days. Caution: To avoid laboratory-
acquired infections, biosafety level three (BSL III) practices
are required when working with live cultures suspected of
containing F tularensis. Clinical specimens require BSL II
facilities and practice.

D. Serology

All isolates are serologically identical, possessing a polysac-
charide antigen and one or more protein antigens that cross-
react with brucellae. However, there are two major biogroups
of strains, called Jellison type A and type B. Type A occurs
only in North America, is lethal for rabbits, produces severe

FIGURE 18-2 Gram stain of Francisella tularensis. These bacteria
are tiny gram-negative coccobacilli approximately 0.2 x 0.7 um.
Original magnification x1000. (Courtesy of CDC Public Health Image
Library.)

illness in humans, ferments glycerol, and contains citrulline
ureidase. Type B lacks these biochemical features; is not lethal
for rabbits; produces milder disease in humans; and is iso-
lated often from rodents or from water in Europe, Asia, and
North America. Other biogroups are of low pathogenicity.

The usual antibody response consists of agglutinins
developing 7-10 days after the onset of illness.

Pathogenesis and Clinical Findings

F tularensis is highly infectious: Penetration of the skin or
mucous membranes or inhalation of 50 organisms can result
in infection. Most commonly, organisms enter through skin
abrasions. In 2-6 days, an inflammatory, ulcerating papule
develops. Regional lymph nodes enlarge and may become
necrotic, sometimes draining for weeks (ulceroglandular
tularemia). Inhalation of an infective aerosol results in peri-
bronchial inflammation and localized pneumonitis (pneu-
monic tularemia). Oculoglandular tularemia can develop
when an infected finger or droplet touches the conjunctiva.
Yellowish granulomatous lesions on the eyelids may be
accompanied by preauricular adenopathy. The other forms
of the disease are glandular tularemia (lymphadenopathy
but no ulcers), oropharyngeal tularemia, and typhoidal tula-
remia (septicemia). All affected individuals have fever, mal-
aise, headache, and pain in the involved region and regional
lymph nodes.

Because of the highly infectious nature of F tularensis,
this organism is a potential agent of bioterrorism and is cur-
rently classified on the select agent list as a category A agent.
Laboratories that recover a suspected F tularensis should
notify public health officials and should send the isolate
to a reference laboratory capable of performing definitive
identification.

Diagnostic Laboratory Tests

Although F tularensis may be recovered from the clini-
cal specimens listed earlier, the diagnosis rests on serologic
studies. Paired serum samples collected 2 weeks apart can
show a rise in agglutination titer. A single serum titer of 1:160
is highly suggestive if the history and physical findings are
compatible with the diagnosis. Because antibodies reactive in
the agglutination test for tularemia also react in the test for
brucellosis, both tests should be done for positive sera; the
titer for the disease affecting the patient is usually fourfold
greater than that for the other disease.

Treatment

Streptomycin or gentamicin therapy for 10 days almost
always produces rapid improvement. Tetracycline may
be equally effective, but relapses occur more frequently.
Chloramphenicol and ciprofloxacin are other potential
agents. F tularensis is resistant to all B-lactam antibiotics as a
result of B-lactamase production.
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Prevention and Control

Humans acquire tularemia from handling infected rabbits or
muskrats or from bites by an infected tick or deer-fly. Less
often, the source is contaminated water or food or contact
with a dog or cat that has caught an infected wild animal.
Avoidance is the key to prevention. The infection in wild ani-
mals cannot be controlled.

The live attenuated F tularensis vaccine (LVS) is no

longer available to persons at high risk. Newer vaccines are
under development.

Concept Checks

Francisella tularensis is a faintly staining gram-negative
coccobacillus that causes the zoonotic infection tula-
remia that can be mediated by vectors, such as ticks,
through direct contact with animals or rarely through
ingestion.

There are three subspecies of F tularensis; subspecies
tularensis (type A) is the most virulent and pathogenic
for humans.

There are several clinical manifestations of tularemia
depending on the type of exposure; the glandular forms
are well-localized and associated with less mortality
than the septicemic or inhalational forms of the disease.
Diagnosis of tularemia can be made by recovery of the
organism from appropriate clinical material and by
serology.

Agents that have been useful in treatment include strep-
tomycin, gentamicin, tetracyclines, chloramphenicol,
and fluoroquinolones. Because of its virulence, F tular-
ensis is considered a potential agent of bioterrorism.

REVIEW QUESTIONS

1. A 68-year-old woman was seen in the clinic because she had

felt feverish and had been experiencing increasing pain and
swelling in her left knee during the past 3 weeks. Four years
earlier, a prosthetic joint had been placed in her left knee. On
examination, the knee was swollen, and fluid could be detected.
An aspirate of the fluid was obtained. There were 15,000 poly-
morphonuclear cells/mL in the fluid. No organisms were seen
on Gram stain. A routine culture was done. On the fourth day
of incubation, colorless colonies smaller than 1 mm in diameter
were seen on the blood and chocolate agar plates. The organism
was a tiny gram-negative coccobacillus that was catalase posi-
tive and oxidase positive. A urea slant was inoculated and was
positive for urease activity after overnight incubation. The
patient was probably infected with which of the following
microorganisms?

(A) Haemophilus influenzae
(B) Haemophilus ducreyi
(C) Francisella tularensis
(D) Brucella species

(E) Staphylococcus aureus

2. After the culture (question 1) turned positive, additional history

was obtained. Approximately 4 weeks before the onset of her
knee pain, the patient had visited relatives in Israel and traveled
to other countries in the Mediterranean area. She had a particu-
lar fondness for one food product that was the probable vehicle
for her infection. The product most likely was

(A) Bananas

(B) Unpasteurized goat’s cheese
(C) Rare hamburger

(D) Fresh orange juice

(E) Green tea

. A 55-year-old game warden in Vermont found a dead muskrat

on the bank of a stream. He picked up the animal, thinking it
might have been illegally trapped or shot; it was not, and the
game warden buried it. Four days later, he developed a 1.5-cm
painful ulcer on the index finger of his right hand, a 1-cm
ulcer on his right forehead, and pain in his right axilla. Physi-
cal examination also revealed right axillary lymphadenopathy.
This patient is most likely infected with

(A) Brucella species

(B) Rickettsia rickettsii

(C) Salmonella Typhi

(D) Haemophilus ducreyi

(E) Francisella tularensis

. An 18-month-old boy has been playing with a child who devel-

ops Haemophilus influenzae meningitis. The boy’s parents con-
sult his pediatrician, who says she is comfortable that the child
will be fine because he has been fully immunized with the poly-
ribitol ribose phosphate (PRP)-protein conjugate vaccine. For
what reason is it necessary to immunize infants of 2 months to
2 years of age with polysaccharide-protein conjugate vaccines?

(A) The conjugate protein is diphtheria toxoid, and the goal
is for the infant to develop simultaneous immunity to
diphtheria.

(B) Infants 2 months to 2 years of age do not immunologically
respond to polysaccharide vaccines that are not conjugated
to a protein.

(C) The conjugate vaccine is designed for older children and
adults as well as infants.

(D) Maternal (transplacental) antibodies against Haemophi-
lus influenzae are gone from the infant’s circulation by
2 months of age.

(E) None of the above

. An 11-year-old boy from Peru was referred to the Brain Tumor

Institute. Three months earlier he had developed headaches
and then slowly progressive right-sided weakness. A CT scan
showed a mass lesion in the left hemisphere. He was thought to
have a brain tumor. A lumbar puncture was not done because
of concern about increased intracranial pressure and brain her-
niation through the tentorium cerebelli. During surgery, a mass
lesion in the left hemisphere was found. Frozen sections of the
tissue were done while the patient was in the operating room.
Microscopy of the sections showed a granulomatous inflam-
matory reaction. No tumor was seen. Tissue was submitted
for culture for Mycobacterium tuberculosis. Middlebrook 7H9
broth medium was used. Six days after the culture was set up,
the automated machine detected that the culture result
was positive. Results of an acid-fast stain and a Gram stain
were both negative. Subcultures were done. Two days later,
very small colonies were seen on the sheep blood agar plate.
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The organism was a tiny gram-negative coccobacillus that was
catalase positive and oxidase positive. It showed urease activity
after 2 hours of incubation on urea-containing medium. This
child had infection with

(A) Brucella species

(B) Mycobacterium tuberculosis

(C) Francisella tularensis

(D) Haemophilus influenzae

(E) Moraxella catarrhalis

. A 3-year-old child develops Haemophilus influenzae men-

ingitis. Therapy is begun with cefotaxime. Why is this third-
generation cephalosporin used rather than ampicillin?

(A) About 80% of H influenzae organisms have modified peni-
cillin-binding proteins that confer resistance to ampicillin.

(B) The drug of choice, trimethoprim-sulfamethoxazole, can-
not be used because the child is allergic to sulfonamides.

(C) Tt is easier to administer intravenous cefotaxime than
intravenous ampicillin.

(D) There is concern that the child will rapidly develop a peni-
cillin (ampicillin) allergy.

(E) About 20% of H influenzae organisms have a plasmid that
encodes for beta-lactamase.

. A 55-year-old man with severe dental caries presented with

1 month of fever, malaise, and back pain and now presents with
moderately severe shortness of breath. The examination reveals
a febrile man who appears pale and dyspneic. Other physical
findings include conjunctival petechiae, a grade III/VI sys-
tolic murmur, and an enlarged spleen. Blood cultures grow a
pleomorphic gram-negative rod that is not hemolytic and that
when tested is X and V factor negative. The most likely causative
pathogen is

(A) Haemophilus influenzae

(B) Haemophilus ducreyi

(C) Aggregatibacter aphrophilus

(D) Actinobacillus hominis

(E) Haemophilus parainfluenzae

. All of the following statements regarding acellular pertussis

vaccines are correct except

(A) All formulations of the vaccine contain at least two
antigens.

(B) The acellular vaccine has replaced the whole cell vaccine in
the childhood vaccine series.

(C) All children should receive five doses of the vaccine before
school entry.

(D) The vaccine is approved only for young children and
adolescents.

(E) The vaccine is safer than and as immunogenic as whole-

cell vaccines.

. Which of the following subspecies of Francisella tularensis is

the most virulent for humans?

(A) tularensis

(B) holarctica

(C) mediasiatica

(D) novicida

All of the following statements regarding the etiologic agent of
chancroid are correct except

(A) The organism is a small gram-negative rod.

(B) The organism requires X factor but not V factor.

(C) The organism grows well on standard chocolate agar.

11.

12.

13.

14.

15.

(D) On Gram stain of lesions, the organism occurs in strands.
(E) The organism is susceptible to erythromycin.

A 3-month-old infant is brought to the pediatric emergency
department in severe respiratory distress. The child appears
dehydrated, and there is a prominent peripheral lymphocytosis.
The chest radiograph reveals perihilar infiltrates. The child’s
grandmother, who watches the infant now that the mother
has returned to work, has had a dry hacking cough for about
2 weeks. The most likely causative agent is

(A) Haemophilus influenzae type b
(B) Bordetella pertussis

(C) Streptococcus agalactiae

(D) Chlamydia pneumoniae

(E) Bordetella bronchiseptica

In question 11, the factor responsible for the profound lympho-
cytosis is

(A) A hemagglutinin

(B) A polysaccharide capsule

(C) An A/B structured toxin

(D) A heat-labile toxin

(E) A neuraminidase

All of the following cause zoonotic infections except

(A) Francisella tularensis

(B) Brucella melitensis

(C) Bordetella pertussis

(D) Bacillus anthracis

(E) Leptospira interrogans

Which of the following is not a recognized virulence factor of
Bordetella pertussis?

(A) Heat-labile toxin

(B) Filamentous hemagglutinin

(C) Tracheal cytotoxin

(D) Pertussis toxin

(E) Dermonecrotic toxin

Which of the following pathogens discussed in this chapter is
on the select agent list?

(A) Haemophilus influenzae
(B) Aggregatibacter aphrophilus
(C) Bordetella pertussis

(D) Francisella tularensis

(E) All of the above

Answers

1.
2. B 6. E
3. E 7. C
4. B 8. D

D 5 A 9. A
10. C
11. B

12. C

13. C
14. A
15. D
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Yersinia and Pasteurella

The organisms discussed in this chapter are short, pleomor-
phic gram-negative rods that can exhibit bipolar staining.
They are catalase positive, oxidase negative, and micro-
aerophilic or facultatively anaerobic. Most have animals as
their natural hosts, but they can produce serious disease in
humans.

The genus Yersinia includes Yersinia pestis, the cause
of plague; Yersinia pseudotuberculosis and Yersinia entero-
colitica, important causes of human diarrheal diseases; and
several others considered nonpathogenic for humans. Several
species of Pasteurella are primarily animal pathogens but can
also produce human disease.

YERSINIA PESTIS AND PLAGUE

Plague is an infection of wild rodents transmitted from one
rodent to another and occasionally from rodents to humans
by the bites of fleas. Serious infection often results, which
in previous centuries produced pandemics of “black death”
with millions of fatalities. The ability of this organism to be
transmitted by aerosol and the severity and high mortality
associated with pneumonic plague make Y pestis a potential
biological weapon.

Morphology and Identification

Y pestis is a gram-negative rod that exhibits striking bipolar
staining with special stains such as Wright, Giemsa, Wayson,
or methylene blue (Figure 19-1). It is nonmotile. It grows as
a facultative anaerobe on many bacteriologic media. Growth
is more rapid in media containing blood or tissue fluids and
fastest at 30°C. In cultures on blood agar at 37°C, colonies
may be very small at 24 hours. A virulent inoculum, derived
from infected tissue, produces gray and viscous colonies, but
after passage in the laboratory, the colonies become irregular
and rough. The organism has little biochemical activity, and
this is somewhat variable.

Antigenic Structure

All yersiniae possess lipopolysaccharides that have endo-
toxic activity when released. The three pathogenic species

CHAPTER

produce antigens and toxins that act as virulence factors.
They have type III secretion systems that consist of a mem-
brane-spanning complex that allows the bacteria to inject
proteins directly into cytoplasm of the host cells. The viru-
lent yersiniae produce V and W antigens, which are encoded
by genes on a plasmid of approximately 70 kb. This is
essential for virulence; the V and W antigens yield the
requirement for calcium for growth at 37°C. Compared with
the other pathogenic yersiniae, Y pestis has gained additional
plasmids. pPCP1 is a 9.5 kb plasmid that contains genes that
yield plasminogen-activating protease that has temperature-
dependent coagulase activity (20°-28°C, the temperature of
the flea) and fibrinolytic activity (35°-37°C, the temperature
of the host). This factor is involved in dissemination of the
organism from the flea bite injection site. The pFra/pMT
plasmid (80-101 kb) encodes the capsular protein (fraction
F1) that is produced mainly at 37°C and confers antiphago-
cytic properties. In addition, this plasmid contains genes
that encode phospholipase D, which is required for organism
survival in the flea midgut.

The three pathogenic yersiniae have a pathogenicity
island (PAI) that encodes for an iron-scavenging siderophore
(see Chapter 9), yersiniabactin.

Among several exotoxins produced, one is lethal for mice
in amounts of 1 pg. This homogeneous protein (molecular
weight, 74,000) produces B-adrenergic blockade and is car-
diotoxic in animals. Its role in human infection is unknown.

Pathogenesis and Pathology

When a flea feeds on a rodent infected with Y pestis, the
ingested organisms multiply in the gut of the flea and, helped
by the coagulase, block its proventriculus so that no food can
pass through. Subsequently, the “blocked” and hungry flea
bites ferociously, and the aspirated blood, contaminated with
Y pestis from the flea, is regurgitated into the bite wound. The
inoculated organisms may be phagocytosed by polymorpho-
nuclear cells and macrophages. The Y pestis organisms are
killed by the polymorphonuclear cells but multiply in the
macrophages; because the bacteria are multiplying at 37°C,
they produce the antiphagocytic protein and subsequently
are able to resist phagocytosis. The pathogens rapidly reach
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FIGURE 19-1 Yersinia pestis (arrows) in blood, Wright-Giemsa
stain. Some of the Yersinia pestis have bipolar staining, which gives
them a hairpin-like appearance. Original magnification X1000.
(Courtesy of K Gage, Plague Section, Centers for Disease Control and
Prevention, Ft. Collins, CO.)

the lymphatics, and an intense hemorrhagic inflammation
develops in the enlarged lymph nodes, which may undergo
necrosis and become fluctuant. Although the invasion
may stop there, Y pestis organisms often reach the blood-
stream and become widely disseminated. Hemorrhagic and
necrotic lesions may develop in all organs; meningitis, pneu-
monia, and serosanguineous pleuropericarditis are promi-
nent features.

Primary pneumonic plague results from inhalation of
infective droplets (usually from a coughing patient), and it
is characterized by hemorrhagic consolidation, sepsis, and
death.

Clinical Findings

The clinical manifestations of plague depend on the route
of exposure. After an incubation period of 2-7 days, there is
high fever and painful lymphadenopathy, commonly with
greatly enlarged, tender nodes (buboes) in the neck, groin,
or axillae. This is the bubonic form of the disease. Vomiting
and diarrhea may develop with the early septicemic form of
disease. Later, disseminated intravascular coagulation leads
to hypotension, altered mental status, and renal and cardiac
failure. Terminally, signs of pneumonia and meningitis can
appear, and Y pestis multiplies intravascularly and can be seen
in blood smears. Primary pneumonic plague results from
direct inhalation of organism into the lung. Patients often
have a fulminant course with chest pain, cough, hemoptysis,
and severe respiratory distress.

Diagnostic Laboratory Tests

Plague should be suspected in febrile patients who have been
exposed to rodents in known endemic areas. Rapid recogni-
tion and laboratory confirmation of the disease are essential
to institute lifesaving therapy.

A. Specimens

Blood is taken for culture and aspirates of enlarged lymph
nodes for smear and culture. Acute and convalescent sera
may be examined for antibody levels. In pneumonia, spu-
tum is cultured; in possible meningitis, cerebrospinal fluid is
taken for smear and culture.

B. Smears

Y pestis are small gram-negative bacilli that appear as single
cells or as pairs or short chains in clinical material. Wright,
Giemsa, or Wayson stains may be more useful when staining
material from a suspected buboe or a positive blood culture
result because of the striking bipolar appearance (safety pin
shape) of the organism using these stains that is not evident
on a direct Gram stain. More specific direct staining methods
(possibly available through reference laboratories) include
the use of fluorescent antibody stains targeting the capsular
F1 antigen.

C. Culture

All materials are cultured on blood agar, chocolate, and
MacConkey agar plates and in brain-heart infusion broth.
Growth on solid media may be slow, requiring more than
48 hours, but blood culture results are often positive in
24 hours. Cultures can be tentatively identified by biochemi-
cal reactions. Y pestis produces nonlactose-fermenting colo-
nies on MacConkey agar, and it grows better at 25°C than
at 37°C. The organism is catalase positive; indole, oxidase,
urease negative; and nonmotile. The last two reactions are
useful in differentiating Y pestis from other pathogenic
yersiniae. An organism with these characteristics should
be referred to a public health laboratory for more confir-
matory testing. Definite identification of cultures is best
done by immunofluorescence or by lysis by a specific Y
pestis bacteriophage (confirmation available through state
health department laboratories and by consultation with the
Centers for Disease Control and Prevention [CDC], Plague
Branch, Fort Collins, CO).

All cultures are highly infectious and must be handled
with extreme caution inside a biological safety cabinet.

D. Serology

In patients who have not been previously vaccinated, a conva-
lescent serum antibody titer of 1:16 or greater is presumptive
evidence of Y pestis infection. A titer rise in two sequential
specimens confirms the serologic diagnosis.



Treatment

Unless promptly treated, plague may have a mortality rate
of nearly 50%; pneumonic plague, nearly 100%. The drug of
choice is streptomycin, but the more readily available ami-
noglycoside gentamicin has been shown to be as effective.
Doxycycline is an alternative drug as are fluoroquinolone
antibiotics. These agents are sometimes given in combination
with streptomycin or gentamicin. Drug resistance has rarely
been noted in Y pestis.

Epidemiology and Control

Plague is an infection of wild rodents (field mice, gerbils,
moles, skunks, and other animals) that occurs in many parts
of the world. The chief enzootic areas are India, Southeast
Asia (especially Vietnam), Africa, and North and South
America. The western states of the United States and Mexico
also contain reservoirs of infection. Epizootics with high
mortality rates occur intermittently; at such times, the infec-
tion can spread to domestic rodents (eg, rats) and other ani-
mals (eg, cats), and humans can be infected by flea bites or
by contact. The commonest vector of plague is the rat flea
(Xenopsylla cheopis), but other fleas may also transmit the
infection.

The control of plague requires surveys of infected ani-
mals, vectors, and human contacts; in the United States, this
is done by county and state agencies with support from the
Plague Branch of the CDC and by destruction of plague-
infected animals. If a human case is diagnosed, health
authorities must be notified promptly. All patients with sus-
pected plague should be isolated, particularly if pulmonary
involvement has not been ruled out. All specimens must
be treated with extreme caution. Contacts of patients with
suspected plague pneumonia should receive doxycycline as
chemoprophylaxis.

Killed whole-cell vaccines are no longer available.
Because of concern for bioterrorism, numerous vaccines are
currently under development.

YERSINIA ENTEROCOLITICA AND
YERSINIA PSEUDOTUBERCULOSIS

These are nonlactose-fermenting gram-negative rods that are
urease positive and oxidase negative. They grow best at 25°C
and are motile at 25°C but nonmotile at 37°C. They are found
in the intestinal tracts of a variety of animals, in which they
may cause disease, and are transmissible to humans, in whom
they can produce a variety of clinical syndromes.

Y enterocolitica exists in more than 70 serotypes; most
isolates from human disease belong to serotypes O:3, O:8, and
0:9. There are striking geographic differences in the distribu-
tion of Y enterocolitica serotypes. Y pseudotuberculosis exists
in at least six serotypes, but serotype O:1 accounts for most
human infections. Y enterocolitica can produce a heat-stable
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enterotoxin, but the role of this toxin in diarrhea associated
with infection is not well defined.

Y enterocolitica has been isolated from rodents and
domestic animals (eg, sheep, cattle, swine, dogs, and cats)
and waters contaminated by them. Transmission to humans
probably occurs by contamination of food, drink, or fomites.
Y pseudotuberculosis occurs in domestic and farm animals
and birds, which excrete the organisms in feces. Human
infection probably results from ingestion of materials con-
taminated with animal feces. Person-to-person transmission
with either of these organisms is probably rare.

Pathogenesis and Clinical Findings

An inoculum of 10%-10° yersiniae must enter the alimentary
tract to produce infection. During the incubation period of
4-7 days, yersiniae multiply in the gut mucosa, particularly
the ileum. This leads to inflammation and ulceration, and
leukocytes appear in feces. The process may extend to mesen-
teric lymph nodes and, rarely, to bacteremia.

Early symptoms include fever, abdominal pain, and
diarrhea. Diarrhea ranges from watery to bloody and may
be caused by an enterotoxin or to invasion of the mucosa. At
times, the abdominal pain is severe and located in the right
lower quadrant, suggesting appendicitis (more common
with Y pseudotuberculosis). One to 2 weeks after onset, some
patients with histocompatibility antigen HLA-B 27 develop
arthralgia, arthritis, and erythema nodosum, suggesting an
immunologic reaction to the infection. Very rarely, Yersinia
infection produces pneumonia, meningitis, or sepsis; in most
cases, it is self-limited.

Y enterocolitica has also been associated with transfu-
sion-related infections caused by contaminated red blood
cells. This is a consequence of the ability of the organism,
transmitted by an asymptomatic donor, to multiply at refrig-
eration temperatures.

Diagnostic Laboratory Tests

A. Specimens

Specimens may be stool, blood, or material obtained at surgi-
cal exploration. Stained smears are not contributory.

B. Culture

The number of yersiniae in stool may be small and can be
increased by “cold enrichment™ a small amount of feces or
a rectal swab is placed in buffered saline with a pH of 7.6
and kept at 4°C for 2-4 weeks; many fecal organisms do not
survive, but Y enterocolitica multiplies. Subcultures made
at intervals on MacConkey agar may yield yersiniae.
Alternatively, most clinical laboratories use a Yersinia-
selective agar such as cefsulodin-Irgasan-novobiocin (CIN)
agar incubated at room temperature for several days. Y entero-
colitica colonies have a bull’s eye appearance with a red center
on CIN agar.
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C.Serology

In paired serum specimens taken 2 or more weeks apart,
a rise in agglutinating antibodies can be shown; however,
cross-reactions between yersiniae and other organisms (vib-
rios, salmonellae, and brucellae) may confuse the results.

Treatment

Most Yersinia infections with diarrhea are self-limited, and
the possible benefits of antimicrobial therapy are unknown.
Y enterocolitica is generally susceptible to aminoglycosides,
chloramphenicol, tetracycline, trimethoprim-sulfamethox-
azole, piperacillin, third-generation cephalosporins, and
fluoroquinolones; it is typically resistant to ampicillin and
to first-generation cephalosporins. Proved Yersinia sepsis or
meningitis has a high mortality rate, but deaths occur mainly
in immunocompromised patients. Yersinia sepsis can be
successfully treated with third-generation cephalosporins
(possibly in combination with an aminoglycoside) or a fluo-
roquinolone (possibly in combination with another antimi-
crobial). In cases in which clinical manifestations strongly
point to either appendicitis or mesenteric adenitis, surgical
exploration has been the rule unless several simultaneous
cases indicate that Yersinia infection is likely.

Prevention and Control

Contact with farm and domestic animals, their feces, or
materials contaminated by them probably accounts for
most human infections. Meat and dairy products have occa-
sionally been indicated as sources of infection, and group
outbreaks have been traced to contaminated food or drink.
Conventional sanitary precautions are probably helpful.
There are no specific preventive measures.

Concept Checks

o Yersinia species are zoonotic pathogens that cause
disease in humans ranging from mild gastrointestinal
infections to serious diseases with high mortality such
as plague.

o Y pestis is transmitted to humans usually through the
bite of an infected flea, although inhalation is another
potential route. Y pestis possesses virulence factors
transmitted by plasmids that allow it to survive in the
gut of the flea and that contribute to severe clinical mani-
festations in humans.

« A bubo (an enlarged suppurative lymph node) forms
close to the bite wound accompanied by fever and is the
most common form of plague. From the localized lesion,
the infection may disseminate causing the septicemic
form of the disease.

o Treatment consists of supportive care and antibiotic
treatment with streptomycin, gentamicin, doxycycline,
or a fluoroquinolone antibiotic.

o Y enterocolitica and Y pseudotuberculosis cause gastro-
enteritis or mesenteric lymphadenitis after ingestion of
contaminated food or water.

o Yersinia species can be recovered from the stool of
infected patients using selective media called CIN agar
incubated at room temperature.

o Treatment for gastroenteritis caused by Yersinia consists
of trimethoprim-sulfamethoxazole, doxycycline, or a
fluoroquinolone antibiotic.

PASTEURELLA

Pasteurella species are primarily animal pathogens, but they
can produce a range of human diseases. Pasteurellae are non-
motile gram-negative coccobacilli with a bipolar appearance
on stained smears. They are aerobes or facultative anaerobes
that grow readily on ordinary bacteriologic media at 37°C.
They are all oxidase positive and catalase positive but diverge
in other biochemical reactions.

Pasteurella multocida occurs worldwide in the respira-
tory and gastrointestinal tracts of many domestic and wild
animals. It is perhaps the most common organism in human
wounds inflicted by bites from cats and dogs. It is one of the
common causes of hemorrhagic septicemia in a variety of
animals, including rabbits, rats, horses, sheep, fowl, cats, and
swine. It can also produce human infections in many systems
and may at times be part of normal human microbiota.

Pasteurella bettyae has been recovered from infections
of the human genital tract and of newborns. Its habitat is
uncertain.

Pasteurella pneumotropica is a normal inhabitant of the
respiratory tracts and guts of mice and rats and can cause
pneumonia or sepsis when the host-parasite balance is dis-
turbed. A few human infections have followed animal bites.

Clinical Findings
The most common presentation is a history of animal bite fol-
lowed within hours by an acute onset of redness, swelling,
and pain. Regional lymphadenopathy is variable, and fever is
often low grade. Pasteurella infections sometimes present as
bacteremia or chronic respiratory infection without an evi-
dent connection with animals.

P multocida is susceptible to most antibiotics. Penicillin
G is considered the drug of choice for P multocida infections
resulting from animal bites. Tetracyclines and fluoroquino-
lones are alternative drugs.

REVIEW QUESTIONS

1. An 18-year-old male resident of Arizona came to the emergency
department (ED) complaining of fever, pain in his left groin,
and diarrhea for the past 2 days. On examination, he was afe-
brile, had a pulse rate of 126 beats/min, a respiratory rate of 20
breaths/min, and a blood pressure of 130/80 mm Hg. Left groin



swelling and tenderness were noted. A groin muscle strain was
diagnosed, attributed to a fall 2 days earlier. He was treated with
nonsteroidal anti-inflammatory drugs and released. The next
day, the patient reported feeling weak, had difficulty breath-
ing, and collapsed while taking a shower. He was transported
to a hospital ED and pronounced dead shortly after arrival.
Cultures of blood samples obtained in the ED were positive for
Yersinia pestis. An epidemiologic investigation indicated that
the patient most likely became infected as a result of bites by
Yersinia pestis-infected fleas while walking through a prairie
dog colony (see Chapter 48.) Which of the following statements
about the pathogenesis of plague is correct?

(A) Y pestis produces a coagulase when incubated at 28°C.

(B) There is no risk for pneumonia caused by person-to-person
transmission of Y pestis.

(C) Y pestis organisms multiply in polymorphonuclear cells.

(D) After the bite of an infected flea, Y pestis infection seldom,
if ever, disseminates beyond the site of the flea bite and the
regional lymph nodes.

(E) Y pestis is transmitted to animals (and humans) in flea
feces excreted when the flea is feeding.

. The drug of choice to treat the patient in question 1 would have

been

(A) Ampicillin

(B) Cefotaxime

(C) Levofloxacin

(D) Erythromycin

(E) Streptomycin

. Yersinia pestis entered North America through San Francisco

in the 1890s, carried by rats on ships that had sailed from Hong

Kong, where a plague epidemic occurred. The current reservoir

for Y pestis in the United States is

(A) Urban feral cats

(B) Urban rats

(C) Domestic cows

(D) Coyotes

(E) Rural wild rodents

. Which of the following is generally not considered a potential
agent of bioterrorism and biologic warfare?
(A) Yersinia pestis

(B) Botulinum toxin

(C) Streptococcus pyogenes

(D) Brucella species

(E) Bacillus anthracis

. An 8-year-old boy was bitten by a stray cat. Two days later, the
wound was red and swollen and drained purulent fluid. Pas-
teurella multocida was cultured from the wound. The drug of
choice to treat this infection is

(A) Amikacin

(B) Erythromycin

(C) Gentamicin

(D) Penicillin G

(E) Clindamycin

. Intimate contacts of patients with suspected plague pneumo-
nia should receive which of the following agents as chemo-
prophylaxis?

(A) Gentamicin

(B) Cefazolin

(C) Rifampin

10.

11.

12.

13.
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(D) Penicillin

(E) Doxycycline

In a patient who has the bubonic form of plague, all of the
following specimens are acceptable for diagnosis except

(A) Stool culture on hektoen enteric agar

(B) Blood culture using routine laboratory media

(C) Culture of alymph node aspirate on blood and MacConkey
agars

(D) Acute and convalescent serology

(E) Immunohistochemical staining of lymph node tissue

All of the following statements regarding the pFra/pMT plas-

mid of Yersinia pestis are true except

(A) It encodes the capsular protein (fraction FI) that confers
antiphagocytic properties.

(B) It contains genes that yield plasminogen-activating prote-
ase that has temperature-dependent coagulase activity.

(C) It contains genes that encode phospholipase D, which is
required for organism survival in the flea midgut.

(D) Itisunique to Y pestis.

(E) It encodes factors that are important for survival in both
the flea and the human.

All of the following statements regarding the epidemiology of

infections caused by Yersinia enterocolitica are correct except

(A) Most human infections are caused by serotype O:1.

(B) Humans acquire the infection from ingestion of food or
drinks contaminated by animals or animal products.

(C) Person-to-person spread is quite common.

(D) Alarge inoculum is required to cause infection.

(E) Infection is more prevalent in persons with histocompat-
ibility antigen HLA-B27.

Which of the following Pasteurella species has been associated

with infections of the female genital tract and of newborns?

(A) Pasteurella multocida

(B) Pasteurella pneumotropica

(C) Pasteurella ureae

(D) Pasteurella bettyae

Optimum recovery of Yersinia enterocolitica from the stools
of patients with gastroenteritis requires which of the following
specialized media?

(A) Cefsulodin-Irgasan-novobiocin agar

(B) Xylose-lysine decarboxylase agar

(C) Hektoen-enteric agar

(D) Regan-Lowe medium

(E) MacConkey agar

Which of the following organisms is likely to cause a transfu-
sion reaction even if the donor is asymptomatic?

(A) Pasteurella multocida

(B) Escherichia coli

(C) Pasteurella bettyae

(D) Yersinia enterocolitica

(E) None of the above

A 25-year-old graduate student is rushed to the operating room

for fever, acute abdominal pain, and leukocytosis suggestive

of acute appendicitis. During surgery, the appendix appears

normal, but numerous, enlarged mesenteric lymph nodes are

present. A likely diagnosis is

(A) Epstein-Barr virus infection causing atypical infectious
mononucleosis
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15.
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(B) Mesenteric lymphadenitis caused by Y pseudotuberculosis
(C) Gastrointestinal plague

(D) An unusual presentation of shigellosis

(E) Lymphadenitis caused by Pasteurella pneumotropica

A typical source of the infection in the case in question 13 is
(A) Contact with the patient’s pet cat saliva

(B) Accidental ingestion of prairie dog feces

(C) Ingestion of contaminated water or food

(D) Direct contact with another infected individual

(E) Bite of an infected arthropod

An organism suspected of being Yersinia pestis is recovered
from a patient with sepsis. The isolate has bipolar staining is
catalase positive but is oxidase and urease negative and is non-
motile. At this point, what should be done?

(A) Nothing; the laboratory has confirmed the diagnosis.

(B) Inoculate the isolate to an identification kit or automated
system for confirmation.

(C) Call the police because there is a possible bioterrorism
event.

(D) Send the isolate to the nearest public health laboratory for
confirmation.

(E) Send the isolate to the hospital across town for sequencing.

Answers

Ll

A 5. D 9. C
10. D
11. A

12. D

13. B
14. C

E
E 7. A 15. D
C
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The Neisseriae

The family Neisseriaceae includes the genera Neisseria,
Kingella, Eikenella, Simonsiella, and Alysiella (see Chapter 16).
The neisseriae are gram-negative cocci that usually occur
in pairs (diplococci). Neisseria gonorrhoeae (gonococci) and
Neisseria meningitidis (meningococci) are pathogenic for
humans and typically are found associated with or inside
polymorphonuclear cells. Some neisseriae are normal inhab-
itants of the human respiratory tract, rarely if ever cause
disease, and occur extracellularly. Members of the group are
listed in Table 20-1.

Gonococci and meningococci are closely related, with
70% DNA homology, and are differentiated by a few labo-
ratory tests and specific characteristics: Meningococci
have polysaccharide capsules but gonococci do not, and
meningococci rarely have plasmids but most gonococci
do. Most importantly, the two species are differentiated by
the usual clinical presentations of the diseases they cause:
Meningococci typically are found in the upper respiratory
tract and cause meningitis, but gonococci cause genital infec-
tions. The clinical spectra of the diseases caused by gonococci
and meningococci overlap, however.

Morphology and Identification
A. Typical Organisms

The typical Neisseria is a gram-negative, nonmotile diplo-
coccus, approximately 0.8 wm in diameter (Figures 20-1 and
20-2). Individual cocci are kidney shaped; when the organ-
isms occur in pairs, the flat or concave sides are adjacent.

B. Culture

In 48 hours on enriched media (eg, modified Thayer-Martin,
Martin-Lewis, GC-Lect, and New York City), gonococci and
meningococci form convex, glistening, elevated, mucoid
colonies 1-5 mm in diameter. Colonies are transparent or
opaque, nonpigmented, and nonhemolytic. Neisseria flave-
scens, Neisseria cinerea, Neisseria subflava, and Neisseria
lactamica may have yellow pigmentation. Neisseria sicca
produces opaque, brittle, wrinkled colonies. Moraxella
catarrhalis produces nonpigmented or pinkish gray opaque
colonies.

CHAUPTER

C. Growth Characteristics

The neisseriae grow best under aerobic conditions, but some
grow in an anaerobic environment. They have complex
growth requirements. Most neisseriae oxidize carbohydrates,
producing acid but not gas, and their carbohydrate patterns
are a means of distinguishing them (see Table 20-1). The neis-
seriae produce oxidase and give positive oxidase reactions;
the oxidase test is a key test for identifying them. When
bacteria are spotted on a filter paper soaked with tetrameth-
ylparaphenylenediamine hydrochloride (oxidase), the neisse-
riae rapidly turn dark purple.

Meningococci and gonococci grow best on media con-
taining complex organic substances such as heated blood,
hemin, and animal proteins and in an atmosphere containing
5% CO, (eg, candle jar). Growth is inhibited by some toxic con-
stituents of the medium (eg, fatty acids or salts). The organisms
are rapidly killed by drying, sunlight, moist heat, and many
disinfectants. They produce autolytic enzymes that result in
rapid swelling and lysis in vitro at 25°C and at an alkaline pH.

NEISSERIA GONORRHOEAE

Gonococci oxidize only glucose and differ antigenically from
the other neisseriae. Gonococci usually produce smaller
colonies than those of the other neisseriae. Gonococci that
require arginine, hypoxanthine, and uracil (Arg-, Hyx", and
Ura~ auxotype) tend to grow most slowly on primary culture.
Gonococci isolated from clinical specimens or maintained
by selective subculture have typical small colonies contain-
ing piliated bacteria. On nonselective subculture, larger
colonies containing nonpiliated gonococci are also formed.
Opaque and transparent variants of both the small and large
colony types also occur; the opaque colonies are associated
with the presence of a surface-exposed protein, Opa.

Antigenic Structure

N gonorrhoeae is antigenically heterogeneous and capable of
changing its surface structures in vitro—and presumably in
vivo—to avoid host defenses. Surface structures include the
following.

285
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TABLE 20-1 Biochemical Reactions of the Neisseriae and Moraxella catarrhalis
Acid Formed from
Growth on MTM, ML, Sucrose or
or NYC Medium? Glucose Maltose Lactose Fructose DNAse
Neisseria gonorrhoeae =5 4 - - — -
Neisseria meningitidis + + + = — _
Neisseria lactamica + + + + - _
Neisseria sicca — b + _ + _
Neisseria subflava - & 4 _ + _
Neisseria mucosa — b + — + _
Neisseria flavescens - - = - — _
Neisseria cinerea = - - = - —
Neisseria polysaccharea + A + - - =
Neisseria elongata - —/w = = — _
Moraxella catarrhalis - - = = — +

2ML, Martin-Lewis medium; MTM, modified Thayer-Martin medium; NYC, New York City medium.

A. Pili (Fimbriae)

Pili are the hairlike appendages that extend up to several
micrometers from the gonococcal surface. They enhance
attachment to host cells and resistance to phagocytosis. They
are made up of stacked pilin proteins (molecular weight

FIGURE 20-1 Gram stain of a urethral exudate of a patient
with gonorrhea. Nuclei of many polymorphonuclear cells are seen
(large arrows). Intracellular gram-negative diplococci (Neisseria
gonorrhoeae) in one polymorphonuclear cell are marked by the
small arrow.

[MW], 17-21kDa). The amino terminal of the pilin molecule,
which contains a high percentage of hydrophobic amino
acids, is conserved. The amino acid sequence near the mid-
portion of the molecule also is conserved; this portion of the
molecule serves in attachment to host cells and is less promi-
nent in the immune response. The amino acid sequence near
the carboxyl terminal is highly variable; this portion of the
molecule is most prominent in the immune response. The
pilins of almost all strains of N gonorrhoeae are antigenically
different, and a single strain can make many antigenically
distinct forms of pilin.

B. Por

Por protein extends through the gonococcal cell membrane.
It occurs in trimers to form pores in the surface through

Quter
membrane

Peptidoglycan
Cytoplasmic Cell envelope

membrane Peptidoglycan

Quter
membrane

Cytoplasmic
membrane

FIGURE 20-2 Collage and drawing of Neisseria gonorrhoeae
showing pili and the three layers of the cell envelop.



which some nutrients enter the cell. Por proteins may impact
intracellular killing of gonococci within neutrophils by pre-
venting phagosome-lysosome fusion. In addition, variable
resistance of gonococci to killing by normal human serum
depends on whether Por protein selectively binds to comple-
ment components C3b and C4b. The MW of Por varies from
32-36 kDa. Each strain of gonococcus expresses only one
of two types of Por, but the Por of different strains is anti-
genically different. Serologic typing of Por by agglutination
reactions with monoclonal antibodies has distinguished 18
serovars of PorA and 28 serovars of PorB. (Serotyping is done
only in reference laboratories.)

C. Opa Proteins

These proteins function in adhesion of gonococci within col-
onies and in attachment of gonococci to host cell receptors
such as heparin-related compounds and CD66 or carcinoem-
bryonic antigen-related cell adhesion molecules. One portion
of the Opa molecule is in the gonococcal outer membrane,
and the rest is exposed on the surface. The MW of Opa ranges
from 20-28 kDa. A strain of gonococcus can express no, one,
two, or occasionally three types of Opa, but each strain has
11 or 12 genes for different Opas.

D. Rmp (Protein Ill)

This protein (MW, 30-31 kDa) is antigenically conserved in
all gonococci. It is a reduction-modifiable protein (Rmp) and
changes its apparent MW when in a reduced state. It associ-
ates with Por in the formation of pores in the cell surface.

E. Lipooligosaccharide

In contrast to the enteric gram-negative rods (see Chapters 2
and 15), gonococcal lipopolysaccharide (LPS) does not have
long O-antigen side chains and is called a lipooligosac-
charide (LOS). Its MW is 3-7 kDa. Gonococci can express
more than one antigenically different LOS chain simultane-
ously. Toxicity in gonococcal infections is largely attributable
to the endotoxic effects of LOS. Specifically, in the fallopian
tube explant model, LOS causes ciliary loss and mucosal cell
death.

In a form of molecular mimicry, gonococci make LOS
molecules that structurally resemble human cell membrane
glycosphingolipids. A structure is depicted in Figure 20-3.
The gonococcal LOS and the human glycosphingolipid of the
same structural class react with the same monoclonal anti-
body, indicating the molecular mimicry. The presence on the
gonococcal surface of the same surface structures as human
cells helps gonococci evade immune recognition.

The terminal galactose of human glycosphingolipids is
often conjugated with sialic acid. Sialic acid is a nine-carbon,
5-N-acetylated ketulosonicacid also called N-acetylneuraminic
acid (NANA). Gonococci do not make sialic acid but do
make a sialyltransferase that functions to take NANA from
the human nucleotide sugar cytidine 5’-monophospho-N-
acetylneuraminic acid (CMPNANA) and place the NANA
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on the terminal galactose of a gonococcal acceptor LOS. This
sialylation affects the pathogenesis of gonococcal infection.
It makes the gonococci resistant to killing by the human
antibody-complement system and interferes with gonococcal
binding to receptors on phagocytic cells.

N meningitidis and Haemophilus influenzae make many
but not all of the same LOS structures as N gonorrhoeae. The
biology of the LOS for the three species and for some of the
nonpathogenic Neisseria species is similar. Four of the vari-
ous serogroups of N meningitidis make different sialic acid
capsules (see later discussion), indicating that they also have
biosynthetic pathways different from those of gonococci.
These four serogroups sialylate their LOS using sialic acid
from their endogenous pools.

F. Other Proteins

Several antigenically constant proteins of gonococci have
poorly defined roles in pathogenesis. Lip (H8) is a surface-
exposed protein that is heat modifiable like Opa. The Fbp
(ferric-binding protein), similar in MW to Por, is expressed
when the available iron supply is limited, such as in human
infection. Gonococci elaborate an IgA1 protease that splits
and inactivates IgAl, a major mucosal immunoglobulin of
humans. Meningococci, H influenzae, and Streptococcus
pneumoniae elaborate similar IgA1 proteases.

Genetics and Antigenic Heterogeneity

Gonococci have evolved mechanisms for frequently switch-
ing from one antigenic form (pilin, Opa, or LPS) to another
antigenic form of the same molecule. This switching takes
place in one in every 10*°-10° gonococci, an extremely rapid
rate of change for bacteria. Because pilin, Opa, and LPS are
surface-exposed antigens on gonococci, they are important
in the immune response to infection. The molecules’ rapid
switching from one antigenic form to another helps the gono-
cocci elude the host immune system.

The switching mechanism for pilin, which has been
the most thoroughly studied, is different from the mecha-
nism for Opa.

Gonococci have multiple genes that code for pilin, but
only one gene is inserted into the expression site. Gonococci
can remove all or part of this pilin gene and replace it with all
or part of another pilin gene. This mechanism allows gono-
cocci to express many antigenically different pilin molecules
over time.

The switching mechanism of Opa involves, at least in
part, the addition or removal from the DNA of one or more
of the pentameric coding repeats preceding the sequence that
codes for the structural Opa gene. The switching mechanism
of LPS is unknown.

The antigens and heterogeneity of types are shown in
Table 20-2.

Gonococci contain several plasmids; 95% of strains
have a small, “cryptic” plasmid (MW, 2.6mDa) of unknown
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FIGURE 20-3 Structure of gonococcal lipooligosaccharide, which has lacto-N-neotetraose and a terminal galactosamine in a structure similar to the human ganglioside
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TABLE 20-2 Antigenic Heterogeneity of Neisseria
gonorrhoeae

Antigen Number of Types

Pilin Hundreds

Por (protein) (U.S. system) PorA with 18 subtypes PorB

with 28 subtypes
Opa (protein I1) Many (perhaps hundreds)
Rmp (protein 1) One

Lipooligosaccharide Eight or more

Fbp (iron-binding protein) One
Lip (H8) One
IgA1 protease Two

function. Two other plasmids (MW, 3.4 mDa and 4.7 mDa)
contain genes that code for TEM-1 type (penicillinases)
B-lactamases, which causes resistance to penicillin. These
plasmids are transmissible by conjugation among gono-
cocci; they are similar to a plasmid found in penicillinase-
producing Haemophilus species and may have been acquired
from Haemophilus or other gram-negative organisms.
About 5-20% of gonococci contain a plasmid (MW, 24.5 X
10° kDa) with the genes that code for conjugation; the
incidence is highest in geographic areas where penicillinase-
producing gonococci are most common. High-level tetracy-
cline resistance (minimal inhibitory concentrations [MICs] of
216 mg/L) has developed in gonococci by the insertion of a
streptococcal gene tetM coding for tetracycline resistance
into the conjugative plasmid.

Pathogenesis, Pathology,
and Clinical Findings

Gonococci exhibit several morphologic types of colonies
(see earlier discussion), but only piliated bacteria appear to
be virulent. Opa protein expression varies depending on the
type of infection. Gonococci that form opaque colonies are
isolated from men with symptomatic urethritis and from
uterine cervical cultures at midcycle. Gonococci that form
transparent colonies are frequently isolated from men with
asymptomatic urethral infection; from menstruating women;
and from patients with invasive forms of gonorrhea, includ-
ing salpingitis and disseminated infection. Antigenic varia-
tion of surface proteins during infection allows the organism
to circumvent host immune response.

Gonococci attack mucous membranes of the genitouri-
nary tract, eye, rectum, and throat, producing acute sup-
puration that may lead to tissue invasion; this is followed
by chronic inflammation and fibrosis. Men usually have
urethritis, with yellow, creamy pus and painful urination.
The process may extend to the epididymis. As suppuration
subsides in untreated infection, fibrosis occurs, sometimes
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leading to urethral strictures. Urethral infection in men can
be asymptomatic. In women, the primary infection is in the
endocervix and extends to the urethra and vagina, giving rise
to mucopurulent discharge. It may then progress to the uter-
ine tubes, causing salpingitis, fibrosis, and obliteration of the
tubes. Infertility occurs in 20% of women with gonococcal
salpingitis. Chronic gonococcal cervicitis and proctitis are
often asymptomatic.

Gonococcal bacteremia leads to skin lesions (especially
hemorrhagic papules and pustules) on the hands, forearms,
feet, and legs and to tenosynovitis and suppurative arthritis,
usually of the knees, ankles, and wrists. Gonococci can be
cultured from blood or joint fluid of only 30% of patients
with gonococcal arthritis. Gonococcal endocarditis is an
uncommon but severe infection. Gonococci sometimes
cause meningitis and eye infections in adults; these have
manifestations similar to those caused by meningococci.
Complement deficiency is frequently found in patients with
gonococcal bacteremia. Patients with bacteremia, especially
if recurrent, should be tested for total hemolytic complement
activity.

Gonococcal ophthalmia neonatorum, an infection of
the eye in newborns, is acquired during passage through an
infected birth canal. The initial conjunctivitis rapidly pro-
gresses and, if untreated, results in blindness. To prevent
gonococcal ophthalmia neonatorum, instillation of tetracy-
cline, erythromycin, or silver nitrate into the conjunctival sac
of newborns is compulsory in the United States.

Gonococci that produce localized infection are often
serum sensitive (ie, killed by antibody and complement).

Diagnostic Laboratory Tests

A. Specimens

Pus and secretions are taken from the urethra, cervix, rec-
tum, conjunctiva, throat, or synovial fluid for culture and
smear. Blood culture is necessary in systemic illness, but a
special culture system is helpful because gonococci (and
meningococci) may be susceptible to the polyanethol sulfo-
nate present in standard blood culture media.

B. Smears

Gram-stained smears of urethral or endocervical exudates
reveal many diplococci within pus cells. These give a pre-
sumptive diagnosis. Stained smears of the urethral exudate
from men have a sensitivity of about 90% and a specificity of
99%. Stained smears of endocervical exudates have a sensitiv-
ity of about 50% and a specificity of about 95% when exam-
ined by an experienced microscopist. Additional diagnostic
testing of urethral exudates from men is not necessary when
the stain result is positive, but nucleic acid amplification tests
(NAATs) or cultures should be done for women. Stained
smears of conjunctival exudates can also be diagnostic, but
those of specimens from the throat or rectum are generally
not helpful.
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C. Culture

Immediately after collection, pus or mucus is streaked on
enriched selective medium (eg, modified Thayer-Martin
medium [MTM]) and incubated in an atmosphere containing
5% CO, (candle extinction jar) at 37°C. To avoid overgrowth
by contaminants, the selective medium contains antimicro-
bial drugs (eg, vancomycin, 3 pg/mkL; colistin, 7.5 ug/mL;
amphotericin B, 1 ug/mL; and trimethoprim, 3 pug/mL). If
immediate incubation is not possible, the specimen should be
placed in a CO,-containing transport-culture system. Forty-
eight hours after culture, the organisms can be quickly identi-
fied by their appearance on a Gram-stained smear; by oxidase
positivity; and by coagglutination, immunofluorescence
staining, or other laboratory tests. The species of subcultured
bacteria may be determined by oxidation of specific carbo-
hydrates (see Table 20-1). Matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF
MS) has potential to provide rapid (same-day) identification
of cultured isolates. The gonococcal isolates from anatomic
sites other than the genital tract or from children should be
identified as to species using two different confirmatory tests
because of the legal and social implications of a positive cul-
ture result.

D. Nucleic Acid Amplification Tests

Several Food and Drug Administration-cleared nucleic
acid amplification assays are available for direct detection
of N gonorrhoeae in genitourinary specimens, and these
are the preferred tests from these sources. In general, these
assays have excellent sensitivity and specificity in symp-
tomatic, high-prevalence populations. Advantages include
better detection, more rapid results, and the ability to use
urine as a specimen source. Disadvantages include poor
specificity of some assays because of cross-reactivity with
nongonococcal Neisseria species. These assays are not rec-
ommended for use for the diagnosis of extragenital gono-
coccal infections or for infection in children. NAATSs are
not recommended as tests of cure because nucleic acid may
persist in patient specimens for up to 3 weeks after success-
ful treatment.

E. Serology

Serum and genital fluid contain immunoglobulin G (IgG)
and IgA antibodies against gonococcal pili, outer membrane
proteins, and LPS. Some IgM of human sera is bactericidal for
gonococci in vitro.

In infected individuals, antibodies to gonococcal pili and
outer membrane proteins can be detected by immunoblot-
ting, radioimmunoassay, and ELISA (enzyme-linked immu-
nosorbent assay) tests. However, these tests are not useful
as diagnostic aids for several reasons, including gonococcal
antigenic heterogeneity, the delay in development of antibod-
ies in acute infection, and a high background level of antibod-
ies in the sexually active population.

Immunity

Repeated gonococcal infections are common. Protective
immunity to reinfection does not appear to develop as part of
the disease process, because of the antigenic variety of gono-
cocci. Although antibodies can be demonstrated, including
the IgA and IgG on mucosal surfaces, they are either highly
strain specific or have little protective ability.

Treatment

Since the development and widespread use of penicillin,
gonococcal resistance to penicillin has gradually risen, owing
to the selection of chromosomal mutants, so that many strains
now require high concentrations of penicillin G for inhibi-
tion (MIC 22 pg/mL). Penicillinase-producing N gonor-
rhoeae (PPNG) also have increased in prevalence (see earlier
discussion). Chromosomally mediated resistance to tetracy-
cline (MIC >2 pg/mL) is common. High-level resistance to
tetracycline (MIC >32 ug/mL) also occurs. Spectinomycin
resistance as well as resistance to fluoroquinolones has been
noted. Single-dose fluoroquinolone treatment was recom-
mended for treatment of gonococcal infections from 1993
until 2006. Since 2006, rates of quinolone resistance among
gonococcal isolates have exceeded 5% in men who have sex
with men and in heterosexual men. Because of the problems
with antimicrobial resistance in N gonorrhoeae, the Centers
for Disease Control and Prevention (CDC) recommends
that patients with uncomplicated genital or rectal infections
be treated with ceftriaxone (250 mg) given intramuscularly
as a single dose or 400 mg of oral cefixime as a single dose.
Additional therapy with 1 g of azithromycin orally in a sin-
gle dose or with 100 mg of doxycycline orally twice a day for
7 days is recommended for possible concomitant chlamydial
infections. Azithromycin has been found to be safe and effec-
tive in pregnant women, but doxycycline is contraindicated.
Modifications of these therapies are recommended for other
types of N gonorrhoeae infection. See the CDC’s website for
the 2010 updated treatment guidelines (http://www.cdc.gov/
mmwtr/pdf/rr/rr5912.pdf).

Because other sexually transmitted diseases may have
been acquired at the same time as gonorrhea, steps must also
be taken to diagnose and treat these diseases (see discussions
of chlamydiae, syphilis, and so on).

Epidemiology, Prevention, and Control

Gonorrhea is worldwide in distribution. In the United
States, its incidence rose steadily from 1955 until the late
1970s, when the incidence was between 400 and 500 cases
per 100,000 population. Between 1975 and 1997, there was
a 74% decline in the rate of reported gonococcal infections.
Thereafter, the rates plateaued for 10 years, decreased from
2006-2009, but increased by 2.8% between 2009 and 2010.
Gonorrhea is exclusively transmitted by sexual contact,
often by women and men with asymptomatic infections.
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The infectivity of the organism is such that the chance of
acquiring infection from a single exposure to an infected
sexual partner is 20-30% for men and even greater for
women. The infection rate can be reduced by avoiding mul-
tiple sexual partners, rapidly eradicating gonococci from
infected individuals by means of early diagnosis and treat-
ment, and finding cases and contacts through education and
screening of populationsathigh risk. Mechanical prophylaxis
(condoms) provides partial protection. Chemoprophylaxis is
of limited value because of the rise in antibiotic resistance of
the gonococcus.

Gonococcal ophthalmia neonatorum is prevented by
local application of 0.5% erythromycin ophthalmic ointment
or 1% tetracycline ointment to the conjunctiva of newborns.
Although instillation of silver nitrate solution is also effective
and is the classic method for preventing ophthalmia neonato-
rum, silver nitrate is difficult to store and causes conjunctival
irritation; its use has largely been replaced by use of erythro-
mycin or tetracycline ointment.

NEISSERIA MENINGITIDIS

Antigenic Structure

At least 13 serogroups of meningococci have been identi-
fied by immunologic specificity of capsular polysaccha-
rides. The most important serogroups associated with
disease in humans are A, B, C, X, Y, and W-135. The group
A polysaccharide is a polymer of N-acetylmannosamine
phosphate, and that of group C is a polymer of N-acetyl-
O-acetylneuraminic acid. Meningococcal antigens are
found in blood and cerebrospinal fluid of patients with
active disease. Outbreaks and sporadic cases in the Western
hemisphere in the past decade have been caused mainly by
groups B, C, W-135, and Y; outbreaks in southern Finland
and Sao Paulo, Brazil, were caused by groups A and C; out-
breaks in New Zealand have been caused by a particular B
strain; and those in Africa were mainly caused by group A.
Group C and, especially, group A are associated with epi-
demic disease.

The outer membrane proteins of meningococci have
been divided into classes on the basis of MW. All strains
have class 1, class 2, or class 3 proteins; these are analogous
to the Por proteins of gonococci and are responsible for the
serotype specificity of meningococci. These proteins play
a role in attachment. As many as 20 serotypes have been
defined; serotypes 2 and 15 have been associated with epi-
demic disease. The Opa (class 5) protein is comparable to
Opa of the gonococci. Meningococci are piliated, but unlike
gonococci, they do not form distinctive colony types indi-
cating piliated bacteria. Meningococcal LPS is responsible
for many of the toxic effects found in meningococcal dis-
ease. The highest levels of endotoxin measured in sepsis have
been found in patients with meningococcemia (50- to 100-
fold greater than with other gram-negative infections).
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Pathogenesis, Pathology,
and Clinical Findings

Humans are the only natural hosts for whom meningococci
are pathogenic. The nasopharynx is the portal of entry. There,
the organisms attach to epithelial cells with the aid of pili;
they may form part of the transient flora without producing
symptoms. From the nasopharynx, organisms may reach
the bloodstream, producing bacteremia; the symptoms may
be similar to those of an upper respiratory tract infection.
Fulminant meningococcemia is more severe, with a high
fever and a hemorrhagic rash; the patient may have dissemi-
nated intravascular coagulation and circulatory collapse
(Waterhouse-Friderichsen syndrome).

Meningitis is the most common complication of menin-
gococcemia. It usually begins suddenly with an intense head-
ache, vomiting, and stiff neck and progresses to coma within
a few hours.

During meningococcemia, there is thrombosis of many
small blood vessels in many organs, with perivascular infil-
tration and petechial hemorrhages. There may be interstitial
myocarditis, arthritis, and skin lesions. In meningitis, the
meninges are acutely inflamed, with thrombosis of blood
vessels and exudation of polymorphonuclear leukocytes, so
that the surface of the brain is covered with a thick purulent
exudate.

It is not known what transforms an asymptomatic infec-
tion of the nasopharynx into meningococcemia and menin-
gitis, but this can be prevented by specific bactericidal serum
antibodies against the infecting serotype. Neisseria bactere-
mia is favored by the absence of bactericidal antibody (IgM
and IgQ), inhibition of serum bactericidal action by a block-
ing IgA antibody, or a complement component deficiency
(C5, C6, C7, or C8). Meningococci are readily phagocytosed
in the presence of a specific opsonin.

Diagnostic Laboratory Tests

A. Specimens

Specimens of blood are taken for culture, and specimens of
spinal fluid are taken for smear, culture, and chemical deter-
minations. Nasopharyngeal swab cultures are suitable for
carrier surveys. Puncture material from petechiae may be
taken for smear and culture.

B. Smears

Gram-stained smears of the sediment of centrifuged spinal
fluid or of petechial aspirate often show typical neisseriae
within polymorphonuclear leukocytes or extracellularly.

C. Culture

Culture media without sodium polyanethol sulfonate are
helpful in culturing blood specimens. Cerebrospinal fluid
specimens are plated on “chocolate” agar and incubated at
37°C in an atmosphere of 5% CO,. Freshly drawn spinal fluid
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can be directly incubated at 37°C if agar culture media are
not immediately available. A modified MTM with antibiot-
ics (vancomycin, colistin, amphotericin) favors the growth of
neisseriae, inhibits many other bacteria, and is used for naso-
pharyngeal cultures. Presumptive colonies of neisseriae on
solid media, particularly in mixed culture, can be identified
by Gram stain and the oxidase test. Spinal fluid and blood
generally yield pure cultures that can be further identified by
carbohydrate oxidative reactions (see Table 20-1) and aggluti-
nation with type-specific or polyvalent serum.

D. Serology

Antibodies to meningococcal polysaccharides can be mea-
sured by latex agglutination or hemagglutination tests or by
their bactericidal activity. These tests are done only in refer-
ence laboratories.

Immunity

Immunity to meningococcal infection is associated with
the presence of specific, complement-dependent, bacteri-
cidal antibodies in the serum. These antibodies develop after
subclinical infections with different strains or injection of
antigens and are group specific, type specific, or both. The
immunizing antigens for groups A, C, Y, and W-135 are the
capsular polysaccharides. For group B, a specific antigen
suitable for use as a vaccine has not been defined; however,
group B vaccines with mixtures of antigens have been used in
many parts of the world. Currently, there are three vaccines
against serogroups A, C, Y, and W-135 available in the United
States. A polysaccharide tetravalent vaccine (Menomune®,
Sanofi Pasteur) in which each dose consists of four purified
bacterial capsular polysaccharides is poorly immunogenic in
children younger than age 18 months, does not confer long-
lasting immunity and does not cause a sustainable reduction
in nasopharyngeal carriage. A tetravalent conjugate vaccine
approved in 2005 (Menactra™, Sanofi Pasteur) is licensed
for use in persons 9 months to 55 years of age. It contains
capsular polysaccharide conjugated to diphtheria toxoid.
Menveo is another tetravalent conjugate vaccine in which
A, C, Y, W135 oligosaccharide is conjugated to diphtheria
CRM197 (Novartis, Inc.). This vaccine is approved for use in
individuals 2-55 years of age. The advantage of these vaccines
is that a T cell-dependent response to vaccine is induced.
This enhances primary response among infants and substan-
tially reduces asymptomatic carriage. Routine vaccination of
young adolescents (ages 11-12 years) before high school using
the conjugated vaccine is now recommended. Vaccination is
also recommended for persons 11-55 years of age who are
among the following at-risk groups: persons with functional
or surgical asplenia, persons with complement deficiencies,
travelers to highly endemic areas (eg, sub-Saharan Africa),
“closed populations” such as college freshman living in dorms
and the military, populations experiencing a community out-
break, and clinical laboratory workers (microbiologists).

Treatment

Penicillin G is the drug of choice for treating patients with
meningococcal disease. Either chloramphenicol or a third-
generation cephalosporin such as cefotaxime or ceftriaxone
is used in persons who are allergic to penicillins.

Epidemiology, Prevention, and Control

Meningococcal meningitis occurs in epidemic waves (eg, in
military encampments, in religious pilgrims, and in sub-
Saharan Africa); and a smaller number of sporadic interepi-
demic cases. About 5-30% of the normal population may
harbor meningococci (often nontypeable isolates) in the
nasopharynx during interepidemic periods. During epidem-
ics, the carrier rate goes up to 70-80%. A rise in the number
of cases is preceded by an increased number of respiratory
carriers. Treatment with oral penicillin does not eradicate the
carrier state. Rifampin, 600 mg orally twice daily for 2 days
(or ciprofloxacin in adults, 500 mg as a single dose), can often
eradicate the carrier state and serve as chemoprophylaxis for
household and other close contacts. Since the appearance of
many sulfonamide-resistant meningococci, chemoprophy-
laxis with sulfonamides is no longer reliable.

Clinical cases of meningitis present only a negligible
source of infection, and isolation therefore has only limited
usefulness. More important is the reduction of personal
contacts in a population with a high carrier rate. This is
accomplished by avoidance of crowding or administration of
vaccines as discussed. As mentioned, such vaccines are cur-
rently used in selected populations (eg, the military and in
civilian epidemics).

OTHER NEISSERIAE

Neisseria lactamica very rarely causes disease but is impor-
tant because it grows in the selective media (eg, modified
MTM) used for cultures of gonococci and meningococci
from clinical specimens. N lactamica can be cultured from
the nasopharynx of 3-40% of persons and most often is found
in children. Unlike the other neisseriae, it ferments lactose.

N sicca, N subflava, N cinerea, N mucosa, and N flave-
scens are also members of the normal microbiota of the respi-
ratory tract, particularly the nasopharynx, and very rarely
produce disease. N cinerea sometimes resembles N gonor-
rhoeae because of its morphology and positive hydroxyprolyl
aminopeptidase reaction.

M catarrhalis was previously named Branhamella
catarrhalis and before that Neisseria catarrhalis. It is a mem-
ber of the normal microbiota in 40% to 50% of healthy school
children. M catarrhalis causes bronchitis, pneumonia, sinus-
itis, otitis media, and conjunctivitis. It is also of concern as
a cause of infection in immunocompromised patients. Most
strains of M catarrhalis from clinically significant infections
produce B-lactamase. M catarrhalis can be differentiated
from the neisseriae by its lack of carbohydrate fermentation




and by its production of DNase. It produces butyrate ester-
ase, which forms the basis for rapid fluorometric tests for
identification.

CHAPTER SUMMARY

o The genus Neisseria consists of two major pathogens,
N gonorrhoeae and N meningitidis; both of them have
elaborated factors that facilitate disease in otherwise
healthy people. The remaining species constitute part of
the normal human microbiota of the respiratory tract
and may play a role in localized infections.

o Members of this genus are gram-negative diplococci that
vary in their growth requirements. N gonorrhoeae is very
fastidious, and selective enriched media containing anti-
biotics, amino acids, and so on are used to recover the
organism in clinical cultures. The other species are less
fastidious and grow on routine laboratory media.

o N gonorrhoeae causes the sexually transmitted disease
gonorrhea and is characterized by purulent cervicitis in
women and purulent urethral discharge in men. Infants
born to women infected at the time of delivery may
develop purulent conjunctivitis.

»  Diagnosis is made primarily by NAATS; treatment con-
sists of intramuscular ceftriaxone or oral cefixime plus
an agent such as azithromycin or doxycycline to treat
concomitant Chlamydia infections.

o N meningitidis is the cause of endemic and epidemic
meningitis. Its major virulence factor is the thick poly-
saccharide capsule. There are approximately 13 capsular
types, the most common of which are A, B, C, X, Y, and
W-135.

«  Meningococcal meningitis is a serious infection that car-
ries a high morbidity and is often associated with sepsis
because of its potent LOS. Penicillin is the drug of choice.

»  Diagnosis is made by culturing the cerebrospinal fluid on
chocolate agar incubated at 37°C in CO,,.

o Prevention consists of immunization with one of two
conjugate vaccines (routinely recommended for children
11-12 years of age) or the polysaccharide vaccine.

REVIEW QUESTIONS

1. The inhabitants of a group of small villages in rural sub-

Saharan Africa experienced an epidemic of meningitis. Ten
percent of the people died, most of them younger than the age
of 15 years. The microorganism that most likely caused this
epidemic was
(A) Streptococcus agalactiae (group B)
(B) Escherichia coli K1 (capsular type 1)
(C) Haemophilus influenzae serotype b
(D) Neisseria meningitidis serogroup A
(E) West Nile virus

2. A 19-year-old man presented to the clinic with a urethral
discharge for the past 24 hours. Neisseria gonorrhoeae was
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cultured from the specimen and found to be B-lactamase posi-
tive and resistant to high levels (=32 pg/mL) of tetracycline.
Which of the following statements about these antimicrobial
resistance factors is correct?

(A) P-lactamase production and high-level resistance to tetra-
cycline are both mediated by genes on plasmids.

(B) Whereas B-lactamase production is mediated by a gene on
the bacterial chromosome, high-level tetracycline resis-
tance is mediated by a gene on a plasmid.

(C) Whereas B-lactamase production is mediated by a gene on
a plasmid, high-level tetracycline resistance is mediated by
a gene on the bacterial chromosome.

(D) B-lactamase production and high-level resistance to tet-
racycline are both mediated by genes on the bacterial
chromosome.

. A 6-year-old boy develops a fever and headache. He is taken

to the emergency department, where he is noted to have a stiff
neck, suggesting meningeal irritation. A lumbar puncture is
done, and culture of the cerebrospinal fluid grows Neisseria
meningitidis serogroup B. Which of the following should be
considered for his family (household) members?

(A) No prophylaxis or other steps are necessary.

(B) They should be given N meningitidis pilin vaccine.

(C) They should be given N meningitidis serogroup B polysac-
charide capsule vaccine.

(D) They should be given rifampin prophylaxis.

(E) They should be given sulfonamide prophylaxis.

. An 18-year-old woman who reports unprotected sex with a

new partner 2 weeks previously develops fever and left lower
quadrant abdominal pain with onset in association with her
menstrual period. On pelvic examination in the emergency
department, she has bilateral tenderness when the uterus is pal-
pated. A mass 2-3 cm in diameter is felt on the left, suggestive
of tubo-ovarian abscess. Subsequently, Neisseria gonorrhoeae
is cultured from her endocervix. The diagnosis is gonococ-
cal pelvic inflammatory disease. A common sequela of this
infection is

(A) Cancer of the cervix
(B) Urethral stricture

(C) Uterine fibroid tumors
(D) Infertility

(E) Vaginal-rectal fistula

. A 38-year-old vice squad police officer comes to the emergency

department with a chief complaint expressed as follows: “I have

disseminated gonococcal infection again.” He is correct. Cul-

tures of his urethra and knee fluid yield Neisseria gonorrhoeae.

He has previously had five episodes of disseminated gonococcal

infection. The patient should be evaluated for

(A) Selective IgA deficiency

(B) A polymorphonuclear cell chemotactic defect

(C) Deficiency of a late-acting complement component C5, C6,
C7,0r C8

(D) Absent lymphocyte adenosine deaminase activity

(E) Myeloperoxidase deficiency

. Which of the following individuals should routinely receive

vaccination with the conjugate meningococcal vaccine?
(A) A healthy young adolescent entering high school
(B) A healthy child entering kindergarten

(C) A 60-year-old man with insulin-dependent diabetes
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(D) A healthy 40-year-old technician who works in a cancer
research laboratory
(E) A 65-year-old woman with coronary artery disease

. A 25-year-old sexually active woman presents with purulent

vaginal discharge and dysuria 7 days after having unprotected
sexual intercourse with a new partner. Of the choices below,
what is the most sensitive diagnostic method for determining
the likely etiologic agent?

(A) Gram stain

(B) An enzyme immunoassay

(C) Bacterial culture on selective media

(D) A nucleic acid amplification test

(E) Serology

. What is the currently recommended treatment for gonococcal

urethritis in men who have sex with men in the United States?
(A) Single dose of an oral fluoroquinolone

(B) Seven days of oral doxycycline

(C) Ceftriaxone given intramuscularly as a single dose

(D) Spectinomycin given intramuscularly as a single dose

(E) Seven days of oral amoxicillin

. Which of the following cell components produced by Neisseria

gonorrhoeae is responsible for attachment to host cells?

(A) Lipooligosaccharide

(B) Pili (fimbriae)

(C) IgAl protease

(D) Outer membrane porin protein

(E) Iron-binding protein

A 60-year-old man with severe chronic lung disease presents
with fever, cough productive of purulent sputum, and worsen-
ing hypoxemia. A sputum sample is collected, and the specimen
is sent promptly to the laboratory. Microscopic examination of
a Gram stain reveals numerous polymorphonuclear leukocytes
and predominately gram-negative diplococci that are both
intracellular and extracellular. The organism grows well on 5%
SBA and chocolate agar and is positive for butyrate esterase.
What is the most likely organism causing this man’s illness?
(A) Neisseria gonorrhoeae

(B) Neisseria lactamica

(C) Moraxella catarrhalis

(D) Haemophilus influenzae

(E) Neisseria meningitidis

One major advantage of the conjugate meningococcal vaccines
compared with the polysaccharide vaccine is

(A) Stimulation of mucosal secretory IgA

(B) Fewer side effects

(C) AT cell-dependent response to vaccine is induced

(D) Inclusion of serogroup B

A 25-year-old woman presents with septic arthritis of the knee.
The fluid aspirate grows a gram-negative diplococcus on choco-
late agar after 48 hours of incubation. The isolate is oxidase pos-
itive and oxidizes glucose but not maltose, lactose, or sucrose.
You suspect infection with

(A) Neisseria meningitidis

(B) Neisseria lactamica

(C) Moraxella catarrhalis
(D) Neisseria gonorrhoeae
(E) None of the above
13. All of the following are virulence factors associated with N gon-
orrhoeae except
(A) Pili
(B) Por
(C) Lipooligosaccharide
(D) Opa proteins
(E) A thick polysaccharide capsule
14. The prevalence of gonococcal infections increased between
2009 and 2010.
(A) True
(B) False
15. A useful test to differentiate Moraxella catarrhalis from sapro-
phytic neisseriae in respiratory samples is
(A) Butyrate esterase
(B) Gram stain
(C) Growth on 5% sheep blood agar
(D) PYR
(E) Oxidase

Answers

1. D 5 C 9. B 13. E
2. A 6. A 10. C 14. A
3. D 7. D 11. C 15. A
4. D 8. C 12. D
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Infections Caused by

Anaerobic Bacteria

Medically important infections caused by anaerobic bacte-
ria are common. The infections are often polymicrobial—
that is, the anaerobic bacteria are found in mixed infections
with other anaerobes, facultative anaerobes, and aerobes
(see the glossary of definitions). Anaerobic bacteria are
found throughout the human body—on the skin, on muco-
sal surfaces, and in high concentrations in the mouth and
gastrointestinal tract—as part of the normal microbiota (see
Chapter 10). Infection results when anaerobes and other
bacteria of the normal microbiota contaminate normally
sterile body sites.

Several important diseases are caused by anaerobic
Clostridium species from the environment or from normal
flora: botulism, tetanus, gas gangrene, food poisoning, and

GLOSSARY

Aerobic bacteria: Bacteria that require oxygen as a
terminal electron acceptor and will not grow under
anaerobic conditions (ie, in the absence of O,). Some
Micrococcus species and Nocardia asteroides are obligate
aerobes (ie, they must have oxygen to survive).

Anaerobic bacteria: Bacteria that do not use oxygen
for growth and metabolism but obtain their energy
from fermentation reactions. A functional definition of
anaerobes is that they require reduced oxygen tension
for growth and fail to grow on the surface of solid
medium in 10% CO, in ambient air. Bacteroides and
Clostridium species are examples of anaerobes.

Capnophilic bacteria: Bacteria that require carbon dioxide
for growth.

Facultative anaerobes: Bacteria that can grow either
oxidatively, using oxygen as a terminal electron
acceptor, or anaerobically, using fermentation reactions
to obtain energy. Such bacteria are common pathogens.
Streptococcus species and the Enterobacteriaceae
(eg, Escherichia coli) are among the many facultative
anaerobes that cause disease. Often, bacteria that are
facultative anaerobes are called “aerobes.”

CHAUPTER

pseudomembranous colitis. These diseases are discussed in
Chapters 9 and 11 and briefly later in this chapter.

PHYSIOLOGY AND GROWTH
CONDITIONS FOR ANAEROBES

Anaerobic bacteria do not grow in the presence of oxygen
and are killed by oxygen or toxic oxygen radicals (see later
discussion). pH and oxidation-reduction potential (E,) are
also important in establishing conditions that favor growth
of anaerobes. Anaerobes grow at a low or negative E, .

Aerobes and facultative anaerobes often have the meta-
bolic systems listed below, but anaerobic bacteria frequently
do not.

1. Cytochrome systems for the metabolism of O,
2. Superoxide dismutase (SOD), which catalyzes the follow-
ing reaction:

0, +0,+2H"*—>H,0,+0,
3. Catalase, which catalyzes the following reaction:

2H,0, — 2H,0 + O, (gas bubbles)

Anaerobic bacteria do not have cytochrome systems for
oxygen metabolism. Less fastidious anaerobes may have low
levels of SOD and may or may not have catalase. Most bac-
teria of the Bacteroides fragilis group have small amounts of
both catalase and SOD. There appear to be multiple mecha-
nisms for oxygen toxicity. Presumably, when anaerobes have
SOD or catalase (or both), they are able to negate the toxic
effects of oxygen radicals and hydrogen peroxide and thus
tolerate oxygen. Obligate anaerobes usually lack SOD and
catalase and are susceptible to the lethal effects of oxygen;
such strict obligate anaerobes are infrequently isolated from
human infections, and most anaerobic infections of humans
are caused by “moderately obligate anaerobes.”

The ability of anaerobes to tolerate oxygen or grow in
its presence varies from species to species. Similarly, there
is strain-to-strain variation within a given species (eg, one
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strain of Prevotella melaninogenica can grow at an O, con-
centration of 0.1% but not of 1%; another can grow at a
concentration of 2% but not of 4%). Also, in the absence of
oxygen, some anaerobic bacteria grow at a more positive E, .

Facultative anaerobes grow as well or better under
anaerobic conditions than they do under aerobic conditions.
Bacteria that are facultative anaerobes are often termed aer-
obes. When a facultative anaerobe such as Escherichia coli
is present at the site of an infection (eg, abdominal abscess),
it can rapidly consume all available oxygen and change to
anaerobic metabolism, producing an anaerobic environment
and low E, and thus allow the anaerobic bacteria that are
present to grow and produce disease.

ANAEROBIC BACTERIA FOUND IN
HUMAN INFECTIONS

Since the 1990s, the taxonomic classification of the anaerobic
bacteria has changed significantly due to the application of
molecular sequencing and DNA-DNA hybridization tech-
nologies. The nomenclature used in this chapter refers to
genera of anaerobes frequently found in human infections
and to certain species recognized as important pathogens of
humans. Anaerobes commonly found in human infections
are listed in Table 21-1.

TABLE 21-1 Anaerobic Bacteria of Clinical
Importance
Genera Anatomic Site
Bacilli (rods)

Gram negative

Bacteroides fragilis group Colon
Mouth
Mouth, colon,

genitourinary tract

Prevotella melaninogenica

Fusobacterium Mouth
Gram positive
Actinomyces Mouth
Lactobacillus Mouth, colon, vagina
Propionibacterium Skin
Eubacterium, Colon?
Bifidobacterium, and Arachnia
Clostridium

Cocci (spheres)
Gram positive

Peptoniphilus Colon, mouth, skin,
genitourinary tract

Peptostreptococcus Colon, mouth, skin,
genitourinary tract

Peptococcus

Finegoldia

Gram negative

Veillonella Mouth, colon

Also found in soil.

Gram-Negative Anaerobes

Gram-Negative Bacilli

1. Bacteroides—The Bacteroides species are very impor-
tant anaerobes that cause human infection. They are a large
group of bile-resistant, non-spore-forming, slender gram-
negative rods that may appear as coccobacilli. Many species
previously included in the genus Bacteroides have been reclas-
sified into the genus Prevotella or the genus Porphyromonas.
Those species retained in the Bacteroides genus are members
of the B fragilis group (~20 species).

Bacteroides species are normal inhabitants of the
bowel and other sites. Normal stools contain 10" B fragi-
lis organisms per gram (compared with 10%/g for faculta-
tive anaerobes). Other commonly isolated members of the
B fragilis group include Bacteroides ovatus, Bacteroides dis-
tasonis, Bacteroides vulgatus, and Bacteroides thetaiotao-
micron. Bacteroides species are most often implicated in
intra-abdominal infections, usually under circumstances
of disruption of the intestinal wall as occurs in perforations
related to surgery or trauma, acute appendicitis, and diver-
ticulitis. These infections are often polymicrobial; anaerobic
cocci, Clostridium species, and Eubacterium may also be
found. Both B fragilis and B thetaiotaomicron are implicated
in serious intrapelvic infections such as pelvic inflammatory
disease and ovarian abscesses. B fragilis group species are the
most common species recovered in some series of anaero-
bic bacteremia, and these organisms are associated with a
very high mortality rate. As discussed later in the chapter,
B fragilis is capable of elaborating numerous virulence fac-
tors, which contribute to its pathogenicity and mortality in
the host.

2. Prevotella—The Prevotella species are gram-negative
bacilli and may appear as slender rods or coccobacilli. Most
commonly isolated are Prevotella melaninogenica, Prevotella
bivia, and Prevotella disiens. P melaninogenica and similar
species are found in infections associated with the upper
respiratory tract. P bivia and P disiens occur in the female
genital tract. Prevotella species are found in brain and lung
abscesses, in empyema, and in pelvic inflammatory disease
and tubo-ovarian abscesses.

In these infections, the prevotellae are often associated
with other anaerobic organisms that are part of the normal
microbiota—particularly peptostreptococci, anaerobic gram-
positive rods, and Fusobacterium species—as well as gram-
positive and gram-negative facultative anaerobes that are
part of the normal microbiota.

3. Porphyromonas—The Porphyromonas species also are
gram-negative bacilli that are part of the normal oral microbi-
ota and occur at other anatomic sites as well. Porphyromonas
species can be cultured from gingival and periapical tooth
infections and, more commonly, breast, axillary, perianal,
and male genital infections.
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4. Fusobacteria—There are approximately 13 Fuso-
bacterium species, but most human infections are caused by
Fusobacterium necrophorum and Fusobacterium nucleatum.
Both species differ in morphology and habitat as well as the
range of associated infections. F necrophorum is a very pleo-
morphic, long rod with round ends and tends to make bizarre
forms. It is not a component of the healthy oral cavity. F nec-
rophorum is quite virulent, causing severe infections of the
head and neck that can progress to a complicated infection
called Lemierre’s disease. The latter is characterized by acute
jugular vein septic thrombophlebitis that progresses to sepsis
with metastatic abscesses of the lungs, mediastinum, pleural
space, and liver. Lemierre’s disease is most common among
older children and young adults and often occurs in associa-
tion with infectious mononucleosis. F necrophorum is also
seen in polymicrobial, intra-abdominal infections. F nuclea-
tum is a thin rod with tapered ends (needle-shaped morphol-
ogy) and is a significant component of the gingival microbiota
as well as the genital, gastrointestinal, and upper respiratory
tracts. As such, it is frequently encountered in a variety of clin-
ical infections such as pleuropulmonary infections, obstetric
infections, significantly chorioamnionitis, and occasionally
brain abscesses complicating periodontal disease. Rarely does
it cause bacteremia in neutropenic patients.

BACTERIA THAT CAUSE VAGINOSIS

Bacterial vaginosis is a common vaginal condition of women
of reproductive age. It is associated with premature rupture
of membranes and preterm labor and birth. Bacterial vagino-
sis has a complex microbiology; two organisms, Gardnerella
vaginalis and Mobiluncus species, have been most specifically
associated with the disease process.

GARDNERELLA VAGINALIS

G vaginalis is a serologically distinct organism isolated from
the normal female genitourinary tract and also associated
with vaginosis, so named because inflammatory cells are not
present. In wet smears, this “nonspecific” vaginitis, or bacte-
rial vaginosis, yields “clue cells,” which are vaginal epithelial
cells covered with many gram-variable bacilli, and there is an
absence of other common causes of vaginitis such as tricho-
monads or yeasts. Vaginal discharge often has a distinct
“fishy” odor and contains many anaerobes in addition to G
vaginalis. The pH of the vaginal secretions is greater than 4.5
(normal pH is <4.5). The vaginosis attributed to this organism
is suppressed by metronidazole, suggesting an association
with anaerobes. Oral metronidazole is generally curative.

MOBILUNCUS SPECIES

This genus comprises motile, curved, gram-variable or gram-
. . . « . Lo
negative, anaerobic rods isolated from “bacterial vaginosis,
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which may be a clinical variant of the vaginosis associated
with G vaginalis. It is possible that Mobiluncus species may
be part of the normal vaginal anaerobic microbiota, and it
is likely that it is part of the anaerobic microbiota in bacte-
rial vaginosis. The organisms are most commonly detected
in Gram-stained smears of vaginal secretions, but they grow
with difficulty in anaerobic cultures.

A. Gram-Negative Cocci

Veillonella species are a group of small, anaerobic, gram-
negative cocci that are part of the normal flora of the mouth,
the nasopharynx, and probably the intestine. Previously
known by various names, they are now collectively known
as the veillonellae. Although occasionally isolated in polymi-
crobial anaerobic infections, they are rarely the sole cause of
an infection.

Gram-Positive Anaerobes

A. Gram-Positive Bacilli

1. Actinomyces—The Actinomyces group includes sev-
eral species that cause actinomycosis, of which Actinomyces
israelii and Actinomyces gerencseriae are the ones most com-
monly encountered. Several new, recently described species
that are not associated with actinomycosis have been asso-
ciated with infections of the groin, urogenital area, breast,
and axilla and postoperative infections of the mandible, eye,
and head and neck. Some species have also been implicated
in cases of endocarditis, particularly among substance abus-
ers. These newly described species are aerotolerant and form
small, nondescript colonies that are probably frequently over-
looked as contaminants. On Gram stain, they vary consider-
ably in length; they may be short and club shaped or long,
thin, beaded filaments. They may be branched or unbranched.
Because they often grow slowly, prolonged incubation of the
culture may be necessary before laboratory confirmation of
the clinical diagnosis of actinomycosis can be made. Some
strains produce colonies on agar that resemble molar teeth.
Some Actinomyces species are oxygen tolerant (aerotoler-
ant) and grow in the presence of air; these strains may be
confused with Corynebacterium species (diphtheroids; see
Chapter 12). Actinomycosis is a chronic suppurative and
granulomatous infection that produces pyogenic lesions with
interconnecting sinus tracts that contain granules composed
of microcolonies of the bacteria embedded in tissue elements
(Figure 21-1). Infection is initiated by trauma that introduces
these endogenous bacteria into the mucosa. The organisms
grow in an anaerobic niche, induce a mixed inflammatory
response, and spread with the formation of sinuses, which
contain the granules and may drain to the surface. The infec-
tion causes swelling and may spread to neighboring organs,
including the bones.

Based on thessite of involvement, the three common forms
are cervicofacial, thoracic, and abdominal actinomycosis.
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FIGURE 21-1 Actinomyces species. A: Colony of Actinomyces
species after 72 hours growth on brain-heart infusion agar, which
usually yields colonies about 2 mm in diameter; they are often termed
“molar tooth” colonies. (Courtesy CDC Public Health Image Library,

L Georg.) B: Granule of Actinomyces species in tissue with Brown and
Breen stain. Original magnification x400. Filaments of the branching
bacilli are visible at the periphery of the granule. Such granules are
commonly called “sulfur granules” because of their unstained gross
yellow color. (Courtesy CDC Public Health Image Library.) C: Actinomyces
naeslundiiin a brain abscess stained with methylamine silver stain.
Branching bacilli are visible. Original magnification x1000. (Courtesy
CDC Public Health Image Library, L Georg.)

Cervicofacial disease presents as a swollen, erythematosus
process in the jaw area (known as “lumpy jaw”). With pro-
gression, the mass becomes fluctuant, producing draining
fistulas. The disease will extend to contiguous tissue, bone,
and lymph nodes of the head and neck. The symptoms of
thoracic actinomycosis resemble those of a subacute pulmo-
nary infection and include a mild fever, cough, and purulent
sputum. Eventually, lung tissue is destroyed, sinus tracts may
erupt through to the chest wall, and invasion of the ribs may
occur. Abdominal actinomycosis often follows a ruptured
appendix or an ulcer. In the peritoneal cavity, the pathology is
the same, but any of several organs may be involved. Genital
actinomycosis is a rare occurrence in women that results
from colonization of an intrauterine device with subsequent
invasion.

Diagnosis can be made by examining pus from draining
sinuses, sputum, or specimens of tissue for the presence of
sulfur granules. The granules are hard, lobulated, and com-
posed of tissue and bacterial filaments, which are club shaped
at the periphery. Specimens should be cultured anaerobically
on appropriate media. Treatment requires prolonged admin-
istration of penicillin (6-12 months). Clindamycin or eryth-
romycin is effective in penicillin-allergic patients. Surgical
excision and drainage may be required.

2. Lactobacillus—Lactobacillus species are major mem-
bers of the normal microbiota of the vagina. The lactic acid
product of their metabolism helps maintain the low pH of the
normal adult female genital tract. They rarely cause disease.

3. Propionibacterium—Propionibacterium species are
members of the normal microbiota of the skin, oral cavity,
large intestine, conjunctiva, and external ear canal. Their
metabolic products include propionic acid, from which the
genus name derives. On Gram stain, they are highly pleo-
morphic, showing curved, clubbed, or pointed ends; long
forms with beaded uneven staining; and occasionally coc-
coid or spherical forms. Propionibacterium acnes, often con-
sidered an opportunistic pathogen, causes the disease acne
vulgaris and is associated with a variety of inflammatory con-
ditions. It causes acne by producing lipases that split free fatty
acids off from skin lipids. These fatty acids can produce tissue
inflammation that contributes to acne formation. In addition,
P acnes is frequently a cause of postsurgical wound infections,
particularly those that involve insertion of devices, such as
prosthetic joint infections, particularly of the shoulder, cen-
tral nervous system shunt infections, osteomyelitis, endocar-
ditis, and endophthalmitis. Because it is part of the normal
skin microbiota, P acnes sometimes contaminates blood or
cerebrospinal fluid cultures that are obtained by penetrating
the skin. It is therefore important (but often difficult) to dif-
ferentiate a contaminated culture from one that is positive
and indicates infection.

4. Eubacterium, Eggerthella, Bifidobacterium, and
Arachnia—These four genera are made up of anaerobic,
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pleomorphic, gram-positive rods. There are several species.
They are found in mixed infections associated with oropha-
ryngeal or bowel flora.

5. Clostridium—Clostridia are gram-positive, spore-
forming bacilli (see Chapter 11). There are more than 200
species. The major diseases associated with these bacteria are
caused by exotoxins (see Chapter 9).

Spores of Clostridium tetani, which causes tetanus, are
present throughout the environment. They germinate in
devitalized tissue at an E, of +10 mV (that of normal tissue is
+120 mV). When they are growing, the organisms elaborate
the toxin tetanospasmin, a potent neurotoxin. Localized
infection is often clinically insignificant. The toxin spreads
along nerves to the central nervous system, where it binds
to gangliosides, suppresses the release of inhibitory neu-
rotransmitters, and yields prolonged muscle spasms.
Although respiratory compromise occurs as a result of
upper airway obstruction or involvement of the diaphragm,
autonomic dysfunction has emerged as the major cause of
death. Obviously, severe trauma may predispose to develop-
ment of tetanus; however, more than 50% of tetanus cases
follow minor injuries. Tetanus is totally preventable; active
immunity is induced with tetanus toxoid (formalinized
tetanus toxin). Tetanus toxoid is part of routine childhood
DTaP (diphtheria, tetanus, and acellular pertussis) immuni-
zations; adults should be given boosters every 10 years.

Clostridium botulinum causes botulism (see Chapters 9
and 11). C botulinum is distributed throughout the environ-
ment. The spores find their way into preserved or canned
foods with low oxygen levels, low E,, and nutrients that sup-
port growth. The organisms germinate and elaborate the
toxins as growth and lysis occur. Botulinum neurotoxins
are the most potent toxins known but can be neutralized by
specific antibodies. The toxins are heat labile, so properly
heated food does not transmit botulism. Preformed botuli-
num toxin is ingested and absorbed. The toxin acts on the
peripheral nervous system by inhibiting the release of ace-
tylcholine at cholinergic synapses, causing paralysis. When
the toxin is bound, the process is irreversible. The symptoms
are associated with the anticholinergic action and include
dysphagia, dry mouth, diplopia, and weakness or an inabil-
ity to breathe. Botulism should be treated with antitoxin.
Infant botulism follows the ingestion of spores, germina-
tion of the spores, and toxin production in vivo; honey is a
common vehicle for spread of the spores in infants.

Clostridium perfringens causes gas gangrene. There are at
least 12 different soluble antigens, many of which are toxins.
All types of C perfringens produce the alpha toxin, a necrotiz-
ing, hemolytic exotoxin that is a lecithinase. The other toxins
have varying activities, including tissue necrosis and hemo-
lysis. C perfringens is present throughout the environment.
Gas gangrene occurs when a soft tissue wound is contami-
nated by C perfringens, as occurs in trauma, septic abortion,
and war wounds. Bacteremia associated with C perfringens
can be rapidly fatal. Milder forms of disease may also occur.

Infections Caused by Anaerobic Bacteria 299

When infection is initiated, the organisms elaborate necro-
tizing toxins; CO, and H, accumulate in tissue an