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PREFACE

\/\/ith this fourth edition, Sherris Medical Microbiology, which began almost two
decades ago as Medical Microbiology (1984), retains the same team as the third edition
with some redistribution in assignments. The most significant of these is the decision of
George Ray to join Ken Ryan as editor. John Sherris continues to act as an advisor to all
of us.

The goal of Sherris Medical Microbiology remains unchanged from that of the first
edition. This book is intended to be the primary text for students of medicine and medical
science who are encountering microbiology and infectious diseases for the first time. The
organization is the same as the third edition with basic topics followed by chapters on the
major bacterial, viral, fungal, and parasitic pathogens. We have tried to strengthen the
pathogen presentation style introduced in the third edition. For each virus, bacterium,
fungus, or parasite, the most important features of the organism (structure, metabolism,
genetics), the disease (epidemiology, pathogenesis, immunity), and the clinical aspects
(manifestations, diagnosis, treatment, prevention) are placed in distinct sections and in
the same order. The opening to each of these sections is now marked by an icon for the

organism ?j 2 , disease E, or clinical aspects . At the juncture between

the organism and disease sections, a new feature, the Clinical Capsule, has been intro-
duced. This brief snapshot of the disease is intended to orient the first-time reader before
they dive into discussions of pathogenic mechanisms. Fourteen brief chapters at the end
summarize the relevant clinical, diagnostic, and therapeutic information into the most
common clinical infectious syndromes without the addition of new material. It is hoped
that these chapters will be of particular value when the student prepares for case discus-
sions or sees patients.

In Sherris Medical Microbiology, the emphasis is on the text narrative, which is de-
signed to be read comprehensively, not as a reference work. In this regard all the patho-
genic microorganisms we feel are important are included at a level of detail relevant for
medical students. Any added detail in tables and figures is for example or explanation
and not intended to be learned. Marginal notations throughout the text have been revised
to capsulize major points as an aid for the student during review. A student scanning the
red marginal notes will encounter all the major points in a chapter. If a note looks unfa-
miliar, the relevant text is immediately adjacent.

An overview chapter on the immune response to infection is included for continuity,
but it is assumed this subject will be covered by one of the many excellent immunology

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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Preface

texts available. The chapter on dental microbiology has been updated to serve the needs
of dental students.

Much new material has been included, but in order to keep the student from being
overwhelmed, older or less important information has been deleted to keep the size of this
book approximately the same as the previous edition. As a rule of thumb, material on
classic microbial structures, toxins, and the like has been trimmed unless its role in dis-
ease will be explained in the following sections. At the same time, we have tried not to
eliminate detail to the point of becoming synoptic and uninteresting. For example, ade-
quate explanation of the pathogenesis of an infectious disease may require discussion of
the roles played by multiple proteins, genes, and regulators. Where these features form a
coherent picture we have tried to tell the complete story, particularly if it is instructive as
a general principle. When details such as the names of proteins and genes have been
placed in parentheses, it is a sign the authors feel they need not be memorized.

A saving grace is that our topic is important, dynamic, and fascinating. Who could
have predicted that AIDS, which occupied less than a page in the first edition, would in
the 1990s become the leading cause of death in young American men and, with this edi-
tion, enter a period of drug suppression and hope? Gastritis and ulcers attributed to stress
in the past are now being cured by antimicrobial therapy directed against Helicobacter
pylori, but this bacterium has now been officially declared a carcinogen due to additional
links with gastric cancer. Just as we were about to hit the presses, an apparently new in-
fectious disease emerged from the Far East in the form of the severe acute respiratory
syndrome (SARS). Never a dull moment! These and many other infectious agents and
diseases old and new are described and explained in these pages. The student is invited
to read them and begin a lifetime of learning in microbiology, infectious diseases, and
medicine.

Kenneth J. Ryan

C. George Ray
Editors
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CHAPTER |

Overview

KENNETH J. RYAN

Humanity has but three great enemies: fever, famine and war; of these by far the
greatest, by far the most terrible, is fever.
SIR WILLIAM OSLER, 1896*

When Sir William Osler, the great physician/humanist wrote these words, fever (infection)
was indeed the scourge of the world. Tuberculosis and other forms of pulmonary infec-
tion were the leading causes of premature death among the well to do and the less fortu-
nate. The terror was due to the fact that although some of the causes of infection were
being discovered, little could be done to prevent or alter the course of disease. In the 20th
century, advances in public sanitation and the development of vaccines and antimicrobials
changed this fact (Fig 1-1), but only for the nations that could afford the improvements. As
the 21st century begins, the world is divided into countries in which heart attacks, cancer,
and stroke have surpassed infection as a cause of death and those in which infection is still
the leading cause of death.

A new uneasiness that is part evolutionary, part discovery, and part diabolic has taken
hold. Infectious agents once conquered have demonstrated resistance to established ther-
apy, such as multiresistant Mycobacterium tuberculosis, and new diseases, such as ac-
quired immunodeficiency syndrome (AIDS), have emerged. The spectrum of infection
has widened, with discoveries that organisms once thought to be harmless can cause dis-
ease under certain circumstances. Who could have guessed that Helicobacter pylori, not
even mentioned in the first edition of this book, would be the major cause of gastric and
duodenal ulcers and an officially declared carcinogen? Finally, bioterrorist forces have
unearthed two previously controlled infectious diseases, anthrax and smallpox, and
threatened their distribution as agents of biological warfare. For students of medicine, un-
derstanding the fundamental basis of infectious diseases has more relevance than ever.

BACKGROUND

The science of medical microbiology dates back to the pioneering studies of Pasteur and
Koch, who isolated specific agents and proved that they could cause disease by introduc-
ing the experimental method. The methods they developed lead to the first golden age of
microbiology (1875-1910), when many bacterial diseases and the organisms responsible
for them were defined. These efforts, combined with work begun by Semmelweis and
Lister, which showed how these diseases spread, led to the great advances in public health
that initiated the decline in disease and death. In the first half of the 20th century, scien-
tists studied the structure, physiology, and genetics of microbes in detail and began to

*QOsler W. JAMA 1896;26:999.

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.



FIGURE 1-1

Death rates for infectious disease
in the United States in the 20th
century. Note the steady decline in
death rates related to the
introduction of public health,
immunization, and antimicrobial
interventions.
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answer questions relating to the links between specific microbial properties and disease.
By the end of the 20th century, the sciences of molecular biology, genetics, genomics,
and proteomics extended these insights to the molecular level. Genetic advances have
reached the point where it is possible to know not only the genes involved but understand
how they are regulated. The discoveries of penicillin by Fleming in 1929 and of sulfon-
amides by Domagk in 1935 opened the way to great developments in chemotherapy.
These gradually extended from bacterial diseases to fungal, parasitic, and finally viral in-
fections. Almost as quickly, virtually all categories of infectious agents developed resis-
tance to all categories of antimicrobics to counter these chemotherapeutic agents.

THE INFECTIOUS AGENTS:
B THE MICROBIAL WORLD

Microbiology is a science defined by smallness. Its creation was made possible by the in-
vention of the microscope (Gr. micro, small + skop, to look, see), which allowed visual-
ization of structures too small to see with the naked eye. This definition of microbiology
as the study of microscopic living forms still holds if one can accept that some organisms
can live only in other cells (eg, all viruses, some bacteria) and others have macroscopic
forms (eg, fungal molds, parasitic worms).

Microorganisms are responsible for much of the breakdown and natural recycling of
organic material in the environment. Some synthesize nitrogen-containing compounds
that contribute to the nutrition of living things that lack this ability; others (oceanic algae)
contribute to the atmosphere by producing oxygen through photosynthesis. Because
microorganisms have an astounding range of metabolic and energy-yielding abilities,
some can exist under conditions that are lethal to other life forms. For example, some
bacteria can oxidize inorganic compounds such as sulfur and ammonium ions to generate
energy, and some can survive and multiply in hot springs at temperatures above 75°C.

Some microbial species have adapted to a symbiotic relationship with higher forms of
life. For example, bacteria that can fix atmospheric nitrogen colonize root systems of
legumes and of a few trees such as alders and provide the plants with their nitrogen
requirements. When these plants die or are plowed under, the fertility of the soil is enhanced
by nitrogenous compounds originally derived from the metabolism of the bacteria.
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TABLE 1-1

Overview

Distinctive Features of Prokaryotic and Eukaryotic Cells

CELL COMPONENT

PROKARYOTES

EUKARYOTES

Nucleus No membrane, single Membrane bounded, a
circular chromosome number of individual
chromosomes
Extrachromosomal  Often present in form In organelles
DNA of plasmid(s)
Organelles in None Mitochondria (and
cytoplasm chloroplasts in photosynthetic
organisms)
Cytoplasmic Contains enzymes of Semipermeable layer not
membrane respiration; active possessing functions of
secretion of enzymes; prokaryotic membrane
site of phospholipid
and DNA synthesis
Cell wall Rigid layer of No peptidoglycan (in some
peptidoglycan (absent cases cellulose present)
in Mycoplasma)
Sterols Absent (except in Usually present
Mycoplasma)
Ribosomes 70 S in cytoplasm 80 S in cytoplasmic reticulum

Ruminants can use grasses as their prime source of nutrition, because the abundant flora of
anaerobic bacteria in the rumen break down cellulose and other plant compounds to usable
carbohydrates and amino acids and synthesize essential nutrients including some amino
acids and vitamins. These few examples illustrate the protean nature of microbial life and
their essential place in our ecosystem.

The major classes of microorganisms in terms of ascending size and complexity are
viruses, bacteria, fungi, and parasites. Parasites exist as single or multicellular structures
with the same eukaryotic cell plan of our own cells. Fungi are also eukaryotic but have a
rigid external wall that makes them seem more like plants than animals. Bacteria also
have a cell wall, but their cell plan is prokaryotic (Table 1-1) and lacks the organelles of
eukaryotic cells. Viruses have a genome and some structural elements but must take over
the machinery of another living cell (eukaryotic or prokaryotic) in order to replicate.

Viruses

Viruses are strict intracellular parasites of other living cells, not only of mammalian and
plant cells, but also of simple unicellular organisms, including bacteria (the bacterio-
phages). Viruses are simple forms of replicating, biologically active particles that carry
genetic information in either DNA or RNA molecules, but never both. Most mature
viruses have a protein coat over their nucleic acid and sometimes a lipid surface mem-
brane derived from the cell they infect. Because viruses lack the protein-synthesizing en-
zymes and structural apparatus necessary for their own replication, they bear essentially
no resemblance to a true eukaryotic or prokaryotic cell.

Viruses replicate by using their own genes to direct the metabolic activities of the cell
they infect to bring about the synthesis and reassembly of their component parts. A cell
infected with a single viral particle may thus yield many thousands of viral particles,
which can be assembled almost simultaneously under the direction of the viral nucleic
acid. With many viruses, cell death and infection of other cells by the newly
formed viruses result. Sometimes, viral reproduction and cell reproduction proceed

Increasing complexity: viruses —
bacteria — fungi — parasites

Viruses contain little more than
DNA or RNA

Replication is by control of the
host cell metabolic machinery

Some integrate into the genome
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simultaneously without cell death, although cell physiology may be affected. The close
association of the virus with the cell sometimes results in the integration of viral nucleic
acid into the functional nucleic acid of the cell, producing a latent infection that can be
transmitted intact to the progeny of the cell.

Bacteria

Bacteria are the smallest (0.1 to 10 wm) living cells. They have a cytoplasmic membrane
surrounded by a cell wall; a unique interwoven polymer called peptidoglycan makes the
wall rigid. The simple prokaryotic cell plan includes no mitochondria, lysosomes, endo-
plasmic reticulum, or other organelles. In fact, most bacteria are about the size of mito-
chondria. Their cytoplasm contains only ribosomes and a single, double-stranded DNA
chromosome. Bacteria have no nucleus, but all the chemical elements of nucleic acid and
protein synthesis are present. Although their nutritional requirements vary greatly, most
bacteria are free-living, if given an appropriate energy source. Tiny metabolic factories,
they divide by binary fission and can be grown in artificial culture, often in less than a
day. The Archaebacteria differ radically from other bacteria in structure and metabolic
processes; they live in environments humans consider hostile (eg, hot springs, high salt
areas) but are not associated with disease.

Fungi

Fungi exist in either yeast or mold forms. The smallest of yeasts are similar in size to bac-
teria, but most are larger (2 to 12 wm) and multiply by budding. Molds form tubular ex-
tensions called hyphae, which when linked together in a branched network form the fuzzy
structure seen on neglected bread. Fungi are eukaryotic, and both yeasts and molds have a
rigid external cell wall composed of their own unique polymers, called glucan, mannan,
and chitin. Their genome may exist in a diploid or haploid state and replicate by meiosis
or simple mitosis. Most fungi are free-living and widely distributed in nature. Generally,
fungi grow more slowly than bacteria, although their growth rates sometimes overlap.

Parasites

Parasites are the most diverse of all microorganisms. They range from unicellular amoe-
bas of 10 to 12 um to multicellular tapeworms 1 meter in length. The individual cell plan
is eukaryotic, but the organisms such as worms are highly differentiated and have their
own organ systems. Most of the worms have a microscopic egg or larval stage, and part
of their life cycle may involve multiple vertebrate and invertebrate hosts. Most parasites
are free-living but some depend on combinations of animal, arthropod, or crustacean
hosts for their survival.

@INFECTIOUS DISEASE

Of the thousands of species of viruses, bacteria, fungi, and parasites, only a tiny por-
tion are involved in disease of any kind. These are called pathogens. There are plant
pathogens, animal pathogens, fish pathogens, as well as the subject of this book, hu-
man pathogens. Among pathogens, there are degrees of potency called virulence,
which sometimes makes the dividing line between benign and virulent microorganisms
difficult to draw. Many bacteria and some fungi are part of a normal flora that colo-
nizes the skin and mucosal surfaces of the body, where most of the time they appear to
do no harm. In extreme circumstances, a few of these organisms are associated with
mild disease, making them low-virulence pathogens at best. Other pathogens are virtu-
ally always associated with disease of varying severity. Yersinia pestis, the cause of
plague, causes fulminant disease and death in 50 to 75% of individuals who come in
contact with it. It is highly virulent. Understanding the basis of these differences in vir-
ulence is a fundamental goal of this book. The better students of medicine understand
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how a pathogen causes disease, the better they will be prepared to intervene and help
their patients.

For any pathogen the basic aspects of how it interacts with the host to produce disease
can be expressed in terms of its epidemiology, pathogenesis, and immunity. Usually our
knowledge of one or more of these topics is incomplete. It is the task of the physician to
relate these topics to the clinical aspects of disease and be prepared for new developments
which clarify, or in some cases, alter them. We do not know everything, and not all of
what we believe we know is correct.

EPIDEMIOLOGY

Epidemiology is the “who, what, when, and where” of infectious diseases. The power of the
science of epidemiology was first demonstrated by Semmelweis, who by careful data analy-
sis alone determined how streptococcal puerperal fever was transmitted. He even devised a
means to prevent it decades before the organism itself was discovered (see Chapter 72).
Since then each organism has built its own profile of vital statistics. Some agents are trans-
mitted by the air, others by food, others by insects, and some spread by the person-to-person
route. Some agents occur worldwide, and others only in certain geographic locations or
ecologic circumstances. Knowing how an organism gains access to its victim and spreads
are crucial to understanding the disease. It is also essential to discovering the emergence
of “new” diseases, whether they are truly new (AIDS) or just undiscovered (Legionnaires’
disease). Solving mysterious outbreaks or recognizing new epidemiologic patterns have
usually pointed the way to the isolation of new agents.

Epidemic spread and disease are facilitated by malnutrition, poor socioeconomic
conditions, natural disasters, and hygienic inadequacy. In previous centuries, epidemics,
sometimes caused by the introduction of new organisms of unusual virulence, often
resulted in high morbidity and mortality. The possibility of recurrence of old pandemic
infections remains, and, in the case of AIDS, we are currently witnessing a new
and extended pandemic infection. Modern times and technology have introduced new
wrinkles to epidemiologic spread. Intercontinental air travel has allowed diseases to
leap continents even when they have very short incubation periods (cholera). The effi-
ciency of the food industry has sometimes backfired when the distributed products
are contaminated with infectious agents. The well-publicized outbreaks of hamburger-
associated Escherichia coli O157:H7 infection are an example. The nature of massive
meatpacking facilities allowed organisms from infected cattle on isolated farms to
be mixed with other meat and distributed rapidly and widely. By the time outbreaks are
recognized, cases of disease are widespread, and tons of meat must be recalled. In
simpler times, local outbreaks from the same source would have been detected and con-
tained more quickly.

Of course, the most ominous and uncertain epidemiologic threat of these times is not
amplification of natural transmission but the specter of unnatural, deliberate spread.
Anthrax is a disease uncommonly transmitted by direct contact of animals or animal
products with humans. Under natural conditions, it produces a nasty but usually not life-
threatening ulcer. The inhalation of human-produced aerosols of anthrax spores could
produce a lethal pneumonia on a massive scale. Smallpox is the only disease officially
eradicated from the world. It took place so long ago that most of the population has never
been exposed or immunized and are thus vulnerable to its reintroduction. We do not know
if infectious bioterrorism will work on the scale contemplated by its perpetrators, but in
the case of anthrax we do know that sophisticated systems have been designed to attempt
it. We hope that we will never learn whether bioterrorism will work on a large scale.

PATHOGENESIS

Once a potential pathogen reaches its host, features of the organism determine whether or
not disease ensues. The primary reason pathogens are so few in relation to the microbial
world is that being a successful pathogen is very complicated. Multiple features, called
virulence factors, are required to persist, cause disease, and escape to repeat the cycle.
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Overview

The variations are many, but the mechanisms used by many pathogens are now being
dissected at the molecular level.

The first step for any pathogen is to attach and persist at whatever site it gains access.
This usually involves specialized surface molecules or structures that correspond to re-
ceptors on human cells. Because human cells were not designed to receive the microor-
ganisms, they are usually exploiting some molecule important for essential functions of
the cell. For some toxin-producing pathogens, this attachment is all they need to produce
disease. For most pathogens, it just allows them to persist long enough to proceed to the
next stage, invasion into or beyond the mucosal cells. For viruses, invasion of cells is es-
sential, because they cannot replicate on their own. Invading pathogens must also be able
to adapt to a new milieu. For example, the nutrients and ionic environment of the cell sur-
face differs from that inside the cell or in the submucosa.

Persistence and even invasion do not necessarily translate immediately to disease. The
invading organisms must disrupt function in some way. For some, the inflammatory
response they stimulate is enough. For example, a lung alveolus filled with neutrophils
responding to the presence of Streptococcus pneumoniae loses its ability to exchange
gases. The longer a pathogen can survive in the face of the host response, the greater the
compromise in host function. Most pathogens do more than this. Destruction of host cells
through the production of digestive enzymes, toxins, or intracellular multiplication is
among the more common mechanisms. Other pathogens operate by altering the function
of a cell without injury. Cholera is caused by a bacterial toxin, which causes intestinal
cells to hypersecrete water and electrolytes leading to diarrhea. Some viruses cause the
insertion of molecules in the host cell membrane, which cause other host cells to attack it.
The variations are diverse and fascinating.

IMMUNITY

Although the science of immunology is beyond the scope of this book, understanding the
immune response to infection (see Chapter 8) is an important part of appreciating patho-
genic mechanisms. In fact, one of the most important virulence attributes any pathogen
can have is an ability to evade the immune response. Some pathogens attack the immune
effector cells, and others undergo changes that confound the immune response. The old
observation that there seems to be no immunity to gonorrhea turns out to be an example
of the latter mechanism. Neisseria gonorrhoeae, the causative agent of gonorrhea, under-
goes antigenic variation of important surface structures so rapidly that antibodies directed
against the bacteria become irrelevant.

For each pathogen, the primary interest is whether there is natural immunity and, if
so, whether it is based on humoral (antibody) or cell-mediated immunity (CMI). Humoral
and CMI responses are broadly stimulated with most infections, but the specific response
to a particular molecular structure is usually dominant in mediating immunity to reinfec-
tion. For example, the repeated nature of strep throat (group A streptococcus) in child-
hood is not due to antigenic variation as described above for gonorrhea. The antigen
against which protective antibodies are directed (M protein) is stable but naturally exists
in over 80 types. Each requires its own specific antibody. Knowing the molecule against
which the protective immune response is directed is particularly important for devising
preventive vaccines.

Cl
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Fever, pain, and swelling are the universal signs of infection. Beyond this, the particular
organs involved and the speed of the process dominate the signs and symptoms of dis-
ease. Cough, diarrhea, and mental confusion represent disruption of three different body
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systems. On the basis of clinical experience, physicians have become familiar with the
range of behavior of the major pathogens. However, signs and symptoms overlap consid-
erably. Skilled physicians use this knowledge to begin a deductive process leading to a
list of suspected pathogens and a strategy to make a specific diagnosis and provide patient
care. Through the probability assessment, an understanding of how the diseases work is a
distinct advantage in making the correct decisions.

DIAGNOSIS

A major difference between infectious and other diseases is that the probabilities de-
scribed above can be specifically resolved, often overnight. Most microorganisms can be
isolated from the patient, grown in artificial culture, and identified. Others can be seen
microscopically or detected by measuring the host specific immune response. Preferred
modalities for diagnosis of each agent have been developed and are available in clinic,
hospital, and public health laboratories all over the world. Empiric diagnosis made on the
basis of clinical findings can be confirmed and the treatment plan modified accordingly.
The new molecular methods, which detect molecular structures or genes of the agent, are
not yet practical for most infectious diseases.

TREATMENT

Over the past 60 years, therapeutic tools of remarkable potency and specificity have be-
come available for the treatment of bacterial infections. These include all the antibiotics
and an array of synthetic chemicals that kill or inhibit the infecting organism but have
minimal or acceptable toxicity for the host. Antibacterial agents exploit the structural and
metabolic differences between bacterial and eukaryotic cells to provide the selectivity
necessary for good antimicrobial therapy. Penicillin, for example, interferes with the syn-
thesis of the bacterial cell wall, a structure that has no analog in human cells. There are
fewer antifungal and antiprotozoal agents because the eukaryotic cells of the host and
those of the parasite have close metabolic and structural similarities. Nevertheless, hosts
and parasites do have some significant differences, and effective therapeutic agents have
been discovered or developed to exploit them.

Specific therapeutic attack on viral disease has posed more complex problems, be-
cause of the intimate involvement of viral replication with the metabolic and replicative
activities of the cell. Thus, most substances that inhibit viral replication have unaccept-
able toxicity to host cells. However, recent advances in molecular virology have identified
specific viral targets that can be attacked. Scientists have developed some successful an-
tiviral agents, including agents that interfere with the liberation of viral nucleic acid from
its protective protein coat or with the processes of viral nucleic acid synthesis and replica-
tion. The successful development of new agents for human immunodeficiency virus has
involved targeting enzymes coded by the virus genome.

The success of the “antibiotic era” has been clouded by the development of resistance
by the organisms. The mechanisms involved are varied but most often involve a muta-
tional alteration in the enzyme, ribosome site, or other target against which the antimicro-
bial is directed. In some instances, the organisms acquire new enzymes or block entry of
the antimicrobic to the cell. Many bacteria produce enzymes which directly inactivate an-
tibiotics. To make the situation worse, the genes involved are readily spread by promiscu-
ous genetic mechanisms. New agents that are initially effective against resistant strains
have been developed, but resistance by new mechanisms usually follows. The battle is by
no means lost but has become a never-ending policing action.

PREVENTION

The ultimate outcome with any disease is its prevention. In the case of infectious
diseases, this has involved public health measures and immunization. The public health
measures depend on knowledge of transmission mechanisms and interfering with them.
Water disinfection, food preparation, insect control, handwashing, and a myriad of other
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measures prevent humans from coming in contact with infections agents. Immunization
relies on knowledge of immune mechanisms and designing vaccines that stimulate pro-
tective immunity.

Immunization follows two major strategies, live and inactivated vaccines. The former
uses live but attenuated organisms that have been modified so they do not produce disease
but still stimulate a protective immune response. Such vaccines have been effective but
carry the risk that the vaccine strain itself may cause disease. This event has been ob-
served with the live oral polio vaccine. Although this rarely occurs, it has caused a shift
back to the original Salk inactivated vaccine. This issue has reemerged with a debate over
strategies for the use of smallpox immunization to protect against bioterrorism. This vac-
cine uses vaccinia virus, a cousin of smallpox, and its potential to produce disease on its
own has been recognized since its original use by Jenner in 1798. Serious disease would
be expected primarily in immunocompromised individuals, who represent a significantly
larger part of the population (eg, from cancer chemotherapy, AIDS) than when smallpox
immunization was stopped in the 1970s. Could immunization cause more disease than it
prevents? The question is difficult to answer.

The safest immunization strategy is the use of organisms that have been killed or, bet-
ter yet, killed and purified to contain only the immunizing component. This approach re-
quires much better knowledge of pathogenesis and immune mechanisms. Vaccines for
meningitis use only the polysaccharide capsule of the bacterium, and vaccines for diph-
theria and tetanus use only a formalin-inactivated protein toxin. Pertussis (whooping
cough) immunization has undergone a transition in this regard. The original killed whole-
cell vaccine was effective but caused a significant frequency of side effects. A purified
vaccine containing pertussis toxin and a few surface components has reduced side effects
while retaining efficacy.

The newest approaches for vaccines require neither live organisms nor killed, purified
ones. As the entire genomes of more and more pathogens are being reported, an entirely
genetic strategy is emerging. Armed with knowledge of molecular pathogenesis and
immunity and the tools of genomics and proteomics, scientists can now synthesize an
immunogenic protein without ever growing the organism itself. Such an idea would have
astonished even the great microbiologists of the past two centuries.

SUMMARY

Infectious diseases remain as important and fascinating as ever. Where else do we find the
emergence of new diseases, together with improved understanding of the old ones? At a
time when the revolution in molecular biology and genetics has brought us to the thresh-
old of new and novel means of infection control, the perpetrators of bioterrorism threaten
us with diseases we have already conquered. Meeting this challenge requires a secure
knowledge of the pathogenic organisms and how they produce disease, as well as an
understanding of the clinical aspects of those diseases. In the collective judgment of the
authors, this book presents the principles and facts required for students of medicine to
understand the most important infectious diseases.
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CHAPTER 2

Bacterial Structures

FREDERICK C. NEIDHARDT

—|—his chapter examines the special structural, architectural and chemical features of the
prokaryotic (bacterial) cell that contribute to the ubiquity of this large group of organisms
and their ability to cause disease in humans. Discussion focuses particularly on the char-
acteristics that distinguish bacteria from the more familiar cells of eukaryotes, which
therefore offer the opportunity for medical interventions.

GENERAL MORPHOLOGY, BODY PLAN,
AND COMPOSITION

The bacterial cell that is seen today is closer in form to the primordial cells of our planet
than is any animal or plant cell. This similarity is misleading, however, because bacteria
are the product of close to 3 billion years of natural selection and have emerged as im-
mensely diverse and successful organisms that colonize almost all parts of the world and
its other inhabitants. Because bacteria have remained microscopic, it can be concluded
that very small size per se is not a disadvantage in nature but rather provides unique
opportunities for survival and reproduction. Thus, the first major principle to help us un-
derstand bacteria is their small size.

Bacteria are by far the smallest living cells, and some are considered to have the mini-
mum possible size for an independently reproducing organism. Individuals of different
bacterial species that colonize or infect humans range from 0.1 to 10 wm (1 wm = 107% m)
in their largest dimension. Most spherical bacteria have diameters of 0.5 to 2 wm, and rod-
shaped cells are generally 0.2 to 2 wm wide and 1 to 10 wm long. At the lower end of the
scale, some bacteria (rickettsias, chlamydia, and mycoplasmas) overlap with the largest
viruses (the poxviruses), and at the upper end, some rod-shaped bacteria have a length equal
to the diameter of some eukaryotic cells (Fig 2—1). As a shorthand approximation, bacteria
are sole possessors of the 1-um size.

A wealth of structural detail cannot be discerned in bacteria even with the best of light
microscopes because of their small size and because they are nearly colorless and trans-
parent and have a refractive index similar to that of the surrounding liquid. However,
shape can easily be discerned with appropriate microscopic techniques, and distinctive
shapes are characteristic of broad groupings of bacteria (Fig 2—2). The major forms that
can be recognized are spheres, rods, bent or curved rods, and spirals. Spherical or oval
bacteria are called cocci (singular: coccus). Rods are called bacilli (singular: bacillus).
Very short rods that can sometimes almost be mistaken for cocci are called coccobacilli.
Some rod-shaped bacteria have tapered ends and are therefore termed fusiform, whereas
others are characteristically club-shaped and may be curved or bent. Spiral-shaped bacte-
ria are called spirilla if the cells are rigid and spirochetes if they are more flexible and
undulating.

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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FIGURE 2-1
Relative sizes of microorganisms.

In addition to shape, distinctive arrangements of groups of cells can readily be ob-
served for some bacterial genera (Fig 2—3). The reason one can speak of arrangements of
unicellular organisms is that there is a tendency, varying with different genera, for newly
divided cells to stick together. The nature of the aggregates formed depends on the degree
of stickiness (which can vary with growth conditions) and on the plane of successive cell
divisions. Among the cocci, pairs (diplococci), chains (streptococci), and irregular clus-
ters (staphylococci) are found. A few genera of bacteria were named for their distinctive
shape or cell arrangement. There are many thousands of species of bacteria, however, so
it should be clear that the shape and arrangement of cells cannot be taken far in identify-
ing the particular organism in a given sample or culture. A further caution for medical
microbiologists is the tendency of some bacteria to take on altered shapes and arrange-
ments when in contact with various antimicrobics.

Whatever the overall shape of the cell, the 1-um size could not accommodate the fa-
miliar eukaryotic cell plan. There is insufficient room for mitochondria, nucleus, Golgi
apparatus, lysosomes, endoplasmic reticulum, and the like in a cell that is itself only as
large as an average mitochondrion. The design of the bacterial cell must thus differ funda-
mentally from that of other cells. This is precisely the case, and the unique design is des-
ignated prokaryotic.

A generalized bacterial cell is shown in Figure 2—4. The major structures of the cell be-
long either to the multilayered envelope and its appendages or to the interior core consist-
ing of the nucleoid (or nuclear body) and the cytosol (called thus rather than cytoplasm
because there is no nucleus; the cytosol is not separated from the genetic material). In con-
trast to the alien nature of this body plan, the general chemical nature of the bacterial cell is
more familiar to a eukaryotic cell biologist. Greater than 90% of its dry mass consists of five
macromolecular-like substances similar to those found in eukaryotes: proteins (about 55%
of the dry mass); RNA, consisting of the familiar messenger (mRNA), transfer (tRNA), and
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FIGURE 2-2
Shapes of some different bacteria.
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FIGURE 2-3
Arrangement of spherical bacterial cells.

ribosomal (rRNA) types (about 20%); DNA (about 3%); carbohydrate (about 5%); and
phospholipid (about 6%). In addition, there are a few macromolecules unique to prokary-
otes; a peptidoglycan called murein is found in all walled bacteria, and a few other unique
molecules (lipopolysaccharide and teichoic acids) are found in specific groups of bacteria.
As we shall see, small size and extraordinarily simple design help explain the success of
bacteria in nature. Small size facilitates rapid exchange of nutrients and metabolic byprod-
ucts with the environment, whereas simplicity of design facilitates macromolecular synthe-
sis, assembly of cell structures, and formation of new cells by division. Both smallness and
simplicity contribute to a distinctive functional property of bacteria— their ability to grow
at least an order of magnitude faster than eukaryotic cells. However, at the molecular level,
bacteria are far from simple, and it is necessary to learn something of their complexity at
this level to understand the ability of some of them to colonize humans or to cause disease.

ENVELOPE AND APPENDAGES

As a first approximation, bacteria can be said to have a plain interior and a fancy exterior.
The cell core, consisting solely of nucleoid and cytosol, is incredibly simple and almost
structureless compared with the interior of a eukaryotic cell. It fits the notion that simplicity
facilitates rapid growth. The envelope, on the other hand, is an exceedingly baroque part of
the cell, consisting of structures of great complexity that vary in detail among the different
major groups of bacteria. This can be readily understood by appreciating three important
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TABLE 2-1

PART |

Components of Bacterial Cells

DISTRIBUTION“

GRAM-NEGATIVE ~ GRAM-POSITIVE  MOLLICUTES

The Bacterial Cell

STRUCTURE COMPOSITION CELL CELL (MYCOPLASMAS)
ENVELOPE
Capsule (slime layer) Polysaccharide or
polypeptide + or — + or — =
Wall I I =
Outer membrane Proteins, phospholipids,
and lipopolysaccharide I = =
Peptidoglycan layer Murein (+ teichoate in
Gram-positive cells) I I =
Periplasm Proteins and oligosaccharides
in solution S = =
Cell membrane Proteins, phospholipids + 4+ 4
APPENDAGES
Pili (fimbriae) Protein (pilin) + or — + or — —
Flagella Proteins (flagellin plus others) + or — + or — =
CORE
Cytosol Polyribosomes, proteins,
carbohydrates (glycogen) I =+ 4
Nucleoid DNA with associated RNA
and proteins I 4+ 4
Plasmids DNA + or — + or — + or —
ENDOSPORE
All cell components plus
dipicolinate and special
envelope components = + or — =
““+” indicates the structure is invariably present, “—” indicates it is invariably absent, and “+ or —” indicates that the structure is present is some

species or strains and absent in others.

Hydrophilic capsule gives colonies
a smooth appearance, unlike
nonmucoid rough variants

principles of bacterial functional anatomy: (1) the envelope is responsible for many cellular
processes that are the province of the internal organelles of eukaryotic cells, (2) the enve-
lope is the primary site of functions that protect the bacterial cell against chemical and
biological threats in its environment, and (3) the envelope and certain appendages make
possible the colonization of surfaces by bacteria. Not surprisingly, therefore, more than one
fifth of the specific proteins of well-studied bacteria are located in the envelope. Differences
in envelope structure and composition (Table 2—1) are the basis of the assignment,
described next, of all eubacterial species to one of three major groups: (1) Gram-negative
bacteria; (2) Gram-positive bacteria; and (3) wall-less bacteria, including the mollicutes
(mycoplasmas) and chlamydia. Figure 2—5 shows schematically these major differences.

Capsule

Many bacterial cells surround themselves with one or another kind of hydrophilic gel.
This layer is often quite thick; commonly it is thicker than the diameter of the cell.
Because it is transparent and not readily stained, this layer is usually not appreciated
unless made visible by its ability to exclude particulate material, such as India ink. If the
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FIGURE 2-5
Schematic representation comparing the envelopes of Gram-positive bacteria, Gram-negative
bacteria, and mollicutes.

material forms a reasonably discrete layer, it is called a capsule; if it is amorphous in ap-
pearance, it is referred to as a slime layer. Almost all bacterial species can make such ma-
terial to some degree. Most capsules or slime layers are polysaccharides made of single or
multiple types of sugar residues; some are simple (though unusual) polypeptides, such as
the polymer of D-glutamic acid, which forms the capsule of Bacillus anthracis, the
causative agent of anthrax (see Chapter 18); a few are proteins. When cultured on solid
media (see Chapter 15), encapsulated bacteria give rise to smooth, often mucus-like
colonies, but unencapsulated variants are common, particularly with long-term laboratory
cultivation. Their colonies are nonmucoid and described as “rough.”

Capsules can protect bacteria. Within animal and human hosts capsules impede inges-
tion by leukocytes. Streptococcus pneumoniae, the causative agent of pneumococcal
pneumonia, in large measure owes its virulence to the ability of its copious polysaccharide
capsule to interfere with opsonophagocytosis (see Chapter 17). The pneumococcal
polysaccharide, as is the case with most capsular material, is antigenic (see Chapter 8), and
when specific antibody attaches to it, phagocytosis can occur. A mouse—pneumococcus
experimental model is instructive. Unencapsulated pneumococci are tolerated by mice;
however, a single encapsulated cell injected intraperitoneally will kill a mouse unless the
mouse has been immunized with capsular material of the specific antigenic type of the
infecting pneumococcus, in which case it is protected. More than 80 capsular serotypes of
this organism are known, reflecting a diverse genetic capacity of the species to produce
capsular polysaccharides of differing chemical structure.

Protection against phagocytosis is only part of the much broader function of bacterial
capsules in nature, which is to aid colonization, primarily by assisting the cell to attach to
surfaces. For example, the ability of Streptococcus mutans and Streptococcus salivarius
cells to adhere to the surface of teeth is in large measure a function of the polysaccharide
capsules of these oral bacteria (see Chapter 62).

Capsules do not contribute to growth and multiplication and are not essential for cell
survival in artificial culture. Capsule synthesis is greatly dependent on growth conditions.
For example, the capsule made by the caries-producing S. mutans consists of a
dextran—carbohydrate polymer made only in the presence of sucrose.

Cell Wall

Internal to the capsule (if one exists) but still outside the cell proper, a rigid cell wall
surrounds all eubacterial cells except wall-less bacteria such as the mollicutes (mycoplas-
mas) and Chlamydia. The structure and function of the bacterial wall is so distinctive as
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Capsule synthesis depends on
growth conditions
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FIGURE 2-6
Schematic representation of the
wall of Gram-positive bacteria.
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to constitute a hallmark of the prokaryotes; nothing like it is found elsewhere. Unlike the
capsule, which is dispensable for survival outside the body of the host, the wall has vital
functions in all environments. It protects the cell from mechanical disruption and from
bursting caused by the turgor pressure resulting from the hypertonicity of the cell interior
relative to the environment. The wall provides a barrier against certain toxic chemical and
biological agents. In some bacterial species, such as Streptococcus (see Chapter 17), it
provides a protection from phagocytosis and helps in the binding to eukaryotic cell hosts.
Its form is responsible for the shape of the cell.

Bacterial evolution has led to two major solutions to the challenge of constructing a
wall that can protect a minute, fragile cell from chemical and physical assault while still
permitting the rapid exchange of nutrients and metabolic byproducts required by rapid
growth. Long before these solutions were understood in ultrastructural terms, it was
recognized that bacteria could be divided into two groups depending on their reaction to
a particular staining procedure devised a century ago by the Danish microbiologist
Hans Christian Gram. This procedure, the Gram stain, is described in detail in Chapter 15.
It depends on the differential ability of ethanol or ethanol-acetone mixtures to extract
iodine—crystal violet complexes from bacterial cells. These complexes are readily extracted
from one group of bacteria, termed Gram-negative, which can be subsequently stained red
with an appropriate counterstain. They are retained by the other, termed Gram-positive,
which are thus stained violet by the retained crystal violet. The positive or negative Gram
stain response of a cell reflects which of the two types of wall it possesses.

Virtually all of the eubacteria with walls can be assigned a Gram response. However,
the few exceptions include some medically important organisms. For example, the my-
cobacteria (eg, Mycobacterium tuberculosis, the causative agent of tuberculosis) are Gram
positive on the basis of their wall structure but fail to stain because of interference by spe-
cial lipids present in their walls. Most spirochetes, including Treponema pallidum (the
causative agent of syphilis), although Gram negative by structure, are too thin to be re-
solved in the light microscope when stained by simple stains.

Bacteria without walls, whether natural forms (the mollicutes or mycoplasmas) or
artificial products of procedures that remove the wall, exhibit a Gram-negative staining
response. Furthermore, some bacteria that are Gram positive on the basis of wall structure
and staining response may lose this property and appear Gram negative if they have been
held under nongrowing conditions. These examples emphasize that being Gram positive
is a distinct property that can be temporarily lost because it depends on the integrity of
the cell wall; on the other hand, a Gram-negative bacterial cell does not have a staining
property to lose.

Gram-Positive Cell Wall

The Gram-positive cell wall contains two major components, peptidoglycan and teichoic
acids, plus additional carbohydrates and proteins, depending on the species. A general-
ized scheme illustrating the arrangement of these components is shown in Figure 2—6.
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The chief component is murein, a peptidoglycan, which is found nowhere except in
prokaryotes. Murein consists of a linear glycan chain of two alternating sugars, N-acetyl-
glucosamine (NAG) and N-acetylmuramic acid (NAM), in 1:4 linkages (Fig 2—7). Each
muramic acid residue bears a tetrapeptide of alternating L- and D-amino acids. Adjacent
glycan chains are cross-linked into sheets by peptide bonds between the third amino acid
of one tetrapeptide and the terminal D-alanine of another. The same cross-links between
other tetrapeptides connect the sheets to form a three-dimensional, rigid matrix. The
cross-links involve perhaps one third of the tetrapeptides and may be direct or may in-
clude a peptide bridge, as, for example, a pentaglycine bridge in Staphylococcus aureus.
The cross-linking extends around the cell, producing a scaffold-like giant molecule,
termed the murein sac, or sacculus. Murein is much the same in all bacteria, except that
there is diversity in the nature and frequency of the cross-linking bridge and in the nature
of the amino acids at positions 2 and 3 of the tetrapeptide.

The murein sac derives its great mechanical strength from the fact that it is a single,
covalently bonded structure; other features contributing strength are the -1,4 bonds of
the polysaccharide backbone, the alternation of D- and L-amino acids in the tetrapeptide,
and extensive internal hydrogen bonding. Biological stability is contributed by compo-
nents of murein that are not widely distributed in the biological world or in fact are
unique to murein. These include muramic acid, D-amino acids, and diaminopimelic acid
(an amino acid found in the tetrapeptide of some species). Most enzymes found in mam-
malian hosts and other biological systems do not degrade peptidoglycan; one important
exception is lysozyme, the hydrolase present in tears and other secretions, which cleaves
the B-1,4 glycosidic bond between muramic acid and glucosamine residues (see
Fig 2—7). On the other hand, bacteria themselves are rich in hydrolases that degrade
peptidoglycan, because the murein sac must be constantly expanded by insertion of new
chains as the cell grows and forms a cross-wall preparatory to cell division. As we shall
learn, disruption of the fine control that bacteria exert over the activity of these potentially
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Schematic representation of the peptidoglycan murein. NAG, N-acetylglucosamine; NAM,
N-acetylmuramic acid.
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lethal enzymes is the means by which a large number of antibiotics and other chemother-
apeutic compounds work (see Chapter 13).

The role of the murein component of the cell wall in conferring osmotic resistance
and shape on the cell is easily demonstrated by removing or destroying it. Treatment of a
Gram-positive cell with penicillin (which blocks formation of the tetrapeptide cross-links
and activates the cell’s own murein hydrolases) or with lysozyme (which directly hy-
drolyzes the glycan chains) destroys the murein sac, and the wall is lost. Prompt lysis of
the cell ensues. If the cell is protected from lysis by suspension in a medium approxi-
mately isotonic with the cell interior, such as 20% sucrose, the cell becomes round and
forms a sphere called a protoplast. Some protoplasts can grow, and their formation from
classic bacteria within patients treated with penicillin-type antibiotics (L-forms) has been
postulated to account for some persistent infections. Superficially, protoplasts resemble
the mollicutes (mycoplasmas) that are naturally wall-less bacteria.

A second component of the Gram-positive cell wall is a teichoic acid. These com-
pounds are polymers of either glycerol phosphate or ribitol phosphate, with various sug-
ars, amino sugars, and amino acids as substituents (Fig 2—8). The lengths of the chain
and the nature and location of the substituents vary from species to species and some-
times between strains within a species. Up to 50% of the wall may be teichoic acid, some
of which is covalently linked to occasional NAM residues of the murein. Of the teichoic
acids made of polyglycerol phosphate, much is linked not to the wall but to a glycolipid
in the underlying cell membrane. This type of teichoic acid is called lipoteichoic acid
and seems to play a role in anchoring the wall to the cell membrane and as an epithelial
cell adhesin. Teichoic acids are found only in Gram-positive cells and constitute major
antigenic determinants of their cell surface individuality. For example, S. aureus polysac-
charide A is a teichoic acid and Enterococcus faecalis group D carbohydrate is a lipotei-
choic acid.

Beside the major wall components—murein and teichoic acids— Gram- positive
walls usually have lesser amounts of other molecules. Some are polysaccharides, such as
the group-specific antigens of streptococci; others are proteins, such as the M protein of
group A streptococci. The detailed arrangement of the various antigens in some of the
more complex Gram-positive walls is still being worked out, but minor components are
thought to protect the peptidoglycan layer from the action of such agents as lysozyme.
Some protein components, called adhesins, of the cell wall promote colonization by
sticking the bacteria to the surfaces of host cells (see Chapter 10).

Gram-Negative Cell Wall

The second kind of cell wall found in bacteria, the Gram-negative cell wall, is depicted in
Figure 2-9. Except for the presence of murein, there is little chemical resemblance to
cell walls of Gram-positive bacteria, and the architecture is fundamentally different. In
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Schematic representation of wall of Gram-negative bacteria. LPS, lipopolysaccharide with
endotoxic properties.

Gram-negative cells, the amount of murein has been greatly reduced, with some of it
forming a single-layered sheet around the cell and the rest forming a gel-like substance,
the periplasmic gel, with little cross-linking. External to this periplasm is an elaborate
outer membrane.

Historically, the cell wall was regarded as the structure external to the cell membrane
(excluding the capsule), and for Gram-positive bacteria this conception is certainly appro-
priate. Examination of Figures 2—5 and 2-9 shows the dilemma in applying the same
term to the Gram-negative envelope. There is some reason to apply the same definition
used for the Gram-positive situation, in which case the cell wall of Gram-negative bacte-
ria consists of periplasm with its murein sac plus the outer membrane. This convention is
used in Table 2—1 and in the text of this chapter. An alternative convention is to consider
that the cell wall of Gram-negative bacteria is simply the structure chemically most like
the Gram-positive wall, namely, the thin murein sac, with perhaps its attendant periplas-
mic gel. The student will quickly realize the underlying truth that cell wall is not a very
satisfying term. Some microbiologists use cell envelope and envelope layers and avoid
using the term cell wall altogether for Gram-negative bacteria.

Earlier electron micrographs had suggested that the small amount of murein in Gram-
negative cells, such as Escherichia coli, formed a single sheet around the cell, and that
this murein sac was floating in a space, the periplasmic space, containing a fairly concen-
trated solution of proteins and oligosaccharides. Recent evidence modifies this picture
and indicates that the “space” is a gel formed by murein peptidoglycan chains with little
or no cross-linking.

Whatever its precise nature, the periplasm contains a murein sac, with a unit peptido-
glycan structure quite similar to that in Gram-positive cells. Despite its reduced extent in
the Gram-negative wall, the murein sac still is responsible for the shape of the cell and is
vital for its integrity. As in the case of Gram-positive cells, removing or damaging the
peptidoglycan layer leads to cell lysis. If the cells are protected from osmotic lysis dur-
ing lysozyme or penicillin treatment, they assume a spherical shape. Because such
spheres cannot be totally stripped of wall material, they are called spheroplasts, in con-
trast to the protoplasts formed from Gram-positive cells. Spheroplasts of some species
can multiply.

The proteins in solution in the periplasm consist of enzymes with hydrolytic functions
(such as alkaline phosphatase), sometimes antibiotic-inactivating enzymes, and various
binding proteins with roles in chemotaxis and in the active transport of solutes into the
cell (see Chapter 3). Oligosaccharides secreted into the periplasm in response to external
conditions serve to create an osmotic pressure buffer for the cell.

Gram-negative wall is murein sac
plus outer membrane

Murein sac is responsible for
shape and integrity; removal
results in spheroplasts

Periplasmic proteins have
transport, chemotactic, and
hydrolytic roles
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The periplasm is an intermembrane structure, lying between the cell membrane (dis-
cussed later) and a special membrane unique to Gram-negative cells, the outer membrane.
This has an overall structure similar to most biological membranes with two opposing
phospholipid—protein leaflets. However, in terms of its composition, the outer membrane
is unique in all biology. Its inner leaflet consists of ordinary phospholipids, but these are
replaced in the outer leaflet by a special molecule called lipopolysaccharide (LPS), which
is extremely toxic to humans and other animals, and is called an endotoxin. Even in
minute amounts, such as the amount released to the circulation during the course of a
Gram-negative infection, this substance can produce a fever and shock syndrome called
Gram-negative shock, or endotoxic shock.

LPS consists of a toxic lipid A (a phospholipid containing glucosamine rather than
glycerol), a core polysaccharide (containing some unusual carbohydrate residues and
fairly constant in structure among related species of bacteria), and O antigen polysac-
charide side chains (Fig 2—10). The last component constitutes the major surface anti-
gen of Gram-negative cells (which, it is recalled, lack teichoic acids).

The presence of LPS in the outer leaflet of the outer membrane results in the cover-
ing of Gram-negative cells by a wall that should block the passage of virtually every
organic molecule into the cell. Hydrophobic molecules (such as some antibiotics)
would be blocked by the hydrophilic layer of O antigen; hydrophilic solutes, including
most nutrients, such as sugars and amino acids, would face the barrier created by the
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lipid portion of the outer membrane. Clearly this is a trade-off that cannot be made; the
Gram-negative cell, for whatever benefit is afforded by possessing a wall with an outer
membrane, must make provision for the rapid entry of nutrients. Active transport
(described in Chapter 3) is part of the solution, and a particular structural feature of the
outer membrane contributes another part. Special proteins, called porins or matrix
proteins, form pores through the outer membrane that make it possible for hydrophilic
solute molecules of molecular weight less than about 800 to diffuse through it and into
the periplasm.

The outer membrane does not contain the variety of proteins present in the cell
membrane, but those that are present are quite abundant. In addition to the porins, there
is a protein called Braun’s lipoprotein or murein lipoprotein, which is probably the
most abundant outer membrane protein in Gram-negative cells, such as E. coli. This
protein is covalently attached at its amino end to a lipid embedded in the outer mem-
brane. About one third of these lipoprotein molecules are covalently attached at their
carboxyl end to the third amino acid in the murein tetrapeptide. It is believed that this
forms the major attachment of the murein layer to the outer membrane of the wall in
E. coli (see Fig 2-9).

The innermost leaflet may well be contiguous in places with the outermost leaflet of
the cell membrane (see Fig 2—9), because, at least under the electron microscope, prepa-
rations of the outer membrane and the cell membrane can be seen to adhere to each other
at zones of adhesion (also called Bayer’s junctions). Other zones of adhesion girding
the whole circumference of E. coli and related species have been postulated. Because
these annular rings tend to form about the cell division septum, they have been called
periseptal annuli. Their existence is still being examined.

In evolving a cell wall containing an outer membrane, Gram-negative bacteria have
succeeded in (1) creating the periplasm, which holds digestive and protective enzymes
and proteins important in transport and chemotaxis; (2) presenting an outer surface with
strong negative charge, which is important in evading phagocytosis and the action of
complement; and (3) providing a permeability barrier against such dangerous molecules
as host lysozyme, S-lysin, bile salts, digestive enzymes, and many antibiotics.

Cell Membrane

Generally the cell membrane of bacteria is similar to the familiar bileaflet membrane,
containing phospholipids and proteins, that is found throughout the living world.
However, there are important differences. The bacterial cell membrane is exceptionally
rich in proteins (up to 70% of its weight) and does not (except in the case of mycoplas-
mas) contain sterols. The bacterial chromosome is attached to the cell membrane,
which plays a role in segregation of daughter chromosomes at cell division, analogous
to the role of the mitotic apparatus of eukaryotes. The membrane is the site of synthesis
of DNA, cell wall polymers, and membrane lipids. It contains the entire electron trans-
port system of the cell (and, hence, is functionally analogous to the mitochondria of
eukaryotes). It contains receptor proteins that function in chemotaxis. Like cell mem-
branes of eukaryotes, it is a permeability barrier and contains proteins involved in se-
lective and active transport of solutes. It is also involved in secretion to the exterior of
proteins (exoproteins), including exotoxins and hydrolytic enzymes involved in the
pathogenesis of disease. The bacterial cell membrane is therefore the functional equiva-
lent of most of the organelles of the eukaryotic cell and is vital to the growth and
maintenance of the cell.

The cell membranes of Gram-positive and Gram-negative cells are similar in compo-
sition, structure, and function except for the modification, already described, in Gram-
negative cells that places the outer membrane of the wall and the cell membrane in
intimate contact (Bayer’s junctions).

Flagella

Flagella are molecular organelles of motility found in many species of bacteria, both Gram
positive and Gram negative. They may be distributed around the cell (an arrangement called
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FIGURE 2-11

Schematic representation of the
flagellar apparatus. (After DePam-
philis ML, Adler J. Fine structure
and isolation of hook-basal body
complex of flagella from
Escherichia coli and Bacillus
subtilis. J Bacteriol
1971;105:384-359.)
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peritrichous from the Greek trichos for “hair”), at one pole (polar or monotrichous), or at
both ends of the cell (lophotrichous). In all cases, they are individually helical in shape and
propel the cell by rotating at the point of insertion in the cell envelope. The presence or ab-
sence of flagella and their position are important taxonomic characteristics.

The flagellar apparatus is complex, but consists entirely of proteins, encoded in genes
called fla (for flagella). They are attached to the cell by a basal body consisting of several
proteins organized as rings on a central rod (see Fig 2—5). In Gram-negative cells, there
are four rings: an outer pair that serve as bushings through the outer membrane and an in-
ner pair located in the peptidoglycan gel and the cell membrane. In Gram-positive cells,
only the inner pair is present. The hook consists of other proteins organized as a bent
structure that may function as a universal joint. Finally, the long filament consists of
polymerized molecules of a single protein species called flagellin (Fig 2—11). Flagellin
varies in amino acid sequence from strain to strain. This makes flagella useful surface
antigens for strain differentiation, particularly among the Enterobacteriaceae.

Motility and chemotaxis, both important properties contributing to colonization, are
discussed in Chapter 3.

Pili

Pili are molecular hair-like projections found on the surface of cells of many Gram-
positive and Gram-negative species. They are composed of molecules of a protein called
pilin arranged to form a tube with a minute, hollow core. There are two general
classes, common pili and sex pili (Fig 2—12). Common pili cover the surface of the cell.
They are, in many cases, adhesins, which are responsible for the ability of bacteria to
colonize surfaces and cells. To cite only one example, the pili of Neisseria gonorrhoeae
are necessary for the attachment to the urethral epithelial cells prior to penetration; with-
out pili, the bacterium cannot cause gonorrhea. Thus, common pili are often important
virulence factors. In fact, there are at least five different types of common pili (see Chap-
ter 10). Some bacteriologists use the name fimbriae to refer to common pili. The sex
pilus is diagnostic of a male bacterium and is involved in exchange of genetic material
between some Gram-negative bacteria. There is only one per cell. The function of the sex
pilus is discussed in Chapter 4.
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In contrast to the structural richness of the layers and appendages of the cell envelope, the
interior seems relatively simple in transmission electron micrographs of thin sections of
bacteria (Fig 2—13). There are two clearly visible regions, one granular (the cytosol) and
one fibrous (the nucleoid). In addition, many bacteria possess plasmids that are usually
circular, double-stranded DNA bodies in the cytosol separate from the larger nucleoid;
plasmids are too small to be visible in thin sections of bacteria.

Cytosol

The dense cytosol is bounded by the cell membrane. It appears granular because it is
densely packed with ribosomes, which are much more abundant than in the cytoplasm of
eukaryotic cells. This is a reflection of the higher growth rate of bacteria. Each ribosome
is a ribonucleoprotein particle consisting of three species of rRNA (5 S, 16 S, and 23 S)
and about 56 proteins. The overall subunit structure (one 50 S plus one 30 S particle) of
the 70 S bacterial ribosome resembles that of eukaryotic ribosomes (which are 80 S, com-
posed of one 60 S and one 40 S particle), but is smaller and differs sufficiently in function
that a very large number of antimicrobics have the prokaryotic ribosome as their target.

External layer

Cell wall
Cytoplasmic membrane

Nucleoid

Ribosomes
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FIGURE 2-12

On the left-hand side is a “male”
Escherichia coli cell exhibiting
many common (somatic) pili and a
sex pilus by which it has attached
itself to a “female” cell that lacks
the plasmid encoding the sex
pilus. As discussed in Chapter 4,
the sex pilus facilitates exchange
of genetic material between the
male and female E. coli. In this
preparation, the sex pilus has been
labeled with a bacterial virus that
attaches to it specifically. (Cour-
tesy of Charles C. Brinton and
Judith Carnahan.)

Cytosol contains 70 S ribosomes
and most of cell’s metabolic
enzymes

FIGURE 2-13

Electron micrograph of a Gram-
negative bacterium. (Courtesy of
the late Dr. E. S. Boatman.)
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The number of ribosomes varies directly with the growth rate of the cell (see Chapter 3).
At all but the slowest growth rates about 70% of the ribosomes at any one time exist as
polysomes and are engaged in translating mRNA. Except for the functions associated
with the cell membrane, all of the metabolic reactions of the cell take place in the cytosol.
Accordingly, it is found to be the major location of a great fraction of the 2000 to 3000
different enzymes of the cell. The cytosol of some bacterial species also contains nutri-
tional storage granules called reserve granules. The most prevalent kinds consist of
glycogen or polymetaphosphate. Their presence and abundance depend on the nutritional
state of the cell.

Nucleoid

The bacterial genome resides on a single chromosome (there are rare exceptions) and typ-
ically consists of about 4000 genes encoded in one, large, circular molecule of double-
stranded DNA containing about 5 million nucleotide base pairs. This molecule is more
than 1 mm long, and it therefore exceeds the length of the cell by some 1000 times. Need-
less to say, tight packing is necessary, and it is this packing that displaces all ribosomes
and other cytosol components from the regions that appear clear or fibrous in electron mi-
crographs of thin sections of bacterial cells (see Fig 2—13). Each region thus contains a
chromosome, coated usually by polyamines and some specialized DNA-binding proteins
but not with the structural organization of a eukaryotic chromosome. Because it is not
surrounded by a membrane, it is not correctly called a nucleus but rather a nucleoid or
nuclear body. The manner in which the DNA molecule is packed to form a nucleoid is
not yet totally known. The double-helical DNA chain is twisted into supercoils, and it is
suspected that the DNA is attached to the cell membrane. Evidence indicates that the en-
tire chromosome is attached to some central structure, perhaps RNA, at a large number of
points (12 to 80), creating folds of DNA, each of which is independently coiled into a
tight bundle. Gentle methods of lysing cells permit nucleoids to be isolated as compact
particles from which DNA loops can be sprung out.

Each nuclear body corresponds to a DNA molecule. The number of nuclear bodies
varies as a function of growth rate; resting cells have only one, rapidly growing cells may
have as many as four. As is described in Chapter 4, bacteria are genetically haploid for
two reasons: (1) because all the chromosomes are identical and are segregated at random
into daughter cells, and (2) because when rapidly growing cells slow down and form rest-
ing cells, the latter have returned to a single chromosome state.

The absence of a nuclear membrane confers on the prokaryotic cell a great advantage
for rapid growth in changing environments. As described in Chapter 3, ribosomes can be
translating mRNA molecules even as the latter are being made; no transport of mRNA
from where it is made to where it functions is needed.

Plasmids

Many bacteria contain small, usually circular, covalently closed, double-stranded DNA
molecules separate from the chromosome. More than one type of plasmid or several
copies of a single plasmid may be present in the cell. Many plasmids carry genes coding
for the production of enzymes that protect the cell from toxic substances. For example,
antibiotic resistance is often plasmid determined. Many attributes of virulence, such as
production of some pili and of some exotoxins, are also determined by plasmid genes.
Some plasmids code for production of a sex pilus by which they promote cell conjugation
and thereby accomplish their own intercellular transmission. They are thus “infectious,”
are nonhomologous to the bacterial chromosome, and provide a rapid method for acquisi-
tion of valuable genetic traits. This topic is considered in more detail in Chapter 4.

SPORES

Endospores are small, dehydrated, metabolically quiescent forms that are produced by
some bacteria in response to nutrient limitation or a related sign that tough times are
coming. Very few species produce spores (the term is loosely used as equivalent to
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endospores), but they are particularly prevalent in the environment. Some spore-forming
bacteria are of great importance in medicine, causing such diseases as anthrax, gas gan-
grene, tetanus, and botulism. All spore formers are Gram-positive rods. Some grow only
in the absence of oxygen (eg, Clostridium tetani), some only in its presence (eg, Bacillus
subtilis).

The bacterial endospore is not a reproductive structure. One cell forms one spore un-
der adverse conditions (the process is called sporulation). The spore may persist for a
long time (centuries) and then, on appropriate stimulation, give rise to a single bacterial
cell (germination). Spores, therefore, are survival rather than reproductive devices.

Spores of some species can withstand extremes of pH and temperature, including
boiling water, for surprising periods of time. The thermal resistance is brought about by
the low water content and the presence of a large amount of a substance found only in
spores, calcium dipicolinate. Resistance to chemicals and, to some extent, radiation is
aided by extremely tough, special coats surrounding the spore. These include a spore
membrane (equivalent to the former cell membrane); a thick cortex composed of a spe-
cial form of peptidoglycan; a coat consisting of a cysteine-rich, keratin-like, insoluble
structural protein; and, finally, an external lipoprotein and carbohydrate layer called an
exosporium.

Sporulation is under active investigation. The molecular process by which a cell pro-
duces a highly differentiated product that is incapable of immediate growth but able to
sustain growth after prolonged periods (centuries, in some cases) of nongrowth under ex-
treme conditions of heat, desiccation, and starvation is of great interest. In general, the
process involves the initial walling off of a nucleoid and its surrounding cytosol by in-
vagination of the cell membrane, with later additions of special spore layers. Germination
begins with activation by heat, acid, and reducing conditions. Initiation of germination
eventually leads to outgrowth of a new vegetative cell of the same genotype as the cell
that produced the spore.

ADDITIONAL READING

Neidhardt FC, Ingraham JL, Schaechter M. Physiology of the Bacterial Cell: A Molecular
Approach. Sunderland, MA: Sinauer Associates; 1990. A very readable description of the
composition, organization, and structure of the bacterial cell is presented in Chapters 1
and 2. A good list of references for further reading is included.

25

Spore-forming allows survival
under adverse conditions

Endospore is not a reproductive
structure

Resistance of spore is due to
dehydrated state, calcium
dipicolinate, and specialized coats

Germination reproduces cell
identical to that which sporulated



This page intentionally left blank



CHAPTER 3

Bacterial Processes

FREDERICK C. NEIDHARDT

| his chapter examines how the structural and chemical components of bacteria func-
tion in the growth and survival of these cells and in their colonization of the human host.

CELL GROWTH

Growth of bacteria is accomplished by an orderly progress of metabolic processes fol-
lowed by cell division by binary fission. Therefore, growth requires three complex
processes: metabolism, which produces cell material from the nutrient substances pres-
ent in the environment; regulation, which coordinates the progress of the hundreds of
independent biochemical processes of metabolism to result in an orderly and efficient
synthesis of cell components and structures in the right proportions; and cell division,
which results in the formation of two independent living units from one.

Bacterial Metabolism

We do not review in depth the many aspects of (mostly mammalian) metabolism custom-
arily learned in biochemistry courses. Many of the principles, and even some of the
details of metabolism, are universal. Indeed, the principle known as the unity of bio-
chemistry is underscored by the fact that much of what we know of metabolic pathways
is derived from work with Escherichia coli. We focus, rather, on the unique aspects of
bacterial metabolism that are important in medicine.

The broad differences between bacteria and human eukaryotic cells can be summa-
rized as follows:

1. The metabolism of most bacteria is geared to rapid growth and proceeds 10 to 100
times faster than in cells of our bodies.

2. Bacteria are much more versatile than human cells in their ability to use various com-
pounds as energy sources and in their ability to use oxidants other than molecular
oxygen in their metabolism of foodstuffs.

3. Bacteria are much more diverse than human cells in their nutritional requirements, be-
cause they are more diverse with respect to the completeness of their biosynthetic
pathways.

4. The simpler prokaryotic body plan makes it possible for bacteria to synthesize macro-
molecules by far more streamlined means than our cells employ.

5. Some biosynthetic processes, such as those producing murein, lipopolysaccharide
(LPS), and teichoic acid, are unique to bacteria.

Each of these differences contributes to the special nature of the human—microbe en-
counter, and each provides a potential means for designing therapeutic agents to modify
the outcome of this interaction.

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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Bacterial metabolism is highly complex. The bacterial cell synthesizes itself and gen-
erates energy for active transport, motility (in some species), and other activities by as
many as 2000 chemical reactions. These reactions can be helpfully classified according to
their function in the metabolic processes of fueling, biosynthesis, polymerization, and
assembly.

Fueling Reactions

Fueling reactions provide the cell with energy and with the 12 precursor metabolites
used in biosynthetic reactions (Fig 3—1).

The first step is the capture of nutrients from the environment. Both Gram-positive
and Gram-negative cells have surrounded themselves with envelopes designed in part to
exclude potentially harmful substances and, therefore, have had to evolve a number of
ways to ensure rapid transport of selected solute molecules through the envelope. Meth-
ods used by Gram-negative cells are summarized in Figure 3—-2.

Almost no important nutrients enter the cell by simple diffusion, because the cell mem-
brane is too effective a barrier to most molecules (the exceptions are carbon dioxide, oxy-
gen, and water). Some transport occurs by facilitated diffusion in which a protein carrier in
the cell membrane, specific for a given compound, participates in the shuttling of molecules
of that substance from one side of the membrane to the other. Glycerol enters E. coli cells in
this manner, and in bacteria that grow in the absence of oxygen (anaerobic bacteria, see be-
low) it is reasonably common for some nutrients to enter the cell and for fermentation
byproducts to leave the cell by facilitated diffusion. Because no energy is involved, this
process can work only with, never against, a concentration gradient of the given solute.

Active transport, like facilitated diffusion, involves specific protein molecules as car-
riers of particular solutes, but the process is energy linked and can therefore establish a
concentration gradient (active transport can pump “uphill”). Active transport is the most
common mechanism in aerobic bacteria. Gram-negative bacteria have two kinds of active
transport systems. In one, called shock-sensitive because the working components can be
released from the cell by osmotic shock treatments, solute molecules cross the outer
membrane either by diffusion through the pores of the outer membrane (as in the case of
galactose) or by a special protein carrier (as in the case of maltose). In the periplasm, the
solute molecules bind to specific binding proteins, which interact with carrier proteins in
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FIGURE 3-1
General pattern of metabolism leading to the synthesis of a bacterial cell from glucose.
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FIGURE 3-2

Schematic representation of the various modes of carbohydrate transport by Escherichia coli.
Facilitated diffusion is demonstrated by glycerol transport; proton gradient-energized transport,
by lactose uptake; shock-sensitive ATP-dependent transport, by galactose uptake; and group
translocation, by glucose uptake.

the cell membrane. Shock-sensitive systems couple the transport across the cell mem-
brane with the hydrolysis of ATP.

The other type of active transport involves only cell membrane components (and
hence is shock insensitive) and is distinctive in that solute transport is coupled to the
simultaneous passage of protons (H*) through the membrane. The energy for this type of
active transport is therefore derived not from ATP hydrolysis but from the proton gradient
set up by electron transport within the energized cell membrane.

Finally, group translocation is an extremely common means of transport in the ab-
sence of oxygen. It involves the chemical conversion of the solute into another molecule
as it is transported. The phosphotransferase system for sugar transport, which involves the
phosphorylation of sugars such as glucose by specific enzymes, is a good example.

The transport of iron and other metal ions needed in small amounts for growth is
special and of particular importance in virulence. There is little free Fe** in human
blood or other body fluids, because it is sequestered by iron-binding proteins (eg, trans-
ferrin in blood and lactoferrin in secretions). Bacteria must have iron to grow, and their
colonization of the human host requires capture of iron. Bacteria secrete siderophores
(iron-specific chelators) to trap Fe*"; the iron-containing chelator is then transported
into the bacterium by specific active transport. One example of a siderophore is aer-
obactin (a citrate type of hydoxamate), another is enterobactin (a catechol). Some
siderophores are produced as a result of enzymes encoded not in the bacterial genome,
but in the genome of a plasmid, providing another example of the many ways in which
plasmids are involved in virulence.

Once inside the cell, sugar molecules or other sources of carbon and energy are
metabolized by the Embden—Meyerhof glycolytic pathway, the pentose phosphate
pathway, and the Krebs cycle to yield the carbon compounds needed for biosynthesis.

Shock-insensitive transport
requires proton gradient energy

Group translocation involves
chemical conversion of
transported molecule

Iron is an essential nutrient but is
sequestered by host Fe-binding
proteins

Bacterial siderophores chelate iron
and are actively transported into
cell

Central fueling pathways produce
biosynthetic precursors
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Fermentation and respiration
pathways each regenerate ATP and
NAD*

Fermentation uses direct transfer
of proton and electron to final
organic receptor and produces
organic acids and alcohols

It has low ATP-generating
efficiency

Respiration uses chain of electron
carriers for which oxygen is
usually but not always the terminal
acceptor

Respiration is efficient energy
producer

Respiration produces a proton-
motive force that can generate
ATP and power motility and active
transport

Some pathways of fermentation of sugars by various microorganisms. The protons (H*) generated
by the conversion of glucose to pyruvate by the Embden—Meyerhoff pathway are transferred to
NAD. Oxidized NAD must be regenerated by reducing pyruvate and its derivatives.

Some bacteria have central fueling pathways (eg, the Entner—Doudoroff pathway) other
than those familiar in mammalian metabolism.

Working in concert, the central fueling pathways produce the 12 precursor metabo-
lites. Connections to fermentation and respiration pathways allow the reoxidation of
reduced coenzyme nicotinamide adenine dinucleotide (NADH) to NAD™ and the genera-
tion of ATP. Bacteria make ATP by substrate phosphorylation in fermentation or by a
combination of substrate phosphorylation and oxidative phosphorylation in respiration.
(Photosynthetic bacteria are not important in medicine.)

Fermentation is the transfer of electrons and protons via NAD™ directly to an or-
ganic acceptor. Pyruvate occupies a pivotal role in fermentation (Fig 3—-3). Fermentation
is an inefficient way to generate ATP, and consequently huge amounts of sugar must be
fermented to satisfy the growth requirements of bacteria anaerobically. Large amounts of
organic acids and alcohols are produced in fermentation. Which compounds are produced
depends on the particular pathway of fermentation employed by a given species, and
therefore the profile of fermentation products is a diagnostic aid in the clinical laboratory.

Respiration involves fueling pathways in which substrate oxidation is coupled to the
transport of electrons through a chain of carriers to some ultimate acceptor, which is fre-
quently, but not always, molecular oxygen. Other inorganic (eg, nitrate) as well as organic
compounds (eg, succinate) can serve as the final electron acceptor, and therefore many or-
ganisms that cannot ferment can live in the absence of oxygen (eg, Pseudomonas aerugi-
nosa in the human colon).

Respiration is an efficient generator of ATP. Respiration in prokaryotes as in eukary-
otes occurs by membrane-bound enzymes (quinones, cytochromes, and terminal oxidases),
but in prokaryotes the cell membrane rather than mitochondrial membranes provide the
physical site. The passage of electrons through the carriers is accompanied by the secretion
from the cell of protons, generating an H* differential between the external surface of the
cytosol membrane and the cell interior. This differential, called the proton-motive force,
can then be used to (1) drive transport of solutes by the shock-insensitive systems of active
transport (see above); (2) power the flagellar motors that rotate the filaments and result in
cell motility in the case of motile species; and (3) generate ATP by coupling the phospho-
rylation of adenosine diphosphate (ADP) to the passage of protons inward through special
channels in the cell membrane. The last pathway, facilitated by the enzyme anachronisti-
cally called membrane ATPase, can in fact function in either direction, coupling ADP
phosphorylation to the inward passage of protons down the gradient or hydrolyzing ATP to
accomplish the secretion of protons to establish a proton-motive force. The latter process
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explains how cells can generate a proton-motive force anaerobically (i.e., in the absence of
electron transport).

In evolving to colonize every conceivable nook and cranny on this planet, bacteria
have developed distinctive responses to oxygen. Bacteria are conveniently classified ac-
cording to their fermentative and respiratory activities but much more generally by their
overall response to the presence of oxygen. The response depends on their genetic ability
to ferment or respire but also on their ability to protect themselves from the deleterious
effects of oxygen.

Oxygen, though itself only mildly toxic, gives rise to at least two extremely reactive
and toxic substances, hydrogen peroxide (H,O,) and the superoxide amion (O?").
Peroxide is produced by reactions (catalyzed by flavoprotein oxidases) in which elec-
trons and protons are transferred to O, as final acceptor. The superoxide radical is
produced as an intermediate in most reactions that reduce molecular O,. Superoxide
is partially detoxified by an enzyme, superoxide dismutase, found in all organisms
(prokaryotes and eukaryotes) that survive the presence of oxygen. Superoxide dismutase
catalyzes the reaction

20%" + 2H" — H,0, + 0,.
Hydrogen peroxide is degraded by peroxidases by the reaction
H,0, + H,A —2H,0 + A

where A is any of a number of chemical groups (in the case in which H,A is another mol-
ecule of H,0,, the reaction yields 2H,0 + O,, and the peroxidase is called catalase).
Bacteria that lack the ability to make superoxide dismutase and catalase are exquisitely
sensitive to the presence of molecular oxygen and, in general, must grow anaerobically
using fermentation. Bacteria that possess these protective enzymes can grow in the pres-
ence of oxygen, but whether they use the oxygen in metabolism or not depends on their
ability to respire. Whether these oxygen-resistant bacteria can grow anaerobically de-
pends on their ability to ferment.

Various combinations of these two characteristics (oxygen resistance and the ability
to use molecular oxygen as a final acceptor) are represented in different species of bacte-
ria, resulting in the five general classes shown in Table 3—1. There are important
pathogens within each class. Both the nature of the diseases they cause and the methods
for cultivating and identifying these pathogens in the laboratory are dictated to a large ex-
tent by their response to oxygen. Many medically important bacteria classified as anaer-
obes (including those listed in Table 3—1) are in fact moderately aerotolerant, and may
possess low levels of superoxide dismutases and peroxidases that provide some survival
protection, if not the ability to grow.

Biosynthesis

Biosynthetic reactions form a network of pathways that lead from 12 precursor metabo-
lites (provided by the fueling reactions) to the many amino acids, nucleotides, sugars,
amino sugars, fatty acids, and other building blocks needed for macromolecules (see
Fig 3—1). In addition to the carbon precursors, large quantities of reduced nicotinamide
adenine dinucleotide phosphate (NADPH), ATP, amino nitrogen, and some source of sul-
fur are needed for biosynthesis of these building blocks. These pathways are similar in all
species of living things, but bacterial species differ greatly as to which pathways they
possess. Because all cells require the same building blocks, those that cannot be produced
by a given cell must be obtained preformed from the environment. Nutritional require-
ments of bacteria, therefore, differ from species to species and serve as an important prac-
tical basis for laboratory identification.

Relatively few unique reactions in the domain of biosynthesis are present to form the
basis for specific therapeutic attack on the microorganism rather than the host. The effec-
tiveness of sulfonamides and trimethoprim is one of these exceptional situations; many
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TABLE 3 -1

Classification of Bacteria by Response to Oxygen

“(+) indicates small amounts of growth or catalase and superoxide dismutase.
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bacteria must synthesize folic acid rather than use it preformed from their environment, as
human cells do, which renders these bacteria susceptible to agents that interfere with the
biosynthesis of folic acid.

Polymerization Reactions

Unlike fueling and biosynthetic processes, polymerization reactions offer many targets
for antimicrobic chemotherapy. The reason is simple: the bacterial machineries for repli-
cation, transcription, and translation differ from that in the human host cells.

Polymerization of DNA is called replication. From studies largely made in E. coli,
DNA replication involves 12 or more proteins acting at a small number of sites (replica-
tion forks) where DNA is synthesized from activated building blocks (dATP, dGTP,
dCTP, and TTP). Replication always begins at special sites on the chromosome called
oriC in E. coli (for origin of replication) and then proceeds bidirectionally around the cir-
cular chromosome (Fig 3—4). Synthesis of DNA at each replication fork is termed semi-
conservative because each of the DNA chains serves as the template for the synthesis of
its complement, and, therefore, one of the two chains of the new double-stranded mole-
cule is conserved from the original chromosome. One of the two new strands must be
synthesized in chemically the opposite direction of the other; this is accomplished by hav-
ing each new strand made in short segments, 5’ to 3’, which are then ligated by one of the
DNA-synthesizing enzymes (see Fig 3—4). Interestingly, an RNA primer is involved in
getting each of these segments initiated. The two replication forks meet at the opposite
side of the circle. The frequency of initiation of chromosome replication (and, therefore,
the number of growing points) varies with cell growth rate; the chain elongation rate is
rather constant at a given temperature independent of cell growth rate.

Some chemotherapeutic agents derive their selective toxicity for bacteria from the
unique features of prokaryotic DNA replication. The synthetic quinolone compounds in-
hibit DNA gyrase, one of the many enzymes participating in DNA replication.

Okazaki fragments /

Terminus
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Bidirectional, semiconservative
replication occurs at replication
forks, involves RNA primers, and
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independent of growth rate

DNA gyrase inhibitors are
selectively toxic for bacteria

FIGURE 3-4

Schematic representation of DNA
replication in bacteria. Shown is a
portion of a replicating chromo-
some shortly after replication has
begun at the origin. The newly
polymerized strands of DNA are
synthesized in the 5’ to 3" direc-
tion (indicated by the arrows)
using preexisting DNA strands as
templates. The process creates two
replication forks that travel in
opposite directions until they meet
on the opposite side of the
chromosome.
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A single RNA polymerase makes
all forms of bacterial RNA

Bacterial mRNA needs no special
transport to ribosomes

Bacteria constantly turn over their
complement of mRNA

o Subunit recognizes promoters

FIGURE 3-5

Schematic representation of the
coupling of transcription and
translation in bacteria.
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Transcription is the synthesis of RNA. Transcription in bacteria differs from that in
eukaryotic cells in several ways. One difference is that all forms of bacterial RNA
(mRNA, tRNA, and rRNA) are synthesized by the same enzyme, RNA polymerase. Like
the several eukaryotic enzymes, the single bacterial RNA polymerase uses activated
building blocks (ATP, GTP, CTP, and UTP) and synthesizes an RNA strand complemen-
tary to whichever strand of DNA is serving as template.

A second major difference is that bacterial mRNA need not be transported to the cyto-
plasm through a nuclear membrane, and hence no poly(A) cap is needed and no special
means of transport exists. In fact, because each mRNA strand is directly accessible to ri-
bosomes, binding of the latter to mRNA to form polysomes begins at an early stage in the
synthesis of each mRNA molecule (Fig 3-5).

A third remarkable difference is that bacterial mRNA is synthesized, used, and de-
graded all in a matter of a few minutes. Although most bacteria have some long-lived
species of mRNA, it is characteristic of bacterial cells to “wipe their [transcript] plate
clean” every few minutes and make whatever new transcripts are called for by sensing the
cell’s environment.

RNA polymerase is a large, complicated molecule with a subunit structure of
a2BB’ . The o subunit is the one that locates specific DNA sequences, called promoters,
which precede all transcriptional units. More than one o subunit, each designed to recog-
nize a different set of related promoters, can associate with RNA polymerase, which pro-
vides a simple means to activate groups of related genes that cooperate in such cellular

Closed complex

Nascent proteins
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processes as sporulation, nitrogen acquisition, heat shock stress response, and adaptation
to nongrowth conditions.

As in eukaryotic cells, all stable RNA molecules are made from large precursor mole-
cules that must be processed by nucleases and then extensively modified to produce the
mature product (the tRNAs and rRNAs).

Bacterial RNA polymerase is the target of the rifamycin series of antimicrobics (in-
cluding the semisynthetic compound rifampin). They block initiation of transcription.
Other substances of biological origin block extension of RNA chains or inhibit transcrip-
tion by binding to DNA. They have been of great value in molecular biological studies
but are also toxic to human cells and thus are not used in human therapy.

Translation is the name given to protein synthesis. Many antimicrobics derive their se-
lective toxicity for bacteria from the unique features of the prokaryotic translation appara-
tus. In fact, protein synthesis is the target of a greater variety of antimicrobics than is any
other metabolic process (see Chapter 13). Some agents inhibit the ribosomal large subunit
(eg, chloramphenicol and macrolides), some the small subunit (eg, tetracyclines and
aminoglycosides), and some aminoglycosides bind to both large and small subunits.

Bacteria activate the 20-amino-acid building blocks of protein in the course of attach-
ing them to specific transfer RNA molecules. The aminoacyl-tRNAs are brought to the ri-
bosomes by soluble protein factors, and there the amino acids are polymerized into
polypeptide chains according to the sequence of codons in the particular mRNA that is
being translated. Having donated its amino acid, the tRNA is released from the ribosome
to return for another aminoacylation cycle.

This description fits translation in eukaryotic as well as prokaryotic cells, but major
differences do exist. The initiation of translation of a new polypeptide chain requires
fewer proteins in bacteria. The ribosomes of bacteria are smaller and simpler in
structure. Bacterial mRNA is largely polycistronic, that is, each mRNA molecule is the
transcript of more than one gene (cistron) and therefore directs the synthesis of more
than one polypeptide. No processing or transport of the mRNA is necessary. RNA
polymerase makes mRNA at about 55 nucleotides per second (at 37°C), and ribosomes
make polypeptide chains at about 18 amino acids per second. Therefore, not only does
translation of each mRNA molecule occur simultaneously with transcription, but it oc-
curs at the same linear rate (55 nucleotides per second/3 nucleotides per codon = 18
amino acids per second). This means that ribosomes are traveling along each mRNA
molecule as fast as RNA polymerase makes it. This coupling plays a role in several as-
pects of regulation of gene expression unique to bacteria.

These special features of translation in bacteria contribute to the streamlined effi-
ciency of the process. The bacterial cytosol is packed with polyribosomes. Each ribosome
functions near its maximal rate. Therefore, the faster the growth rate of the cell, the more
ribosomes are needed for protein production. It can be estimated that during growth in
rich media, more than half the mass of the E. coli cell consists of ribosomes and other
parts of the translation machinery.

Other polymerization reactions involve synthesis of peptidoglycan, phospholipid,
LPS, and capsular polysaccharide. All of these reactions involve activated building blocks
that are polymerized or assembled within or on the exterior surface of the cytoplasmic
membrane.

The entire process of synthesizing peptidoglycan (murein), which is completely ab-
sent from eukaryotic cells, offers many vulnerable attack points for antibiotics and other
chemotherapeutic agents. Some of these are shown in Figure 3—6; others are described
more fully in Chapter 13.

The synthesis of murein occurs in three compartments of the cell (see Fig 3-6).

1. In the cytosol a series of reactions leads to the synthesis, on a nucleotide carrier
(UDP), of an N-acetylmuramic acid (NAM) residue bearing a pentapeptide (the
tetrapeptide found in mature murein plus an additional terminal D-alanine).

2. This precursor is then attached, with the release of UMP, to a special, lipid-like carrier
in the cell membrane called bactoprenol (or undecaprenol). Within the cell mem-
brane N-acetylglucosamine (NAG) is added to the precursor, along with any amino
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FIGURE 3-6

Schematic representation of
murein synthesis with sites of
action of some antibiotics. NAG,
N-acetylglucosamine; NAM,
N-acetylmuramic acid; BP and
BPP, bactoprenol phosphate and
bactoprenol pyrophosphate,
respectively; AA;, tripeptide
residue that in Escherichia coli
is L-alanyl-D-glutamyl-m-
diaminopimelic acid; D-Ala and
L-Ala, p-alanine and L-alanine,
respectively; UMP and UDP,
uridine mono- and diphosphate,
respectively. Some of the arrows
represent more than one chemical
reaction. See the text for a
description of this process.

Glycan polymer and peptide cross-
links are formed in periplasm or
wall

PBPs are involved in assembly,
expansion, and shaping of murein

Guided assembly involves
transport of components within
cell

Self-assembly (eg, of ribosomes)
can be mimicked in vitro
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acids that in this particular species will form the bridge between adjacent tetrapep-
tides. Bacitracin and vancomycin interfere with the function of bactoprenol as a car-
rier in polymerization and assembly reactions.

3. Outside the cell membrane (in the periplasm of Gram-negative cells and the wall of
Gram-positive cells), this disaccharide subunit is attached to the end of a growing gly-
can chain, and then cross-links between chains are formed by a transpeptidization us-
ing the energy transduced by the release of the terminal D-alanine—the extra amino
acid on the tetrapeptide. Eventually, release from the carrier occurs. These transpepti-
dases, called penicillin-binding proteins (PBPs) for their property of combining with
this antibiotic, are involved in forging, breaking, and reforging the peptide cross-links
between glycan chains. This dynamic process is necessary to permit expansion of the
murein sac during cellular growth, to shape the envelope, and to prepare for cell
division. It is this process that goes awry in the presence of penicillin and related an-
timicrobics, the action of which can be broadly stated as preventing formation of sta-
bilizing peptide cross-links.

Assembly Reactions and Protein Translocation

Assembly of cell structures occurs both by spontaneous aggregation (self-assembly) and
by special, specific mechanisms (guided assembly). Some macromolecules are made at
the sites of assembly (such as LPS in the outer membrane), and others must be trans-
ported to them (porin is made in the cytosol but ends up in the outer membrane). Self-
assembly is illustrated by two cell structures that spontaneously assemble in a test tube
from their component macromolecules: flagella and ribosomes. Important parts of enve-
lope assembly include special mechanisms for the secretion of proteins, the use of
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Bayer’s zones of adhesion (see Chapter 2, Fig 2—9) to form the phospholipid/protein
leaflets of the membranes, and the use of carrier molecules (eg, bactoprenol) to transport
hydrophilic compounds within the lipid portions of the membrane.

Translocation of Proteins

A problem is posed by the difficulty of moving macromolecules out of the cell interior
and into their proper place in the wall, outer membrane, and capsule. Proteins in their
natural folded state present a hydrophilic surface that cannot be pushed through phospho-
lipid membranes. These proteins may be part of the cell’s assembly process, and are des-
tined to reside within the membrane or wall of the cell, or in the case of Gram-negative
cells to reside finally in either the periplasm or outer membrane. Moreover, many proteins
are translocated through all layers of the cell envelope to the exterior environment.
Protein secretion has become the general term to designate all these instances of translo-
cation of proteins out of the cytosol (ie, whether the protein is to leave the cell or become
part of the envelope), recognizing that all these events share the problem of passing a pro-
tein between hydrophilic and hydrophobic phases. An understanding of this complex
process is beginning, and it turns out to have great relevance to bacterial virulence.
Approximately 20% of the proteins of E. coli are estimated to reside in the envelope.
Furthermore, many bacterial virulence factors are located on the surface of the cell,
poised to interact with the cells and fluids of the mammalian host. Studies with E. coli
and many other Gram-negative as well as Gram-positive bacteria have revealed a surpris-
ing number of mechanisms for protein translocation.

Proteins destined for the wall, membranes, or periplasm are translocated by a general
secretory pathway (GSP), which consists of cytosolic chaperones and an integral mem-
brane translocase consisting of several proteins operating cooperatively. The role of
the chaperones is to present the protein to be exported to the translocase, at which a special
ATPase “pusher” is thought to physically drive the proteins through the membrane. Pro-
teins of the GSP are products of what are called sec (secretory) genes, and the GSP
is therefore also called the Sec pathway. Many, but not all, exported proteins are recog-
nized by having a special signal sequence at their N-terminus; this peptide is cleaved off
during translocation through the membrane by a signal peptidase. The translocation of
some proteins occurs cotranslationally (ie, during their synthesis on a ribosome) before the
polypeptide has a chance to fold. For some of these, the nascent polypeptide—ribosome
complex is docked to the membrane by a signal recognition particle, similar to that in
mammalian cells, consisting of a protein (Ffh) and a 4.5S RNA. For others, translocation
occurs posttranslationally; the protein is completed and then may be escorted to the
translocase by chaperone proteins. Some of these general aspects of protein translocation
are shown in Figure 3-7.

Export of Proteins

In many cases, proteins are translocated completely through the entire envelope and into
the surrounding media or tissue, or even directly into host cells. Secretion of toxins and
other proteins contributes greatly to bacterial virulence, and occurs by several pathways,
only some of which utilize components of the GSP. In Gram-negative species, secretion
must translocate a protein across two membranes. In Gram-positive species, secretion is
less complex and usually involves proteins marked by a signal sequence interacting with
chaperones and translocases with general similarity to those of the GSP. Five pathways
have been discovered in different Gram-negative pathogens that accomplish export of
proteins into the environment (Fig 3—8). These pathways are important because many of
the secreted proteins are toxins or other virulence factors.

Type I secretion systems are Sec-independent (do not use the GSP), and consist of
three proteins that form a transmembrane channel through which the secreted protein
moves, driven by one of the proteins, an ATP-binding cassette (ABC) transporter;
hence, these systems are sometimes called simply ABC transporters. In a single step,
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FIGURE 3-7

Translocation of proteins using the
general secretory pathway (GSP).
Pathway A depicts a protein being
cotranslationally translocated,
with the ribosome/polypeptide
complex docked to the membrane
by a signal recognition particle.
Pathway B depicts a protein being
posttranslationally translocated
after protection in the cytosol by
chaperone proteins.

Type II secretion is called two-step
secretion; the first step occurs by
GSP

Type III secretion is called
contact-dependent secretion and is
Sec-independent

Type I1I secretion injects virulence
proteins directly into human cells
on contact

Type IV secretion adapts a DNA-
transfer system to proteins

Type V secretion uses GSP for the
first step; protein to be secreted
accomplishes the second step
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the secreted protein, which normally lacks a classical signal sequence, passes from the
cytosol to the external environment. The E. coli hemolysin is secreted in this manner.

Type II secretion systems, on the other hand, are Sec-dependent and use the tradi-
tional GSP to move a protein into the periplasm, but then in a second step, approximately
14 accessory protein molecules move the secreted protein across the outer membrane.
This process is called two-step secretion. Like the type I systems, type II systems in-
clude an ATP-binding protein but also a peptidase to cleave a signal sequence from the
secreted proteins, all of which have a signal sequence. These systems are common in such
Gram-negative bacteria as Klebsiella oxytoca, Vibrio cholerae, Pseudomonas aeruginosa,
and E. coli.

Type III systems, which are responsible for the secretion of many virulence factors in
Yersinia, Salmonella, Shigella, and Pseudomonas species, involve as many as 20 protein
components. One component is a chaperone specific for the given protein to be secreted,
and another is an ATP-binding protein thought to energize the system. Type III systems
are attracting intense study because they are responsible for contact-dependent secre-
tion, in which secretion of virulence proteins is activated by contact with mammalian
host cells, resulting in the direct injection of the secreted protein into the cytoplasm of the
mammalian cell. Type III systems are Sec-independent.

Type IV systems are referred to as conjugal transfer systems because they were
originally discovered as pathways by which DNA is conjugally transferred between bac-
terial cells or between a bacterial and a eukaryotic cell. They are used by the plant
pathogen Agrobacterium tumefaciens to transfer oncogenic DNA and protein into plants,
and a similar system is used by Bordetella pertussis to export pertussis (whooping cough)
toxin. Genes similar to those responsible for this type of secretion in these organisms are
found in the pathogenicity island of Helicobacter pylori and in Legionella pneumophila.
Currently it is unclear whether the protein secretion by these systems requires the Sec
machinery.

Type V secretion systems are two-step, Sec-dependent pathways. No helper protein is
needed for translocation through the outer membrane; the transported protein itself
accomplishes this feat. Hence, these systems are referred to as autotransporters. One
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domain of the protein forms a channel in the outer membrane for the rest of the protein
and then is cleaved off. These are the simplest of the Sec-dependent systems. A serine
protease from Serratia marcescens, the important IgA proteases of Haemophilus influen-
zae and Neisseria gonorrhoeae, and the vacuolating cytotoxin VacA from H. pylori are
each secreted as autotransporters.
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FIGURE 3-8

Simplified schematic diagrams
that compare the main features of
protein export by the five known
pathways. (Adapted from Harper
JR, Silhavy TJ. Germ warfare: The
mechanisms of virulence factor
delivery. In: EA Groisman, Princi-
ples of Bacterial Pathogenesis,
San Diego, CA: Academic Press;
2001, pp 43-74.)
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Bacterial secretion and export offer potential targets for future design of chemothera-
peutic agents.

Cell Division

Bacteria multiply by binary fission. More than 30 genes in E. coli are known to be in-
volved in the process that involves the polar separation of the daughter chromosomes, the
formation of the cross-wall and envelope at the point of cell division, and ultimately the
separation of the two newly formed cells. In rich medium at 37°C, the entire process is
completed in 20 minutes in E. coli and many other pathogenic species. The most astound-
ing aspect of this feat is that the replication of the chromosome in these cells takes ap-
proximately 40 minutes, largely independently of the nature of the medium. The trick of
dividing faster than the chromosome can replicate is accomplished by a mechanism that
triggers the start of a new round of replication before an earlier one has been completed.
In other words, during rapid growth multiple pairs of replication forks are at work on a
given chromosome, and a newborn cell inherits chromosomes that have already been par-
tially replicated. Bacteria maintain a constant cell mass:DNA ratio, and because rapidly
growing cells have extra DNA (due to the multiple replication forks), cell size obviously
is related to growth rate; the faster bacteria grow, the larger is their average size.

Cell division must be precisely coordinated with the completion of a round of DNA
replication, or nonviable offspring will be produced. This coordination does not just hap-
pen; it requires a special regulatory system. Mutants are known that are defective in this
regulation; in some of them, cell division without chromosome replication and segrega-
tion leads to the formation of minicells, which are complete cells save for lacking DNA.

The complexity of cell division would lead one to expect that it might be easily dis-
rupted by chemotherapeutic agents, and this is the case. Nonlethal concentrations of an-
timicrobics that act, even indirectly, on the polymerization or assembly reactions of the
cell wall cause the formation of bizarre and distorted cells. Long filaments can result
from incomplete cell division in the case of rod-shaped bacteria such as E. coli. Such
forms are frequently encountered in direct examination of specimens from patients
treated with antimicrobics.

GROWTH OF BACTERIAL CULTURES

Solutions of nutrients that support the growth of bacteria are called media (singular,
medium), which can be solidified by the incorporation of agar. The introduction of live
cells into liquid sterile media or onto the surface of solidified media is called inoculation.
A population of bacterial cells is referred to as a culture. If the population is genetically
homogeneous (ie, if all cells belong to the same strain of the same species), it is called a
pure culture. Study of bacteria usually requires pure cultures, which can be obtained in
several ways. The most common is to spread a very dilute suspension of a mixed culture
on the surface of medium solidified with agar. Growth of individual cells deposited across
the surface of solidified medium leads to visible mounds of bacterial mass called
colonies. The cells in a colony are usually descended from a single original cell and, in
this case, constitute a clone. There is little difference between a pure culture and a clone,
except that a pure culture may have been produced by the original inoculation of several
identical cells. Colonies of different species and strains show marked differences in size,
form, and consistency resulting from differences in growth rates, surface properties of the
organisms, and their response to the gradients of nutrients and metabolites that develop
within the colony as it enlarges. This facilitates subculturing to pure cultures. The diag-
nostic application of these techniques is discussed in Chapter 15.

Growth of a liquid bacterial culture can be monitored by removing samples at timed
intervals and placing suitable dilutions in or on solidified medium to obtain a count of the
number of colonies that develop. The count can be directly extrapolated to the number of
viable units in the original sample (which, because certain bacteria clump or form chains,
may not represent the number of bacterial cells). Growth can also be measured by
determining the number of total cells in each sample. Direct count with a microscope is
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simple but tedious; more sensitive and accurate counts can be made with the aid of an
electronic particle counter. More often, the turbidity of the culture is measured, because
bacterial cultures above approximately 10° cells/mL are visibly turbid, and turbidity is
proportional to the total mass of bacterial protoplasm present per milliliter. Turbidity is
quickly and easily measured by means of a spectrophotometer.

The growth rate of a bacterial culture depends on three factors: the species of bac-
terium, the chemical composition of the medium, and the temperature. The time needed
for a culture to double its mass or cell number is in the range of 30 to 60 minutes for most
pathogenic bacteria in rich media. Some species can double in 20 minutes (E. coli and re-
lated organisms), and some (eg, some mycobacteria) take almost as long as mammalian
cells, 20 hours. In general, the greater the variety of nutrients provided in the medium, the
faster growth occurs. This superficially simple fact actually depends on the operation of
metabolic regulatory devices of considerable sophistication, which, as we shall see in the
next section, ensures that building blocks provided in the environment not be wastefully
synthesized by the cells. For each bacterial species, there is a characteristic optimum tem-
perature for growth, and a range, sometimes as broad as 40°, within which growth is pos-
sible. Most pathogens of warm-blooded creatures have a temperature optimum for growth
near normal body temperature, 37°C; growth often occurs at room temperature, but
slowly. Therefore, incubators set at 35 to 37°C are used for culture of most clinical speci-
mens. Exceptions to this rule include some organisms causing superficial infections for
which 30°C is more suitable. As a group, bacteria have the widest span of possible
growth temperatures, extending over the entire range of liquid water, 0°C to 100°C. Bac-
teria that grow best at refrigerator temperatures are called psychrophiles, those that grow
above 50°C are called thermophiles; in between are the mesophiles, including virtually
all pathogens.

When first inoculated, liquid cultures of bacteria characteristically exhibit a lag
period during which growth is not detectable. This is the first phase of what is called the
culture growth cycle (Fig 3—9). During this lag, the cells are actually quite active in ad-
justing the levels of vital cellular constituents necessary for growth in the new medium.
Eventually net growth can be detected, and after a brief period of accelerating growth,
the culture enters a phase of constant, maximal growth rate, called the exponential or
logarithmic phase of growth, during which the generation time is constant. During this
phase, cell number, and total cell mass, and amount of any given component of the cells
increase at the same exponential rate; such growth is called balanced growth, or steady-
state growth. The full reproductive potential of bacteria is exhibited during this phase:
one cell gives rise to 2 cells in 1 generation, to § cells after 3 generations, to 1024 cells
after 10 generations, and to about 1 million cells in 20 generations. For a bacterial species
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FIGURE 3-10

Schematic diagram of a chemo-
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which fresh sterile medium is fed
at a constant rate by a pump.
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with a generation time of 20 minutes, therefore, it takes less than 7 hours in the exponen-
tial phase of growth to produce a million cells from one.

By use of an equation for exponential growth, it can be demonstrated that 2 days of
growth at this rate would be sufficient to generate a mass of bacteria equal to 500 times
the mass of the earth. Fortunately, this never occurs, but not because the equation is
faulty. Constant growth rate requires that there be no change in the supply of nutrients or
the concentration of toxic by-products of metabolism (such as organic acids). This con-
stancy can exist for only a short time (hours) in an ordinary culture vessel. Then growth
becomes progressively limited (decelerating phase) and eventually stops (stationary
phase). Cells in the stationary phase are different from those in the exponential phase.
They are smaller, have a different complement of enzymes (to deal with survival during
starvation), and have fewer ribosomes per unit mass. When an inoculum of such cells is
placed into fresh medium, exponential growth cannot resume immediately, and hence the
lag period is observed. Note that there is no lag phase if the inoculum consists of
exponential-phase cells. Prolonged incubation of a stationary-phase culture leads to cell
death for many bacterial species (such as the pneumococcus), although many (such as E.
coli) are hardy enough to remain viable for days. During the death phase or decline of
a culture, cell viability is lost by exponential kinetics as described in Chapter 11. As
already noted, for those Gram-positive species that can sporulate, entry into the stationary
phase usually triggers this event.

One way to maintain a culture in exponential, steady-state (balanced) growth for long
periods is to use a device in which fresh medium is continuously added but the total vol-
ume of culture is held constant by an overflow tube. One such constant-volume device is
called a chemostat; it operates by infusing fresh medium containing a limiting nutrient at
a constant rate, and the growth rate of the cells is set by the flow rate (Fig 3—10). A simi-
lar constant-volume device is the turbidostat; it operates by the infusion of fresh
medium by a pump controlled indirectly by the turbidity of the culture. Although such de-
vices may sound artificial, they mimic many situations of interest to medical microbiolo-
gists. Most of the places in which bacteria live on and within our bodies, in health and
disease, provide conditions more closely resembling those of nutrient-limited continuous-
culture devices than of enclosed flasks.

BIOFILMS

Except for growth as colonies on agar-solidified media, bacterial cultures grown in a
laboratory are smooth suspensions of individual cells dispersed in a liquid medium (see
Chapter 15). In nature, whether in soil, in marine or riparian environments, or on the
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surface of physical agents, including medical prosthetic devices, bacteria grow as aggre-
gated assemblies of cells. These biofilms frequently develop a multicellular arrangement
that excludes antimicrobics and other toxic molecules and enhances the ability of the
bacteria to capture nutrients. The full extent to which this phenomenon is related to infec-
tious disease remains to be determined, but it is clear that adherence to cell and tissue sur-
faces is an attribute of most pathogens.

REGULATION AND ADAPTATION

Metabolic reactions must proceed in a coordinated fashion. It would not do to have them
governed solely by the laws of “mass action” by which the concentrations of reactants
and products determine the rate of reactions. Furthermore, it would not do to have rates of
individual reactions set at some fixed levels. Bacteria can do little to control their environ-
ment, and any change in environment (eg, in temperature, pH, nutrient availability, osmo-
larity) would disrupt any preset synchronization or render it inappropriate. Bacteria must,
therefore, not just coordinate reactions, but must do so in a flexible, adjustable manner to
make growth possible in a changing environment. They accomplish this feat by many reg-
ulatory mechanisms, some of which operate to control enzyme activity, some to control
gene expression.

Control of Enzyme Activity

Although there are many examples of covalent modification of enzymes (eg, by phospho-
rylation, methylation, or acylation) to alter their activity, by far the most prevalent means
by which bacterial cells modulate the flow of material through fueling and biosynthetic
pathways is by changing the activity of allosteric enzymes through the reversible binding
of low-molecular-weight metabolites (ligands). In fueling pathways it is common for
AMP, ADP, and ATP to control the activity of enzymes by causing conformational
changes of allosteric enzymes, usually located at critical branch points where pathways
intersect. By this means, the flow of carbon from the major substrates through the various
pathways is adjusted to be appropriate to the demands of biosynthesis. For example, the
energy charge of the cell, defined as (ATP + 1/2 ADP)/(ATP + ADP + AMP), is kept
very close to 0.85 under all conditions of growth and nongrowth. In biosynthetic path-
ways, it is common for the end product of the pathway to control the activity of the first
enzyme in the pathway. This pattern, called feedback inhibition or end-product inhibi-
tion, ensures that each building block is made at exactly the rate it is being used for po-
lymerization. It also ensures that building blocks supplied in the medium are not waste-
fully duplicated by synthesis. Because many biosynthetic pathways are branched and
have multiple end products, special arrangements must be made to produce effective reg-
ulation. These include the production of multiple isofunctional enzymes for the controlled
step, the design of allosteric enzymes that require the cumulative effect of all end prod-
ucts to be completely inhibited, and sequential inhibition of each subpathway by its last
product (Fig 3—11).

Control of Gene Expression

To a far greater extent than eukaryotic cells, bacteria regulate their metabolism by chang-
ing the amounts of different enzymes. This is accomplished chiefly by governing their
rates of synthesis, that is, by controlling gene expression. This works rapidly for bacteria
because of their speed of growth; shutting off the synthesis of a particular enzyme results
in short order in the reduction of its cellular level due to dilution by the growth of the cell.
Most importantly, bacterial mRNA is degraded rapidly. With an average half-life of 2 to
3 minutes at 37°C, the mRNA complement of the cell can be totally changed in a small
fraction of a generation time. The synthesis of a given enzyme can therefore be rapidly
turned on and just as rapidly turned off simply by changes in the rate of transcription of
its gene.

Most, although not all, of the regulation of gene expression occurs at or near the
beginning of the process: the initiation of transcription. That is, gene expression is not
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regulated by changing the rate of mRNA chain elongation; once started, transcription pro-
ceeds at a more or less constant rate. Regulation occurs by a decision of whether to initi-
ate or not, or what amounts to the same thing, by setting the frequency of initiation.

A closer look at transcription is necessary to understand how it is controlled. Most of
the genes we know about in bacteria are organized as multicistronic operons. A cistron
is a segment of DNA encoding a polypeptide. An operon is the unit of transcription; the
cistrons that it comprises are cotranscribed as a single mRNA. The structure of a typical
operon (Fig 3-12) consists of a promoter region, an operator region, component
cistrons, and a terminator. In the best-studied bacterium, E. coli, RNA polymerase, pro-
grammed by the major replaceable o subunit, 0-70, recognizes the promoter region and
binds to the DNA. Initially the binding is a closed complex, but this can be converted into
an open complex in which the two strands of DNA are partially separated. Strand separa-
tion exposes the nucleotide bases and permits initiation of synthesis of a mRNA strand
complementary to the sense strand of the DNA. In a simple case, transcription continues
through the cistrons of the operon until the termination signal is reached. In some cases
recognition of the termination signal requires another removable subunit of RNA poly-
merase, p. This process is shown in Figure 3—12.

Near the promoter in many operons is an operator to which a specific regulator pro-
tein or transcription factor can bind. In some cases the binding of this regulator blocks
initiation; in such a case of negative control, the regulator is called a repressor. Repres-
sors are allosteric proteins, and their binding to the operator depends on their conforma-
tion, which is determined by the binding of ligands that are called corepressors if their
action permits binding of the repressor and inducers if their action prevents binding.
In some cases, the regulator protein is required for initiation of transcription, and it is then
called an activator. The functioning of both types of regulator proteins on transcription
initiation is illustrated in Figure 3—13 using the regulation of the /ac operon as an exam-
ple. This operon encodes proteins necessary for the use of lactose as a carbon and energy
source.

Some regulator proteins bend DNA on binding, and this can bring together what
would otherwise be distant sites of the DNA. In this manner, proteins bound at sites
called enhancers far upstream or downstream of a promoter can be brought into physical
contact with RNA polymerase and influence its activity. One such DNA bender in E. coli
is called the integration host factor.

Many regulator proteins are converted from inactive to active forms by covalent mod-
ification rather than by the allosteric binding of a ligand. Phosphorylation is by far the
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FIGURE 3-12
Control of transcription. Schematic representation of a bacterial operon and its transcription by
RNA polymerase.

most common modifying event and operates in the widespread two-component signal
transduction pathways described below under cell stress regulons.

Once transcription is initiated it may continue uneventfully, but in some operons an-
other site of control is quickly encountered. After transcription of a leader region, the
RNA polymerase encounters a region known as an attenuator. Synthesis of mRNA is
aborted at the attenuator; only a small percentage of the RNA polymerase molecules
reaching the attenuator can successfully pass through it. However, the activity of the at-
tenuator can be modified by a process that involves not a regulator protein but rather
changes in the secondary structure of the mRNA. This regulatory process is illustrated in
Figure 3—14 using the his operon, which encodes the enzymes necessary for the biosyn-
thesis of the amino acid L-histidine, as an example. In enteric bacteria, attenuation is a
common means of controlling biosynthetic operons. Note that it differs from the repres-
sion mechanism in that it requires no special regulatory gene or regulatory proteins.

There are many instances known in which groups of genes that are independently
controlled as members of different operons must cooperate to accomplish some response
to an environmental change. When such a group of genes is subject to the control of a
common regulator, the group is called a regulon. One such regulon, or global control
system, is catabolite repression. Its function is to prevent the cell from responding to the
presence of alternative carbon sources when the environment already provides a more
than adequate supply from the preferred substrate, glucose. This control is brought about
as follows. Operons that encode catabolic enzymes (those responsible for initiating the
use of carbon sources, such as lactose, maltose, arabinose, and other sugars and amino

Some regulators are controlled by
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Attenuation regulates some
biosynthetic operons by
controlling abortion of
transcription early in the operon

Regulons are groups of unlinked
operons controlled by a common
regulator
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Schematic representation of the control of transcription initiation by repressor and activator pro-
teins. The example chosen is the lac operon of Escherichia coli. LacR (or 1), gene encoding the lac
repressor protein; C, CAP region (binding site of cAMP receptor protein, or CRP); P, promoter
region (binding site of RNA polymerase); O, operator region (binding site of repressor); lacZ, gene
encoding 3-galactosidase; lacY, gene encoding permease for B-galactosides; lacA, gene encoding
galactoside acetylase.

acids) have weak promoters that need help to promote high-level initiation of transcrip-
tion by RNA polymerase. The help is supplied by a regulator protein called catabolite
activator protein or cAMP receptor protein (CRP). This protein, if and only if cyclic
AMP is bound to it, binds slightly upstream from the promoter and permits high-level ex-
pression if the operon is specifically induced (and the repressor has been removed by in-
duction). Because cAMP levels are very low during growth on glucose or other favored
substrates, there is insufficient cAMP—CRP complex to activate catabolic operons even if
their inducers are present in the environment. As a result, the cells ignore the induction
signal if they have an adequate supply of glucose.

Finally, gene regulation in bacteria is accomplished by unique tactics so far discov-
ered only in pathogens. These are included in the following section.

CELL SURVIVAL
Cell Stress Regulons

From studies with E. coli, it was learned that cells have many regulons involved in sur-
vival responses during difficult circumstances. The catabolite repression regulon just
described is in essence a means by which the cell can optimize its synthesis of catabolic
enzymes by making only those that contribute to growth. But this regulon can also be
viewed as a survival device, helping the cell to respond to the nutritional stress of running
out of glucose. If an alternative source of carbon is present in the environment, the cell
can redirect its pattern of gene expression to make a suitable adjustment to the nutritional
stress.

Perhaps more obvious as a stress response is the SOS system, a set of 17 genes that
are turned on when the cell suffers damage to its DNA. The products of these genes are
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Schematic representation of the control of transcription by the process of attenuation. The example
chosen is the his operon of Escherichia coli. How attenuation works is fascinating. The leader re-
gion is always transcribed and translated into a small oligopeptide. The peptide near the attenuator
site has a string of seven his codons. Movement of the first ribosome coming behind the polymerase
is drastically affected by the supply of charged his tRNA. If there is an adequate supply, the ribo-
some is not delayed, and an attenuator loop forms in the mRNA, causing transcription to terminate.
With a shortage of histidine, the first ribosome gets hung up over the his codons, and the attenuator
loop is not formed, because alternate loops form. As a result, transcription proceeds, the complete
his mRNA is made, and the biosynthetic enzymes can be made in large quantities. The upper por-
tion of the figure illustrates the difference in transcription of the Ais operon in histidine sufficiency
and insufficiency; the lower two diagrams depict the molecular mechanism of attenuation.

involved in several processes that repair damaged DNA and prevent cell division during
the repair.

Another prominent bacterial cell stress regulon is responsible for the heat-shock re-
sponse. It encompasses some 20 genes, which are transcriptionally activated on an upward
shift in temperature or on imposition of several kinds of chemical stress, including alcohol.
In the case of E. coli, the heat-shock regulator protein is a special subunit of RNA poly-
merase, 0-32, which replaces the normal o-70 subunit and locates the special promoters of
the heat-shock genes. At least half of the heat-shock genes encode proteins that either are
proteases or are protein chaperones that assist in the processing, maturation, or export of
other proteins. It is thought that these chaperones and proteases are needed for normal pro-
tein processing at all temperatures but are required in higher amounts to counteract the

Heat-shock gene expression is
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Some heat-shock genes encode
protein chaperones
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effects of high temperature on protein folding and protein—protein interactions. The bacte-
rial chaperones are highly similar to their mammalian counterparts. For example, HtpG,
DnaK, and GroEL of E. coli correspond to the mammalian hsp90, hsp70, and hsp60 fami-
lies of chaperones, respectively. The precise involvement of the heat-shock response in in-
fectious disease is still being explored, but it is striking that antibodies directed against
bacterial heat-shock proteins constitute a major component of the serologic response of
humans to infection or vaccine administration. Fever in humans can elevate body tempera-
ture sufficiently to induce the heat-shock response, and it is suspected that this response
may affect the outcome of various infections. Also, some viruses both of bacteria and of
humans use the heat-shock proteins of their host cells to promote their own replication.

Other regulons deal with cell survival in the face of such stresses as osmotic shock,
high or low pH, oxidation damage, presence of toxic metal ions, and restrictions for fun-
damental nutrients (phosphate, nitrogen, sulfur, and carbon). A large number of these re-
sponses involve teams of proteins that sense the environment, generate a signal, transmit
that signal by protein—protein interactions, and activate the appropriate response regulon.
In a striking number of cases, a response system includes a protein kinase that becomes
phosphorylated by ATP on a particular conserved histidine residue in response to an envi-
ronmental stimulus. This kinase is teamed with a second protein called a phosphorylated
response regulator. The phosphate residue from the kinase is transferred to an aspartic
acid residue of the response regulator, usually converting this protein into an activator of
transcription of the appropriate genes. Members of these two families of signal transduc-
tion proteins share highly conserved domains throughout distantly related bacteria.

Endospores

Two of the most elaborate bacterial survival responses involve the transition of growing
cells into a form that can survive long periods without growth. In a few Gram-positive
bacterial species, this involves sporulation, the production of an endospore, as we saw in
Chapter 2. This process, extensively studied in a few species, involves cascades of RNA
polymerase o subunits, each sequentially activating several interrelated regulons that co-
operate to produce the elaborately encased spore, which though metabolically inert and
extremely resistant to environmental stress, is capable of germinating into a growing
(vegetative) cell.

Stationary Phase Cells

For all other bacteria, adaptation to a nongrowing state involves formation of a differenti-
ated cell called the stationary phase cell. The product is certainly far different morpho-
logically from an endospore, but a tough, resistant, and metabolically quiescent cell is
produced that looks distinct from its growing counterpart. Its envelope is made tougher
by many modification of its structure, its chromosome is aggregated, and its metabolism
is adjusted to a maintenance mode. Producing this resistance involves a process surpris-
ingly analogous to sporulation, because, as in sporulation, cascades of signals and re-
sponses involving the sequential activation of sets of genes appear to be involved. One of
the many global regulators involved is RpoS, a o subunit of RNA polymerase.

Motility and Chemotaxis

Motility in most bacterial species is the property of swimming by means of flagellar
propulsion. The complex structure of a flagellum—its filament, hook, and basal body —
was presented in Chapter 2. The helical filament functions as a propeller, the hook possibly
as a universal joint, and the basal body with its rod and rings as a motor anchored in the
envelope. The flagellar motors turn the filaments using energy directly from the electro-
chemical gradient (proton-motive force) of the cell membrane rather than from ATP. The
filament can be rotated either clockwise or counterclockwise. Whatever the number of fla-
gella on a cell and whatever their arrangement on the surface (polar, peritrichous, or
lophotrichous), they are synchronized to rotate simultaneously in the same direction. Only
counterclockwise rotation results in productive vectorial motion, called a run. Clockwise
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rotation of the flagella causes the cell to tumble in place. The flagella alternate between
periods of clockwise and counterclockwise rotation according to an endogenous schedule.
As a result, motile bacteria move in brief runs interrupted by periods of tumbling.

Chemotaxis is directed movement toward chemical attractants and away from
chemical repellents. It is accomplished by a remarkable molecular sensory system that
possesses many of the characteristics that would be expected of behavioral systems in
higher animals, including memory and adaptation. Beside the genes of the flagellar pro-
teins (called fla, for flagella) more than 30 genes (called mot, for motility, and che, for
chemotaxis) encode the proteins that make this system work: receptors, signalers, trans-
ducers, tumble regulators, and motors.

Whether a cell is moving toward an attractant or away from a repellent, chemotaxis is
achieved by biased random walks. These result from alterations in the frequency of tum-
bling. When a cell is, by chance, progressing toward an attractant, tumbling is suppressed
and the run is long; if it is swimming away, tumbling occurs sooner and the run is brief. It
is sheer chance in what direction a cell is pointed at the end of a tumble, but by regulating
the frequency of tumbles in this manner, directed progress is made.

The mechanism of chemotaxis is fairly well understood from work with E. coli. It is
complex and can be summarized as follows. Binding of an attractant alters the endoge-
nous routine schedule of runs and tumbles by interrupting a phosphorylation cascade
and thus prolonging the run. Accommodation by a methylation system restores the en-
dogenous schedule and resets the cell’s sensitivity to the attractant to require a higher
concentration to prolong the run. This constitutes a molecular memory. The bacterial
cell senses a concentration gradient not by measuring a difference between the concentra-
tion at each end of the cell but by a molecular memory that enables it to compare the con-
centration now with what it was a short time ago. Escape from a repellent occurs in an
analogous fashion.

Chemotaxis is both a survival device (for avoiding toxic substances) and a growth-
promoting device (for finding food). It can also be a virulence factor in facilitating colo-
nization of the human host by bacteria.

BACTERIAL VIRULENCE
Special Attributes of Pathogens

Most bacteria have the ability to grow and survive under harsh conditions. Yet of the
many thousands of bacterial species, only a small percentage are associated with humans
as part of the natural flora or as causative agents of disease. This fact generates the ques-
tion central to medical microbiology from the very start: What makes a bacterium patho-
genic? The answer is not simple, because it turns out that many properties are necessary
for a bacterial cell to gain entrance to a human, evade its defense systems, and establish
an infection. The structures and activities described in Chapter 2 and in this chapter bear
directly on virulence attributes of bacteria. They include:

* Adherence to and penetration of host cell surfaces

» Evasion of phagocytic and immunologic attack

» Secretion of toxic proteins to weaken the host and promote spread of the pathogen

e Acquisition of nutrients, including iron, to permit growth within the host

* Survival under adverse conditions both within and outside the host and its macrophages

As we shall see in detail in the next chapter, the genes unique to pathogens are frequently
found clustered in genetic segments within either plasmids or the bacterial chromosome,
with interesting implications for the evolution of pathogenic bacteria. These subjects are
examined in detail in Chapter 10.

Regulation of Virulence

Most bacterial pathogens must survive and grow in two very different circumstances—
in the broad external environment and in or on the human host. Expressing the very
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FIGURE 3-15

Schematic representation of regu-
lation of virulence genes by the
PhoP/PhoQ system of Salmonella.
(Adapted from Harper JR, Silhavy
TJ. Germ warfare: The mecha-
nisms of virulence factor delivery.
In: EA Groisman, Principles of
Bacterial Pathogenesis, San Diego,
CA: Academic Press, 2001,

pp 43-74.)
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many genes responsible for pathogenesis in the latter situation would be counterproduc-
tive, if not outright detrimental to growth and survival in nature, while failing to express
them on encountering the host would commonly be fatal. To ensure their growth and
survival in both circumstances, bacteria have evolved elaborate and effective mecha-
nisms for regulation of virulence genes.

Virulence genes are commonly organized as regulons, and many of these share the
attributes of general stress response regulons, described above. For example, many are
regulated by classical two-component signal transcription systems in which environmen-
tal sensing is achieved by a sensor protein kinase, which relays information about the
environment by phosphorylating its partner, a response regulator, which in turn acts to
control transcription initiation of its gene set. Many dozens of these systems have been
found in various pathogens. Here we examine one example, the PhoP/PhoQ system,
which is essential to the virulence of Salmonella (Fig 3—15). PhoQ is a sensor protein
kinase in the cell membrane, and PhoP is the response regulator to which it relates.
PhoQ is sensitive to the concentration of magnesium ion in the periplasm of the Salmo-
nella cell. With a normally adequate Mg?* concentration, PhoQ is locked in an inactive
state; however, when the concentration is very low, as happens when the Salmonella
finds itself within the phagolysosome of human macrophages, PhoQ autophosphorylates
one of its histidine residues. Phosphorylation of PhoP ensues, and this event activates it
as a transcription regulator. The phosphorylated PhoP controls more than 40 genes.
Some are induced, including those encoding an acid phosphatase, cation transporters,
outer membrane proteins, and enzymes that modify LPS. Some are repressed, including
some encoding proteins essential for epithelial cell invasion and others encoding compo-
nents of a contact secretion system. The control network is complex, because some of
the regulated genes are not directly controlled by PhoP, but by a second two-component
response system, called PmrA/PmrB, which is responsive to low pH. The two systems,
PhoP/PhoQ and PmrA/PmrB, act in cascade fashion to accomplish a rather intricate re-
sponse. The induced proteins are believed to enable the cell to scavenge Mg?* from its
own LPS and to protect itself from the hostile environment of the phagolysosome; the
repressed ones were useful in earlier stages of the infective process but now are superflu-
ous. The Salmonella cell that finds itself in the phagolysosome of a macrophage has
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evolved a way to sense its situation and maximize its production of needed factors while
dispensing with irrelevant ones.

An interesting principle has emerged from the study of bacterial luminescence and
from the field of infectious diseases of plants. Researchers have discovered that several
types of bacteria, including Pseudomonas, regulate the expression of genes in a cell
density —dependent manner. That is, expression of certain genes occurred only when the
population density of the bacteria reached a threshold level, called a quorum. Quorum
sensing in some cases is achieved by secretion of a small, diffusible molecule (some are
acyl-homoserine lactones) that is sensed by an envelope protein, triggering a regulatory
response through a two-component signal transduction system. This autoinduction en-
ables the bacteria to avoid “tipping their hand” and mounting an attack on the host before
their numbers are sufficient to overwhelm the host’s defenses. Salmonella are known to
have a quorum-sensing protein, SdiA, that regulates at least one operon on a virulence
plasmid in these cells. No evidence yet indicates the role of this regulation in Salmonella
infection. Exploration of the possible role of quorum sensing in general in human disease
is ongoing.

Regulation of virulence gene expression is achieved also in a fashion totally unex-
pected from the study of metabolic gene regulation, namely by rearrangement of DNA.
These instances do not involve mutations in the usual sense of the term, because the DNA
alterations are readily reversible. Many well studied examples have generated the concept
of a genetic switch, with an “on” and an “off” position determined by the inversion of a
small segment of DNA adjacent to the regulated genes. Examples of this and related
mechanisms dependent on DNA recombination are presented in Chapter 4.
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CHAPTER 4

Bacterial Genetics

FREDERICK C. NEIDHARDT

I\I o aspect of the basic biology of the prokaryotic cell is so unfamiliar outside the com-
munity of microbiologists as the genetics of these essentially asexually reproducing cells.
And yet, this subject has extremely important practical messages for clinicians and others
interested in infectious disease. The genetic determinants of microbial properties and the
rules that determine microbial evolution are of paramount importance to the treatment reg-
imen for an individual patient as well as to thoughts about the origin and future course of
the human—microbe interaction. This chapter explores the fundamentals of this area.

BACTERIAL VARIATION AND INHERITANCE

It was rather difficult to establish that many of the same rules of heredity apply to bacteria
as to plants and animals. This may seem strange, because the most spectacular advances in
molecular genetics have been achieved almost exclusively through work on Escherichia coli
and its viruses. However, during the 1940s and early 1950s, serious experimental efforts
were still being directed toward determining whether mutations in bacteria were random or
specifically directed by the environment.

The difficulty of establishing the basis of heredity in bacteria grew out of their inher-
ent properties and their manner of growth. First, because bacteria are haploid, the conse-
quences of a mutation, even a recessive one, are immediately evident in the mutant cell.
Because the generation time of bacteria is short, it does not take many hours for a mutant
cell that has arisen by chance to become the dominant cell type in a culture under appro-
priate selective conditions. This can lead to the false conclusion that the environment has
directed a genetic change. Second, as was noted in Chapter 3, bacteria, to a far greater ex-
tent than animals and plants, respond to change in their chemical and physical environ-
ment by altering their pattern of gene function, thereby taking on previously unexpressed
properties. For example, E. coli cells make the enzymes for lactose metabolism only
when grown with this sugar as carbon source. Superficially this might suggest that lactose
changes the cell’s genotype (its complement of genes), when instead it is only the pheno-
type (the characteristics actually displayed by the cell) that has been changed by the envi-
ronment. Finally, even when rather exceptional technical measures are taken to ensure a
pure culture, contamination can occasionally occur. With cultures containing more than
one bacterial species, different conditions of growth can cause one or another species to
predominate (by, for example, a million to one ratio), suggesting to the unwary observer
that the characteristics of “the” bacterium under study are very unstable and dependent on
the environment.

Progress in bacterial genetics was rapid once it was recognized that mutation and se-
lection can quickly change the makeup of a growing population and that bacterial cells
inherit genes that may or may not be expressed depending on the environment. Even so, it
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FIGURE 4 -1

Lederberg technique for indirect
selection of antimicrobic resistant
mutants. Growth on plates in the
left-hand column (A) is replicated
to antimicrobic-containing plates
in the right-hand column (B). If re-
sistant mutants arise in the absence
of antimicrobic (A), the position
of colonies on antimicrobic-
containing plates would indicate
their position on the plates that do
not contain antimicrobic. By se-
lecting growth from this position
and repeating the process with
appropriate inoculum dilutions,
resistant mutants that have never
been exposed to the antimicrobic
can be directly selected (A).

Novel agents that transfer genes
account for many puzzling genetic
events

Proof of randomness of mutation
was important in clinical medicine

The several kinds of mutations all
involve changes in nucleotide
sequence
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was not until the discovery in the 1980s of transposable genetic elements and insertion
sequences (to be discussed later in this chapter) that certain examples of high-frequency
variation, the so-called phase transition, could be satisfactorily explained within the
framework of classic genetic principles.

Several experiments were particularly important in establishing that mutations occur
in nature as random events and are not guided by the environment. The most convincing
introduced the technique of replica plating and was used to show how a population of
cells totally resistant to an antimicrobic could be isolated from an initially sensitive popu-
lation without ever exposing them to the toxic agent (Fig 4—1). This clarified the mecha-
nism of an important clinical problem.

MUTATION AND REPAIR

The spontaneous development of mutations is a major factor in the evolution of bacteria.
Mutations occur in nature at a low frequency, on the order of one mutation in every mil-
lion cells for any one gene, but the large size of microbial populations ensures the pres-
ence of many mutants.

Kinds of Mutations

Mutations are heritable changes in the structure of genes. The normal, usually active, form
of a gene is called the wild-type allele; the mutated, usually inactive, form is called the mu-
tant allele. There are several kinds of mutations, based on the nature of the change in nu-
cleotide sequence of the affected gene(s). Replacements involve the substitution of one
base for another. Microdeletions and microinsertions involve the removal and addition,
respectively, of a single nucleotide (and its complement in the opposite strand). Insertions
involve the addition of many base pairs of nucleotides at a single site. Deletions remove a
contiguous segment of many base pairs. Inversions change the direction of a segment of
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DNA by splicing each strand of the segment into the complementary strand. Duplications
produce a redundant segment of DNA, usually adjacent (tandem) to the original segment.

By recalling the nature of genes and how their nucleotide sequence directs the synthe-
sis of proteins, one can understand the immediate consequence of each of these biochemi-
cal changes. If a replacement mutation in a codon changes the mRNA transcript to a
different amino acid, it is called a missense mutation (eg, an AAG [lysine] to a GAG
[glutamate]). The resulting protein may be enzymatically inactive or very sensitive to en-
vironmental conditions, such as temperature. If the replacement changes a codon specify-
ing an amino acid to one specifying none, it is called a nonsense mutation (eg, a UAC
[tyrosine] to UAA [STOP]), and the truncated product of the mutated gene is called a
nonsense fragment. Microdeletions and microinsertions cause frame shift mutations,
changes in the reading frame by which the ribosomes translate the mRNA from the mu-
tated gene. Frame shifts usually result in polymerization of a stretch of incorrect amino
acids until a nonsense codon is encountered, so the product is usually a truncated
polypeptide fragment with an incorrect amino acid sequence at its N terminus. Deletion
or insertion of a segment of base pairs from a gene shortens or lengthens the protein
product if the number of base pairs deleted or inserted is divisible evenly by 3; otherwise
it also brings about the consequence of a frame shift. Inversions of a small segment
within a gene inactivate it; inverting larger segments may affect chiefly the genes at the
points of inversion. Duplications, probably the most common of all mutations, serve an
important role in the evolution of genes with new functions. Mutations are summarized in
Table 4—-1.

Many mutations, particularly if they occur near the end of a gene, prevent the expres-
sion of all genes downstream (away from the promoter) of the mutated gene. Such polar
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TABLE 4-1
Mutations
TypPE CAUSATIVE AGENT CONSEQUENCES
REPLACEMENT

Transition: pyrimidine replaced by a
pyrimidine or a purine by a purine

Transversion: purine replaced by a
pyrimidine or vice versa

Base analogs, ultraviolet radiation,
deaminating and alkylating
agents, spontaneous

Spontaneous

Transitions and transversions: if
nonsense codon formed, truncated
peptide; if missense codon formed,
altered protein

DELETION

Macrodeletion: large nucleotide
segment deleted

Microdeletion: one or two nucleotides
deleted

HNO,, radiation, bifunctional
alkylating agents

Same as macrodeletions

Truncated peptide; other products
possible, such as fusion peptides

Frame shift, usually resulting in
nonsense codon and truncated
peptide

INSERTION
Macroinsertion: large nucleotide
segment inserted

Microinsertion: one or two
nucleotides inserted

Transposons or insertion
sequence (IS) elements

Acridine

Interrupted gene yielding truncated
product
Frame shift, usually resulting in

nonsense codon yielding a
truncated product

INVERSION

IS or IS-like elements

Many possible effects
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transcription of downstream genes when translation of the mRNA of the mutated gene is
blocked by a nonsense codon.

There is a certain natural frequency of mutations brought about by errors in replication,
but various environmental and biological agents can increase the frequency greatly. Differ-
ent types of mutations are increased selectively by different agents, as listed in Table 4—1.

Mutations may also be classified according to their biological consequences. Some
mutations change the susceptibility of a cell to an antimicrobic or other toxic agent; these
resistance mutations might, for example, affect the structure of certain cell proteins in
such a way that the agent cannot enter the cell or cannot inactivate its normal target.
Some mutations, called auxotrophic mutations, affect the production of a biosynthetic
enzyme and result in a nutritional requirement of the mutant cell for the amino acid, nu-
cleotide, vitamin, or other biosynthetic product it can no longer make for itself. The wild
type from which the mutant was derived is said to be prototrophic for that nutrient.
Some mutations affect a gene whose product is essential for growth and cannot be
bypassed nutritionally; these are called lethal mutations. If the product of a mutated
gene is active in some circumstances but inactive under others (eg, high or low tempera-
ture), the mutation is called conditional (meaning conditionally expressed). The most
common kind of conditional mutation is one in which the protein product of the mutated
gene is inactive at a normally physiologic temperature, but active at a higher or lower
temperature; these are called temperature-sensitive mutations.

Reversion and Suppression of Mutations

A reversion, or back mutation, is the conversion of a mutated gene back to its original
wild-type allele. True back mutation can occur but at a low frequency, because a very spe-
cific and improbable event is required. Much more commonly observed is the conversion
of a mutant cell into one that is phenotypically identical to the original wild-type bac-
terium for the affected character but still retains the original mutation. These suppressor
mutations can arise in several ways. Within the mutated codon a second mutation can cre-
ate a new codon specifying the original amino acid. Alternatively, secondary mutations in
other codons of the mutated gene can lead to a change in amino acid sequence that results
in an active product despite the continued presence of the original amino acid error.
Suppressing mutations can occur even in genes other than the one that was originally
mutated. For example, when two proteins interact to perform a function, the mutant form
of one may be active when combined with a mutant form of the other. Another example
involves tRNA molecules, the translators of the genetic code, which can themselves be
altered by mutation; it is possible for a mutant tRNA to “mistake” a mutant codon and
insert the original correct amino acid, a case of two wrongs making a right.

Repair of DNA Damage

Many mutagenic agents directly alter the structure of DNA, and some are ubiquitous
components of the environment (heat, sunlight, acid, oxidants, and alkylating agents). It
is therefore not surprising to learn that bacteria have evolved multiple biochemical mech-
anisms for repairing damaged DNA. In E. coli, for example, more than 30 genes are
known to be involved in DNA repair; many of these are members of the SOS response
discussed in Chapter 3. Collectively these repair systems can remove thymine dimers pro-
duced by ultraviolet (UV) irradiation, can remove methyl or ethyl groups placed on gua-
nine residues, can excise bases damaged by deamination or ring breakage and replace
them with authentic residues, and can recognize and repair DNA depurinated by acid or
heat. In large measure these repair systems use the fact that DNA is double stranded.
Damage is recognized by the mispairing it causes, and the information on one strand is
used to direct the proper repair of the damaged strand. Also, a proofreading process oper-
ates during DNA replication to detect any mismatch between each newly polymerized
base and its mate in the template strand. Mismatches are excised to permit repolymeriza-
tion with the properly matched nucleotide. Failures of this proofreading process can be
detected and handled by an excision and resynthesis system similar to those that recog-
nize and repair chemically damaged DNA.
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One system bypasses DNA damaged by UV irradiation when repair has failed. It directs
replication to proceed across a region badly damaged by the formation of thymine dimers.
This error-prone replication is responsible for the mutations induced by UV light.

GENETIC EXCHANGE

Mutation and selection are important factors in bacterial evolution, but evolution proceeds
far faster than it could by these processes alone. For instance, the probability that the
process of random mutation alone can produce a cell that, let us say, requires five mutations
for optimal growth in a new environment is extremely low. It is in fact the product of the in-
dividual mutation frequencies (eg, 107 X 107¢ X 107° X 107% X 107® = 107%°), and that
essentially precludes a natural population from ever acquiring the new property in this man-
ner. However, such alterations occur because organisms exchange genetic material, thereby
permitting combinations of mutations to be collected in individual cells.

Despite the fact that bacteria reproduce exclusively asexually, the sharing of genetic
information within and between related species is now recognized to be quite common
and to occur in at least three fundamentally different ways. All three processes involve a
one-way transfer of DNA from a donor cell to a recipient cell. The molecule of DNA in-
troduced into the recipient is called the exogenote to distinguish it from the cell’s own
original chromosome, called the endogenote.

One process of DNA transfer, called transformation, involves the release of DNA
into the environment by the lysis of some cells, followed by the direct uptake of that
DNA by the recipient cells. By another means of transfer, called transduction, the DNA
is introduced into the recipient cell by a nonlethal virus that has grown on the donor cell.
The third process, called conjugation, involves actual contact between donor and recipi-
ent cell during which DNA is transferred as part of a plasmid (an autonomously replicat-
ing, extrachromosomal molecule of circular double-stranded DNA); in conjugation,
donor and recipient cells are referred to as male and female, respectively. The three
means of gene transfer are summarized in Figure 4-2.

Species of bacteria differ in their ability to transfer DNA, but all three mechanisms
are distributed among both Gram-positive and Gram-negative species; however, only
transformation is governed by bacterial chromosomal genes. Transduction is totally medi-
ated by virus genes, and conjugation, by plasmid genes.

Transformation

Transformation was first demonstrated in 1928 by F. Griffith, a British public health
officer, who showed that virulent, encapsulated Streptococcus pneumoniae (pneumococci)
that had been killed by heat could confer on living, avirulent, nonencapsulated pneumo-
cocci the ability to make the polysaccharide capsule of the killed organisms and thus
become virulent for mice. Subsequent work in 1944 by O. T. Avery, C. M. MacLeod, and
M. McCarty at the Rockefeller Institute revealed that the “transforming factor” from the
dead pneumococci was nothing other than DNA. This discovery had enormous impact on
biology, because it was the first rigorous demonstration that DNA is the macromolecule in
which genetic information is encoded. It opened the door to modern molecular genetics.

The ability to take up DNA from the environment is called competence, and in many
species of bacteria, it is encoded by chromosomal genes that become active under certain
environmental conditions. In such species, transformation can occur readily and is said to
be natural. Other species cannot enter the competent state but can be made permeable to
DNA by treatment with agents that damage the cell envelope making an artificial trans-
formation possible.

Natural transformation must be important in nature, judged by the variety of mecha-
nisms that different bacteria have evolved to accomplish it. Two of the best-studied systems
are those of the Gram-positive pneumococcus and a Gram-negative rod, Haemophilus in-
Sfluenzae. Pneumococcal cells secrete a protein competence factor that induces many of the
cells of a culture to synthesize special proteins necessary for transformation, including an
autolysin that exposes a cell membrane DNA-binding protein. Any DNA present in the
medium is bound indiscriminately; even salmon sperm DNA can be bound and taken up as
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Chromosomal gene transfer mechanisms in bacteria. A. Transformation. B. Transduction.
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readily as DNA from another pneumococcal cell. The surface-bound double-stranded DNA
is cleaved into fragments of about 6 to 8 kilobases (kb). One strand is degraded by a nucle-
ase, while the complementary strand of each fragment is taken up by a process that seems to

All DNA is taken up, but be driven by the proton-motive force of the cell membrane (see Chapter 3). The fate of the
heterologous DNA is degraded internalized DNA fragment then depends on whether it shares homology (the same or simi-

lar in base sequence) with a portion of the recipient cell’s DNA. If so, recombination can
occur by a process described later, but heterologous DNA (no similarity to the endogenote)
is degraded and causes no heritable change in the recipient.

Transformation in H. influenzae is somewhat different. There is no competence factor,
and cells become competent merely by growth in an environment rich in nutrients. Only
homologous DNA (ie, DNA from the same or a closely related species of Haemophilus)
is taken up, and it is taken up in double-stranded form. The selectivity is brought about by

H. influenzae endocytoses only the presence of a special membrane protein that binds to an 11-base pair (bp) sequence
homologous dsDNA, recognized (5'-AAGTGCGGTCA-3") that occurs frequently in Haemophilus DNA and infrequently
by a characteristic 11-bp sequence in other DNAs. Following binding to molecules of this protein, the homologous DNA is

internalized by a mechanism that resembles membrane invagination, resulting in the tem-
porary residence of the exogenote in cytosolic membrane vesicles. Although the DNA
taken up is double stranded, only one of the two strands participates in the subsequent re-
combination with the endogenote.
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The common use of E. coli as a host cell in which to clone genes on hybrid plasmids
(see Invertible DNA Segments and Recombinational Regulation of Gene Expression)
depends on procedures involving treatment with salt and temperature shocks to bring about
artificial transformation; this organism has no natural competence mechanism. In contrast,
the pathogen, Neisseria gonorrhoeae regularly uses transformation to bring about changes
in the antigenic nature of its pili, as described later in the section on recombination.

Transduction

Transduction is virus-mediated transfer of genetic information from donor to recipient
cell. To understand transduction and its several mechanisms, it is necessary to preview the
nature of bacterial viruses, a topic dealt with more extensively in Chapters 5, 6, and 7.

Viruses are capable of reproduction only inside living cells. Those that grow in bacte-
ria are called bacteriophages, or simply phages. They are minimally composed of pro-
tein and nucleic acid, although some may have a very complex structure and composition.
The individual virus particle or virion consists of a protein capsid enclosing genomic nu-
cleic acid, which is either RNA or DNA, but never both. Virions infect sensitive cells by
adsorbing to specific receptors on the cell surface and then, in the case of phages, inject-
ing their DNA or RNA. Phages come in two functional varieties according to what hap-
pens after injection of the viral nucleic acid. Virulent (lytic) phages cause lysis of the
host bacterium as a culmination of the synthesis of many new virions within the infected
cell. Temperate phages may initiate a lytic growth process of this sort or can enter a qui-
escent form (called a prophage), in which the infected host cell is permitted to proceed
about its business of growth and division but passes on to its descendants a prophage
genome capable of being induced to produce phage in a process nearly identical to the
growth of lytic phages. The bacterial cell that harbors a latent prophage is said to be a
lysogen (capable of producing lytic phages), and its condition is referred to as lysogeny.
Lysogens are immune to infection by virions of the type they harbor as prophage. Occa-
sionally, lysogens are spontaneously induced and lysed by the phage and release mature
virions (as many as 75 to 150 or more per cell) into the environment. When triggered by
UV irradiation or certain chemicals, an entire population of lysogens are induced simulta-
neously to initiate reproduction of their latent virus followed by lysis of the host cells. In-
fection of a sensitive cell with the temperate phage can lead to either lysis or lysogeny.
How this choice comes about is described in Chapter 7.

The prophage of different temperate phages exists in one of two different states. In the
first, the prophage DNA is physically integrated into a bacterial chromosome; in the sec-
ond, it remains separate from the chromosome as an independently replicating, circular-
ized, molecule of DNA. Prophages of this sort are in fact plasmids.

For the most part, transduction is mediated by temperate phage, and the two broad
types of transduction result from the different physical forms of prophage and the differ-
ent means by which the transducing virion is formed. These are termed generalized
transduction, by which any bacterial gene stands an equal chance of being transduced to
a recipient cell, and specialized or restricted transduction, by which only a few genes
can be transduced.

Generalized Transduction

Some phages package DNA into their capsids in a nonspecific way, the headful mecha-
nism, in which any DNA can be stuffed into the capsid head until it is full. (The head is the
principal structure of the virion to which, in some cases, a tail is attached; see Chapter 5.)
An endonuclease then trims off any projecting excess. If fragments of host cell DNA are
around during the assembly of mature virions, they can become packaged in place of virus
DNA, resulting in pseudovirions. Pseudovirions are the transducing agents. They can ad-
sorb to sensitive cells and inject the DNA they contain as though it were viral DNA. The
result is the introduction of donor DNA into the recipient cell.

Any given gene has an equal probability of being transduced by this process. With the
temperate phage P1 of E. coli, this probability is approximately one transduction event
per 10° to 108 virions, because nearly 1 out of every 1000 phage particles made in a P1
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lytic infection are pseudovirions, and the bacterial DNA fragments packaged are 1 to 2%
of the length of the chromosome. Cotransduction of two bacterial genes by a single
pseudovirion occurs only if they are located close together within this small length of the
chromosome, and this fact facilitates mapping the position of a newly discovered gene.

Once injected into the host cell, the transduced DNA is lost by degradation unless it
can recombine with the chromosome of the recipient cell, usually by homologous recom-
bination (see below, Invertible DNA Segments and Recombinational Regulation of Gene
Expression) in which both strands of the exogenote cross into and replace the homolo-
gous segment of the recipient’s chromosome. However, sometimes the exogenote can per-
sist without degradation by assuming a stable circular configuration.

Specialized Transduction

It has been noted that the prophage of some phages is integrated into the lysogen’s chro-
mosome. This integration does not occur haphazardly but is restricted to usually one site,
called the att (attachment) site. When a lysogen carrying such a prophage is induced to
produce virions, excision of the viral genome from the bacterial chromosome occasion-
ally (eg, in 1 of 10° to 10° lysogens) occurs imprecisely, resulting in a pickup of genes of
the bacterium adjacent to the arf site. The resulting virion may be infectious (if no essen-
tial phage genes are missing) or defective (if one or more essential genes are missing). In
either case, adsorption to a sensitive cell and injection of the DNA can occur, and integra-
tion of the aberrant phage genome into the chromosome of the new host cell results in the
formation of a lysogen containing a few genes that have been transduced as hitchhikers
with the phage genome. Integration of the phage genome automatically accomplishes the
recombinational event needed to guarantee reproduction of the transduced genes. Only
genes that border the att site stand a chance of being transduced by this process, which is
why it is called specialized or restricted transduction.

Because the original pickup event is rare, the first transducing process is termed low-
frequency transduction; however, when a lysogenic transductant is, in turn, induced to
produce phage, all of the new virions carry the originally transduced bacterial gene. The
resulting mixture of lysed cells and virions now brings about high-frequency transduc-
tion of the attached genes.

Bacterial geneticists have learned to move genes of interest near the phage integration
site and thereby construct specialized transducing phages containing these genes. Such
transducing phages are valuable aids to cloning and sequencing genes and to studying
their function and regulation. Obviously a temperate phage that could form a prophage by
integrating randomly at any site in the bacterial chromosome would be of special use. The
temperate phage Mu of E. coli has this property.

Although both generalized transduction and specialized transduction can be regarded
as the result of errors in phage production, transfer of genes between bacterial cells by
phage is a reasonably common phenomenon. It occurs at significant frequency in nature;
for example, genes conferring antimicrobic resistance in staphylococci are often trans-
duced from strain to strain in this way. The toxins responsible for the severe clinical
symptoms of diphtheria and of cholera are encoded by genes transduced into Corynebac-
terium diphtheriae and Vibrio cholerae, respectively. Transduction is also used exten-
sively as a tool in molecular biology research.

Conjugation

Conjugation is the transfer of genetic information from donor to recipient bacterial cell in
a process that requires intimate cell contact; it has been likened to mating. By themselves,
bacteria cannot conjugate. Only when a bacterial cell contains a self-transmissible
plasmid (see below for definition) does DNA transfer occurs. In most cases, conjugation
involves transfer only of plasmid DNA; transfer of chromosomal DNA is a rarer event,
and is mediated by only a few plasmids. Plasmids are of enormous importance to medical
microbiology. They are discussed in detail later in this chapter, but to understand conjuga-
tion we should introduce some of their features at this point.
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Plasmids are autonomous extrachromosomal elements composed of circular double-
stranded DNA; a few rare linear examples have been found. Plasmids are found in most
species of Gram-positive and Gram-negative bacteria in most environments. Plasmids gov-
ern their own replication by means of special sequences and proteins. They replicate
within the host cell (and only within the host cell) and are partitioned between the daughter
cells at the time of cell division. In addition, many plasmids are able to bring about their
own transfer from one cell to another by the products of a group of genes called fra (for
transfer); such plasmids are called conjugative plasmids. Other plasmids, called noncon-
jugative, lack this ability. The tra genes, of which there may be dozens, encode the struc-
tures and enzymes that accomplish conjugation. One of these structures is a specialized
pilus (see Chapter 2) called the sex pilus, which confers the ability to seize recipient cells
on the plasmid-containing donor cells. Retraction of the pilus draws the donor and recipi-
ent cell into the intimate contact needed to form a conjugal bridge through which DNA can
pass. One strand of the plasmid DNA is then enzymatically cleaved at a site called the ori-
gin of transfer (oriT'), and the resulting 5’ end of the strand is guided into the recipient
cell by the action of various tra-encoded proteins (Fig 4—3). Both the introduced strand
and the strand remaining behind in the donor cell direct the synthesis of their complemen-
tary strand in a process called transfer replication, resulting in complete copies in both
donor and recipient cell. Finally, circularization of the double-stranded molecules occurs,
the conjugation bridge is broken, and both cells can now function as donor cells.

Conjugation is a highly evolved and efficient process. Suitable mixtures of donor and
recipient cells can lead to nearly complete conversion of all the recipients into donor,
plasmid-containing cells. Furthermore, although some conjugative plasmids can transfer
themselves only between cells of the same or closely related species, others are quite
promiscuous, promoting conjugation across a wide variety of (usually Gram-negative)
species. Conjugation appears to be a carefully regulated process, normally kept in check
by the production of a repressor encoded by one of the fra genes. Interestingly, noncon-
jugative plasmids that happen to inhabit a cell with a conjugative plasmid can under some
circumstances be transferred due to the conjugation apparatus of the latter; this process is
called plasmid mobilization. As the later discussion of plasmids shows, their conjugal
properties have enormous implications in medicine.
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FIGURE 4-3
Bacterial conjugation resulting in the introduction of an F plasmid into an F~ cell by replicative
transfer from an F* cell.
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Conjugation in Gram-Negative Species

After many inconclusive attempts by microbiologists to learn whether a sexual process of ge-
netic exchange existed among bacteria, J. Lederberg and E. Tatum discovered conjugation in
1946. What they observed was a transfer of chromosomal genes between cells of two differ-
ent strains of E. coli. Their discovery stimulated an intensive analysis of the mechanism,
leading to the discovery of an agent, the F factor (for fertility factor), that conferred on cells
the ability to transfer bacterial chromosome genes to recipient cells. Now it is recognized that
the F factor is a conjugative plasmid, although an atypical one in several respects.

The F plasmid is a normal conjugative plasmid in that it possesses many tra genes en-
coding a sex pilus (the F-pilus) as well as the ability to form a conjugation bridge, to initi-
ate transfer replication, and to perform all the other steps of plasmid transfer. Thus, a cell
harboring the F plasmid (an F* cell) can conjugate with a recipient F~ cell, and in the
process the latter becomes F*. The process is immediate and efficient because the F factor
has lost autoregulation of the conjugation process. However, these properties do not explain
how the F plasmid can bring about transfer of chromosomal genes, which is more closely
related to another property of F—its ability to integrate at low frequency into the bacterial
chromosome at seven or eight chromosomal sites, resulting in linearization of the plasmid
DNA as part of the giant circular chromosomal molecule. A cell in which this integration
event has occurred is designated a high-frequency recombination (Hfr) cell; it is only this
spontaneous mutant in an F~ population that transfers donor chromosomal genes. When an
Hfr cell encounters an F~ cell, conjugation occurs and the usual transfer replication is initi-
ated at oriT, within the linear F segment. However, in this circumstance, breaking the
integrated plasmid DNA at oriT results in the formation of a linear strand in which the
entire bacterial chromosome lies between two portions of the F genome (Fig 4—4), and
therefore the leading segment of F enters the F~ cell followed by bacterial genes one after
the other. The conjugation bridge usually ruptures long before the entire bacterial chromo-
some can be introduced, resulting in the transfer of only one part of the F genome and a
variable length of the bacterial chromosome. Thus, conjugation between an Hfr and an
F~ cell leaves the recipient still F~, but having received bacterial genes; the donor remains
Hfr because it retains a copy of the chromosome with its integrated F genome. There are
other fertility plasmids, but F remains the best studied.

of integrated

Hfr cell F~ cell
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FIGURE 4-4
Bacterial conjugation resulting in the introduction of chromosomal genes and a portion of the F plasmid
genome into an F~ cell by replicative transfer from a high-frequency recombination (Hfr) cell.
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There is an additional wrinkle to the transfer of chromosomal genes by conjugation in
E. coli. It is a process termed sexduction, in which an F plasmid transfers from one cell
to another a few bacterial chromosomal genes that it happens to contain. This comes
about because the F genome in an Hfr cell can, at low frequency, excise itself from the
chromosome and circularize into plasmid form. When this excision is imperfect, or in-
volves recombinations with other insertion sites, segments of the bacterial chromosome
can become included in the plasmid (Fig 4-5). When the resulting plasmid, called F’ to
note its content of some bacterial DNA, is transmitted to recipient cells at high frequency
by conjugation, the chromosomal genes are transferred as hitchhikers; this is the process
of sexduction. By similar processes, segments of bacterial chromosomes can become in-
corporated into other plasmids, discussed later in this chapter, that confer resistance to
antimicrobics.

Conjugation in Gram-Positive Species

Plasmids carrying genes encoding antimicrobic resistance, common pili and other adhesins,
and some exotoxins are readily transferred by conjugation among Gram-positive bacteria in
the natural environment as well as in the laboratory. However, conjugation involving chro-
mosomal genes may differ between Gram-negative and Gram-positive species, as judged by
its characteristics in two well-studied examples, E. coli and Enterococcus faecalis. Conjuga-
tion in E. faecalis is mediated by plasmids, but there is also an involvement of chromosomal
genes in the process. Donor and recipient cells do not couple by means of a sex pilus but
rather by the clumping of cells that contain a plasmid with those that do not. This clumping
is the result of interaction between a proteinaceous adhesin on the surface of the donor
(plasmid-containing) cell and a receptor on the surface of the recipient (plasmid-lacking)
cell. Both types of cells make the receptor (possibly cell wall lipoteichoic acid), but only the
plasmid-containing cell can make the adhesin, presumably because it is encoded by a plas-
mid gene. Interestingly, donor cells make the adhesin only when in the vicinity of recipient
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cells because the recipients secrete small peptide pheromones that serve to notify the donor
cells of the presence of recipients. Donor cells promptly make adhesin when they sense the
pheromone. As a result, clumps are formed, and plasmid DNA is transferred across conju-
gation bridges into the recipient cells held in the clumps.

In addition to enterococcal species, species of Bacillus, Staphylococcus, and Clostrid-
ium have been found to contain conjugative plasmids. Conjugative transfer of genes has
also been observed in a number of Gram-positive species in the apparent absence of
plasmid DNA. In several instances these transfers involve conjugative transposons (to be
discussed later in this chapter), and it appears that a plasmid intermediate is formed, al-
though only transiently.

Before continuing with our discussion of plasmids, we should complete the story of
what happens to DNA introduced into recipient cells by any of the three transfer
processes, transformation, transduction, and conjugation.

GENETIC RECOMBINATION

By whatever means an exogenote is conveyed into a recipient cell, its effect depends on
what happens after transfer. There are basically three possible fates. The exogenote DNA
may be degraded by a nuclease, in which case no heritable change is brought about. It
may be stabilized by circularization and remain separate from the endogenote. In this
case, if it is unable to replicate, it will be unilinearly inherited (eg, abortive transduction).
If it is capable of self-replication, it will become established as an autonomous, inherited
plasmid. The third possible fate is recombination between exogenote and endogenote,
resulting in the formation of a partially hybrid chromosome with segments derived from
each source. These possibilities are diagrammed in Figure 4-6.

In this section we examine the two principal processes by which recombinant chro-
mosomes are formed following genetic transfer: homologous recombination and site-
specific recombination. A third sort of recombinational process exists, called illegitimate
recombination, because it does not obey the legitimate laws governing homologous
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and site-specific recombination. Little is known other than it results in some types of gene
duplications and deletions, and this chapter shall say no more about it.

Homologous Recombination

One mechanism by which an exogenote can recombine with the bacterial chromosome
is called homologous recombination. This term reflects one of the two requirements
for this process: (1) the exogenote must possess reasonably large regions of nucleotide
sequence identity or similarity to segments of the endogenote chromosome, because
extensive base pairing must occur between strands of the two recombining molecules;
and (2) the recipient cell must possess the genetic ability to make a set of enzymes
that can bring about the covalent substitution of a segment of the exogenote for the
homologous region of the endogenote. Not all the details are known, but the latter
process includes breaking one strand of each recombining molecule at a time and
pairing it with the unbroken, complementary strand of the other molecule. The ends of
the broken strands are partially digested, then repaired and joined so that the rejoined
strands are now continuous between the chromosomes. A protein known as RecA
(recombination) controls the entire process. The same breakage and reunion process
then links the second strand of each recombining DNA molecule. This crossover
event repeated further down the chromosome results in the substitution of the
exogenote segment between the two crossovers for the homologous segment of the
endogenote. This process is schematically presented in a very simplified form in
Figure 4—7. Homologous recombination is responsible for integration of DNA frag-
ments transferred by generalized transduction, by plasmid-mediated conjugation, and
by natural transformation.

Site-Specific Recombination

The second major type of recombination is actually a group of separate mechanisms that
are RecA independent, that rely on only limited DNA sequence similarity at the sites of
crossover, and that are mediated by different sets of specialized enzymes designed to cat-
alyze recombination of only certain DNA molecules. The name for this large group of
mechanisms, site-specific recombination, reflects the fact that these recombinational
events are restricted to specific sites on one or both of the recombining DNA molecules.
The enzymes that bring about site-specific recombination operate not on the basis of

.

O T ITIIT O Y T

FIGURE 4-7
Homologous recombination. A. Central event in

-

homologous recombination. Extensive base

>

pairing between homologous regions of strands
of two DNA molecules is illustrated. Events

that accompany or follow this event include
strand nicking, migration of the crossover point

with partial digestion of the nicked strands, and
¢ resynthesis and ligation. Both strands of both
recombining molecules must participate to ef-

fect a crossover event. B. Result of homologous

recombination. Two crossover events are neces-

B sary to achieve the exchange of segments
shown.

65

Homologous recombination
involves nucleotide similarity and
specific enzymes such as RecA

Homologous recombination can
follow generalized transduction,
conjugation, or transformation

Site-specific recombination is
RecA independent and requires
enzymes that operate only on
unique sequences



66

Enzymes are usually encoded by
exogenote genes

Integration of many prophages
occurs by site-specific
recombination

Transposable elements are genetic
units that move within and
between chromosomes and
plasmids by means of specific
transposases

IS elements encode only proteins
for their own transposition

Insertion of IS elements into a
gene causes mutation

PART | The Bacterial Cell

DNA homology but on recognition of unique DNA sequences that form the borders of the
specific sites. These enzymes are commonly encoded by genes on the exogenote.

One good example of site-specific recombination has already been shown. The integra-
tion of some phage genomes into the chromosome occurs only at one site on the bacterial
chromosome and one site on the phage chromosome. It was noted briefly that some
phages, notably phage Mu, differ in being able to integrate almost anywhere in the bacter-
ial chromosome. Because the site of recombination (the crossover site) in the Mu genome
is the same in all cases, this, too, is a case of site-specific recombination.

In addition to the special kind of recombination represented by prophage integration,
a particular form of site-specific recombination occurs in other situations of enormous
consequence to medical microbiology. These involve special genetic units called trans-
posable elements, which have proven to be so important in the life of bacteria, particu-
larly in their roles in the pathogenesis of infectious disease, that a separate section must
be devoted to their description.

TRANSPOSABLE ELEMENTS

Transposable elements are genetic units that are capable of mediating their own transfer
from one chromosome to another, from one location to another on the same chromosome,
or between chromosome and plasmid. This transposition relies on their ability to synthe-
size their own site-specific recombination enzymes, called transposases.

The three major kinds of transposable elements are insertion sequence elements;
transposons; and certain prophages, such as Mu.

Insertion Sequence Elements

Insertion sequence (IS) elements are segments of DNA of approximately 1000 bp. They
encode enzymes for site-specific recombination and have distinctive nucleotide sequences at
their termini. Different IS elements have different termini, but, as illustrated in Figure 4-8,
a given IS element has the same sequence of nucleotides at each end, but in an inverted
order. Only genes involved in transposition (eg, one encoding a transposase) and in the
regulation of its frequency are included in IS elements, and they are therefore the simplest
transposable elements.

Because IS elements contain only genes for transposition, their presence in a chro-
mosome is not always easy to detect. However, if an IS element transposes to a new site
that is within a gene, this insertion is actually a mutation that alters or destroys the activ-
ity of the gene. Because most IS elements contain a transcription termination signal, the
insertion also eliminates transcription of any genes downstream in the same operon. This
property of IS elements led to their first recognition. Reversion of insertion mutations
can occur by deletion, but the frequency of deletion is 100- to 1000-fold lower than that
of insertion.
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Inverted repeats

Direct repeats at target

FIGURE 4-38

Structure of an insertion sequence (IS) element. The general features of bacterial IS elements are
illustrated. As an example, IS2 has a total of 1327 bp, of which there are terminal inverted repeat
sequences of 41 bp flanking the central region that encodes the one or two proteins required for
transposition of IS2. A direct repeat of 5 bp was created at the site of insertion of the element.
Approximately five IS2 elements are found in the chromosome of many strains of Escherichia coli.
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Numerous IS elements reside naturally at different locations in E. coli chromosomes
and in E. coli plasmids, and this has many consequences for the cell. Because their size is
sufficient to permit strong base pairing between different copies of the same IS element,
they can provide the basis for RecA-mediated homologous recombination. In this man-
ner, the presence of particular IS elements in both the F plasmid and the bacterial chro-
mosome provides a means for the formation of Hfr molecules by cointegration using IS
sequence homology and the RecA system.

Transposons

One of the major aspects of IS elements is that they are components of transposons
(Tn elements), which are transposable segments of DNA containing genes beyond those
needed for transposition. Transposons are as much as 10-fold larger than IS elements.
One class, of which transposon Tn10 is a good example, are composite structures consist-
ing of a central area of genes bordered by IS elements. The genes may code for such
properties as antimicrobic resistance, substrate metabolism, or other functions. A general-
ized transposon structure of the Tn10 variety is shown in Figure 4—9.

Composite transposons of the Tn10 sort can translocate by what is called simple or
direct transposition, in which the transposon is excised from its original location and in-
serted without replication into its new site. A second class, typified by transposon Tn3,
has inverted repeat sequences rather than IS elements at its ends and encodes not only a
transposase but also an enzyme called a resolvase. Transposition of Tn3 involves forma-
tion of a cointegrate of the two DNA molecules (or segments of the same molecule) in-
volved in the transposition—that is, the one carrying the Tn3 and the one serving as the
target. Replication of the transposon then occurs, and the resolvase separates (resolves)
the cointegrate, restoring the two DNA molecules, each now with its own copy of Tn3.
Transposition of this sort is called replicative or duplicative transposition.

Besides the primary insertion reaction, all transposable units promote other types of
DNA rearrangements, including deletion of sequences adjacent to a transposon, inversion
of DNA segments, fusion of separate plasmids within a cell, similar fusions that integrate
plasmids with the cell chromosome, and repeated duplications that result in amplification
of genes within transposons. All of these events have great significance for understanding
the formation and spread of antimicrobic resistance through natural populations of path-
ogenic organisms. These subjects are discussed in the description of plasmids in the
next section.

Some strains of streptococci harbor transposon-like, drug-resistance elements within
their chromosome that are capable of mediating their own transfer to other cells by con-
jugation. One such conjugative transposon is Tn916, found originally in a strain of
E. faecalis. This element, approximately 16 kb in size, contains a gene for tetracycline
resistance. It and similar elements resemble transposons in many respects, including
size, multiple target sites, ability to transfer from a chromosome to a plasmid, and ability
to be removed from a plasmid or a chromosome by precise excision. What is unusual,
however, is their ability to mediate their own intercellular transfer. It now appears that
Tn916, and presumably similar elements, can form a transient plasmid-like structure as
part of the process of conjugational transfer.
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The third type of transposable element is transposable prophage, such as that of bac-
teriophage Mu, which has the alternative of lytic growth or of lysogeny. During lysogeny,
the prophage of Mu can insert virtually anywhere in the E. coli chromosome and later can
transpose itself from one location to another. In fact, it is a transposon. When it integrates
within a bacterial gene, it inactivates it in the same manner as any other transposable ele-
ment. It was originally recognized as a virus that causes mutation, hence its name.

Invertible DNA Segments and Recombinational Regulation
of Gene Expression

A fascinating aspect of DNA rearrangements brought about by genetic recombination is
that the expression of some chromosomal genes important in virulence are actually con-
trolled by recombinational events. All the known cases involve phase variation of surface
antigens. In N. gonorrhoeae, the bacteria that causes gonorrhea (see Chapter 20), multiple
genes encoding antigenically different pilin sequences exist throughout the chromosome.
Many, called pilS, are silent because they lack effective promoters; some are only frag-
ments of pilin sequences. These silent genes or gene fragments serve as a reservoir of anti-
genic variability; each can, wholly or in part, become inserted by RecA-dependent homol-
ogous recombination into an actively expressed gene (pilE), resulting in the synthesis of a
new pilin. The entire process resembles the insertion of cassette tapes into a tape player
and, therefore, is referred to as the cassette mode of gene regulation (Fig 4—10).

A different DNA rearrangement is responsible for the alternation of expression of anti-
genically distinct flagellins, H1 and H2, in Salmonella species. An invertible element of 995
bp lies between the two flagellin genes (Fig 4—11). The phase-2 encoding gene (B) lies in an
operon that also encodes a repressor for the phase-1 encoding gene (C). The latter gene is,
therefore, active only if the former operon is inactive. Activity of the phase-2 operon, which
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lacks its own promoter, depends on a promoter within the invertible element. In one orienta-
tion, this promoter can initiate transcription of the B gene; in the other orientation transcrip-
tion, if it starts, proceeds in the opposite direction, and the B gene is silent, allowing the C
gene to work. In this manner, excision of the invertible element and its reinsertion at the same
site but in the opposite orientation lead to a shift from one flagellar form to the other (ie, to
antigenic phase variation). The invertible element encodes its own site-specific recombinase
enzyme that catalyzes the inversion in response to currently unknown signals. A similar situ-
ation exists in E. coli, where a 314-bp invertible segment containing a promoter controls tran-
scription of the adjacent, promoter-less fimA gene. This gene encodes the structural protein
for type 1 (common) pili, which function as an adhesin in mediating the binding of E. coli to
eukaryotic cells, thereby aiding in the early stages of tissue colonization by these bacteria.

It is believed that antigenic variation mediated by these site-specific transpositional
rearrangements provides a selective advantage to the bacteria in allowing invading popu-
lations to include individuals that can escape the developing immune response of the host
and thus continue the infectious process. Similar strategies are used by some eukaryotic
parasites of humans, notably the trypanosomes (see Chapter 54).

MORE ABOUT BACTERIAL PLASMIDS

One of the unanticipated features of microbial genetics has been the revelation that many
virulence factors and much clinically significant resistance to antibiotics are the result of
the activities not of bacterial chromosomal genes but of the accessory genomes present in
plasmids. In a certain sense, the health professional treating infectious disease is fre-
quently coping with autonomous self-replicating DNA molecules. Many of the properties
of plasmids have already been touched on, but the information is now consolidated and
considered in more detail.

General Properties and Varieties of Plasmids

We have already encountered plasmids in our consideration of conjugation. To recap, plas-
mids are ubiquitous extrachromosomal elements composed of double-stranded DNA that
typically is circular (Fig 4—12). (Linear plasmids occur in medically relevant strains of
Borrelia.) A single organism can harbor several distinct plasmids. Like the chromosome,
they have the property of governing their own replication by means of special sequences
and regulatory proteins, including a genetic region called ori (origin of replication) at
which specific proteins initiate replication. Any DNA molecule that is self-reproducing, in-
cluding all plasmids as well as the bacterial chromosome, is said to be a replicon.
Plasmids vary greatly in size, in the mode of control of their replication, and in the
number and kinds of genes they carry. Naturally occurring plasmids range from less than
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FIGURE 4-11

Schematic diagram illustrating
alternate expression of flagellins
in Salmonella by a genetic switch
composed of an invertible ele-
ment. (Adapted from Macnab RM.
Flagella and motility. In: Neid-
hardt FC, Curtiss R IlI, Ingraham
JL, et al, Escherichia coli and Sal-
monella: Cellular and Molecular
Biology, Washington DC: ASM
Press; 1966. pp 123-145.)

Plasmids are replicons found in
most bacterial species in nature

Plasmids very greatly in size and
control of replication
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FIGURE 4-12

Electron micrograph of an R plas-
mid from Escherichia coli. The
plasmid is 64 megadaltons and
contains about 40 kilobase pairs.
(Courtesy of Dr. Jorge H. Crosa.)

Small plasmids are often present
in multiple copies per cell

Conjugative plasmids can
facilitate transfer of
nonconjugatives

Some plasmids, called episomes,
can integrate and replicate with
the chromosome

Most plasmids are
nonhomologous with the host cell
chromosome

Bacterial adaptation to
environment depends heavily on
properties encoded by plasmids

Many plasmid genes promote
survival and colonization and
hence pathogenesis

In absence of selection pressure
for their properties, plasmids may
be lost due to spontaneous curing
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5 million to more than 100 million daltons, but even the largest are only a few percent of
the size of the bacterial chromosome. The number of molecules of a given plasmid that is
present in a cell, called the copy number, varies greatly among different plasmids, from
only a few molecules per cell to dozens of molecules per cell. In general, small plasmids
tend to be represented by more copies per cell.

Conjugal transfer is an important property of those plasmids that possess the com-
plex of tra genes, but even nonconjugative plasmids can transfer to some extent to
other cells as a result of mobilization by conjugative plasmids. Some plasmids, again
including the F factor, can replicate either autonomously or as a segment of DNA inte-
grated into the chromosome. These are sometimes termed episomes. Certain prophages
can exist as plasmids, but most plasmids are not viruses, because at no point of their
life cycle do they exist as a free viral particle (virion). Most plasmids show little or no
DNA homology with the chromosome and can, in this sense, be regarded as foreign to
the cell.

Plasmids usually include a number of genes in addition to those required for their
replication and transfer to other cells. The variety of cellular properties associated with
plasmids is very great and includes fertility (the capacity for gene transfer by conjuga-
tion), production of toxins, production of pili and other adhesins, resistance to antimicro-
bics and other toxic chemicals, production of bacteriocins (toxic proteins that kill some
other bacteria), production of siderophores for scavenging Fe*", and production of certain
catabolic enzymes important in biodegradation of organic residues.

On the other hand, plasmids can add a small metabolic burden to the cell, and in
many cases, a slightly reduced growth rate results. Thus, under conditions of laboratory
cultivation where the properties coded by the plasmid are not required, there is a tendency
for curing of a strain to occur, because the progeny cells that have not acquired a plasmid
(or have lost it) have a selective advantage during prolonged growth and subculture. Con-
versely, where the property conferred by the plasmid is advantageous (eg, in the presence
of the antimicrobic to which the plasmid determines resistance), selective pressure favors
the plasmid-carrying strain.
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Although plasmids are central to infectious disease and have been studied for
decades, their origin remains uncertain. They could possibly be descendants of bacterial
viruses that evolved a sophisticated means of self-transfer by conjugation and then lost
their unneeded protein capsid. Alternatively, they may have evolved as separated parts of
a bacterial chromosome that could provide both the means for genetic exchange and a
way to amplify certain genes of special value in a particular environment (eg, coding for
an adhesin) or to dispense with them where they are superfluous.

A great many bacterial plasmids are known. Some show similarity with each other in
nucleotide sequence; thus, plasmids can be classified by their degree of apparent related-
ness. Unrelated plasmids can coexist within a single cell, but closely related plasmids be-
come segregated during cell division and eventually all but one are eliminated. For this
reason, a group of closely related plasmids that exclude each other are referred to as an
incompatibility group.

R Plasmids

Plasmids that include genes conferring resistance to antimicrobics are of great significance
to medicine. They are termed R plasmids or R factors (resistance factors). The genes
responsible for resistance usually code for enzymes that inactivate antimicrobics or reduce
the cell’s permeability to them. In contrast, resistance conferred by chromosomal mutation
usually involves modification of the target of the antimicrobics (eg, RNA polymerase or
the ribosome).

R plasmids occupy center stage in approaches to chemotherapy because of the con-
stellation of properties they possess. Those of Gram-negative bacteria can be transmitted
across species boundaries and, at lower frequency, even between genera. Many encode re-
sistance to several antimicrobics and can thus spread multiple resistance through a diverse
microbial population under selective pressure of only one of those agents to which they
confer resistance. Nonpathogenic bacteria can serve as a natural reservoir of resistance
determinants on plasmids that are available for spread to pathogens.

R plasmids evolve rapidly and can easily acquire additional resistance-determining
genes from fusion with other plasmids or acquisition of transposons. Many have the capa-
bility of amplifying the number of copies of their resistance genes either by gene duplica-
tions within each plasmid or by increasing the number of plasmids (copy number) per
cell. By these means resistance can be achieved to very high concentrations of the antimi-
crobic. One process of gene amplification is based on the ability of some conjugative
plasmids to dissociate their components into two plasmids, one (called the resistance
transfer factor) containing genes for replication and for transfer and another (called
the resistance or r determinant) containing genes for replication and for resistance.
Subsequent relaxed replication of the r determinant expands the cell’s capacity to produce
the resistance-conferring enzyme (Fig 4—13).

One or more r Determinant
transposons
IS IS IS
N +
~___
RF
RTF

/1

Plasmids could have any of several
theoretically possible origins

Cells may harbor more than one
plasmid type provided they are
unrelated to each other

Plasmids confer resistance by
inactivating antimicrobics or
reducing their entry

R plasmids can encode and
transfer multiresistance

Resistance genes can be acquired
by plasmids from transposons or
through plasmid fusion

Resistance genes can be amplified
by increasing copy number

FIGURE 4-13

Structure and dissociation of an
R-factor (RF) plasmid. The RF
plasmid is shown with its two
components: the r determinant,
which contains one or more
genes for antibiotic resistance
(frequently present as trans-
posons), and the resistance
transfer factor (RTF), which
contains the genes necessary for
replication of the plasmid and its
transfer to other cells. IS,
insertion resistance.
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Resistance spread is facilitated by
transposition of plasmid genes for
resistance

Widespread use of antimicrobics
selects formation and spread of
R plasmids

Resistance genes preexisted
antimicrobic use in medicine

Plasmid involvement is implicated
by rapid transfer of multiresistance
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Over the past three decades, many of the molecular feats of R plasmids have been
explained on the basis of known genetic and evolutionary mechanisms. The discovery of
transposable elements (insertion sequences and transposons) and their properties provides
an explanation for many of these phenomena. Most plasmids, and all R factors, contain
many IS elements and transposons. In fact, virtually all the resistance determinant genes
on plasmids are present as transposons. As a result, these genes can be amplified by tan-
dem duplications on the plasmid and can hop to other plasmids (or to the bacterial chro-
mosome) in the same cell. Combined with the natural properties of many plasmids to
transfer themselves by conjugation (even between dissimilar bacterial species), the rapid
evolutionary development of multiple drug resistance plasmids and their spread through
populations of pathogenic bacteria during the past three decades can be seen as a pre-
dictable result of natural selection resulting from the widespread and intensive use of an-
timicrobics in human and veterinary medicine (see Chapter 14).

The properties of transposons can explain the present-day ubiquity and mobility of
resistance genes but not their origin. Two facts help point to at least a direction in which
to search for an answer. First, R plasmids carrying the genes encoding antimicrobic-
inactivating enzymes have been found in bacterial cultures preserved by lyophilization
(freeze-drying) since before the era of antimicrobic therapy; an accelerated evolutionary
development need not be invoked. Second, the enzymes themselves are remarkably simi-
lar to those found in certain bacteria (Streptomyces spp) that produce many clinically
useful antimicrobics. Perhaps a long time ago there was a cross-genus transfer of genetic
information (by transformation?) that became stabilized on plasmids under the selection
pressure of an antimicrobic released into the environment under natural conditions.

Detection of Plasmids

A number of physical, morphologic, and functional tests can be used to reveal the presence
of plasmids in a bacterial population. The rapid transfer of characteristics, such as resis-
tance to antimicrobics, from strain to strain or, alternatively, the rapid loss of such traits is
a hallmark of plasmid-encoded characteristics. When several genetically distinct character-
istics are transferred simultaneously in the laboratory into cells known not to have pos-
sessed them previously, the evidence is very strong that a plasmid is responsible. Plasmids,
including nonconjugative plasmids and those coding for no presently known trait, can be

FIGURE 4-14

Agarose gel electrophoresis of various strains of staphylococci isolated from patients in a large
metropolitan hospital. Each vertical lane displays the DNA of a separate isolate. The sharp bands
visible in the upper half of most lanes are plasmids. The broad smear of DNA in the lower half is
chromosomal DNA. The results illustrate the prevalence of multiple plasmids in freshly isolated
bacterial strains. Most isolates contain more than one plasmid. (Courtesy of Dr. D. R. Schaberg,
University of Michigan.)
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FIGURE 4-15

Use of agarose gel electrophoresis in molecular epidemiology. During an outbreak of bacteremia in
infants in a neonatal intensive care unit, strains of Klebsiella aerogenes and Enterobacter cloacae
were isolated that harbored R-factor plasmids of similar electrophoretic mobility and conferred re-
sistance to some aminoglycosides, ampicillin, and chloramphenicol. To learn if an identical plasmid
had established itself in both bacterial species, a restriction digest analysis was performed and the
products were separated by electrophoresis. Lanes C and D display the intact plasmid DNA isolated
from K. aerogenes and E. cloacae, respectively. Lanes A and B display the fragments produced by
the action of the restriction enzyme BamHI on the plasmids, and lanes E and F display the frag-
ments produced by the restriction enzyme EcoRI. For each pair of treated samples, the plasmid
DNA from K. aerogenes is on the left (ie, lanes A and E). The identical restriction patterns make it
almost certain that the plasmids from the two bacterial species are identical, and raise the possibil-
ity that the epidemic itself was caused by the chance introduction and spread of this R plasmid.
(Kindly provided by Dr. D. R. Schaberg, University of Michigan.)

demonstrated directly by agarose gel electrophoresis. These methods and their diagnostic

application are discussed in Chapter 15. Electron microscopy can also be used to visualize ~ Plasmid DNAs are separable
plasmids, to measure the length of their DNA, and to see the forms they take on hybridiza-  electrophoretically

tion to other nucleic acid molecules (see Fig 4—12).

Bacterial plasmids, including R factors, have become valuable markers for comparing
closely related strains of bacteria in epidemiologic studies. In outbreaks, spread of an epi-
demic strain can sometimes be followed more easily and more accurately by monitoring
the profile of plasmids carried in strains isolated from different patients than by using tra-
ditional typing methods (Fig 4—14). This approach is particularly useful in studying out-
breaks of nosocomial (hospital-acquired) infections. Likewise, the spread of an R plasmid
between different species can be followed by showing that they carry an identical plasmid
conferring the same pattern of antimicrobic resistance. The plasmid comparison can be
carried one step further in specificity by cutting the plasmid DNA with specific restriction
endonucleases (see next section) and examining the resulting fragments by agarose gel
electrophoresis (Fig 4—15). Variations of this procedure enable even the spread of specific
genes among a variety of plasmids to be detected.

Tracing plasmids is valuable in the
epidemiology of disease outbreaks

Endonuclease digestion is useful
in comparing plasmids
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Weighted classification schemes
are more valuable for
identification than for taxonomy

Degrees of genetic similarity are
important for sound taxonomy

Phylogentic relationships are
assuming greater significance as
the result of DNA sequence
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BACTERIAL CLASSIFICATION

Bacteria are classified into genera and species according to a binomial Linnean scheme
similar to that used for higher organisms. For example, in the case of Staphylococcus au-
reus, Staphylococcus is the name of the genus and aureus is the species designation.
Some genera with common characteristics are further grouped into families. However,
bacterial classification has posed many problems. Morphologic descriptors are not as
abundant as in higher plants and animals, there is little readily interpreted fossil record to
help establish phylogeny, and there is no elaborate developmental process (ontogeny) to
recapitulate the evolutionary path from ancestral forms (phylogeny). These problems are
minor compared with others: bacteria mutate and evolve rapidly, they reproduce asexu-
ally, and they exchange genetic material over wide boundaries. The single most important
test of species, the ability of individuals within a species to reproduce sexually by mating
and exchanging genetic material, cannot be applied to bacteria. As a result, bacterial tax-
onomy developed pragmatically by determining multiple characteristics and weighting
them according to which seemed most fundamental; for example, shape, spore formation,
Gram reaction, aerobic or anaerobic growth, and temperature for growth were given spe-
cial weighting in defining genera. Such properties as ability to ferment particular carbo-
hydrates, production of specific enzymes and toxins, and antigenic composition of cell
surface components were often used in defining species. As presented in Chapter 15, such
properties and their weighting continue to be of central importance in identification of un-
known isolates in the clinical laboratory, and the use of determinative keys is based on the
concept of such weighted characteristics. These approaches are much less sound in estab-
lishing taxonomic relationships based on phylogenetic principles.

New Taxonomic Methods

The recognition that sound taxonomy ought to be based on the genetic similarity of organ-
isms and to reflect their phylogenetic relatedness has led in recent years to the use of new
methods and new principles in taxonomy. The first approach was to apply Adansonian or
numeric taxonomy, which gives equal weighting to a large number of independent char-
acteristics and allocates bacteria to groups according to the proportion of shared character-
istics as determined statistically. Theoretically, a significant correspondence of a large
number of phenotypic characteristics could be considered to reflect genetic relatedness.

A more direct approach available in recent years involves analysis of chromosomal
DNA. Analysis can be somewhat crude, such as the overall ratio of A—T to G—C base
pairs; differences of greater than 10% in G—C content are taken to indicate unrelatedness,
but closely similar content does not imply relatedness. Closer relationships can be as-
sessed by determining base sequence similarity, as by DNA—-DNA hybridization, in
which single strands of DNA from one organism are allowed to anneal with single strands
of another. Some clinical laboratory tests have been devised based on the ability of DNA
from a reference strain to undergo homologous recombination with DNA from an un-
known isolate (see Chapter 15). However, overwhelmingly the molecular genetic tech-
nique that is introducing the greatest change in infectious disease diagnosis is the com-
parison of nucleotide sequences of genes highly conserved in evolution, such as 16 S
ribosomal RNA genes. So successful have been the deductions of phylogenetic related-
ness based on these sequences that the absence of a fossil record is now regarded as in-
significant. Part of the excitement in this field is that the use of polymerase chain reaction
to amplify the DNA of cells has made it possible to identify even infectious organisms
that cannot be cultivated in the laboratory.

Genomic Approaches to Virulence

The most startling recent advance in medical microbiology is indicated by the fact that in
the few years since the printing of the previous edition of this book, the complete nu-
cleotide sequences of the genomes of several dozen medically significant bacteria have
been determined. Furthermore, advances in the technology of DNA sequencing promise
the rapid determination of many more genomes in the next few years. It is difficult to
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overstate the significance of the present situation. First, comparison of virulent with non-
virulent species of closely related bacteria is providing means to identify virulence genes,
that is, genes responsible for the disease-producing capability of these bacteria. Second,
thanks to the sequence information, the products of these genes can readily be produced
and studied, and mutants can be prepared for genetic and functional analysis. Among the
genes being discovered in this way are many organisms of hitherto unknown virulence,
providing new information about the many molecular processes involved in pathogene-
sis. Third, new information on virulence factors and how they work is suggesting new, ra-
tional design of therapeutic and prophylactic agents to replace our current overreliance on
natural antimicrobics and their chemical derivatives.

Finally, detailed genomic analysis of pathogens involves suggesting pathways of the
evolution of important human and animal pathogens. Already, molecular genetic studies
have uncovered the existence of pathogenicity islands (PAls) within genomes—that is,
groups of adjacent genes that encode functions important for colonization, invasion,
avoidance of host defenses, and production of tissue damage. These PAIs exist not only
within the chromosome of pathogens but also within the plasmids that assist in confer-
ring virulence properties on the bacteria. As described in Chapter 10, analysis of
PAIs provides important clues to the origin of these gene clusters and to their transmis-
sion between species. This should be a fertile area for understanding the evolution
of pathogens.

POPULATION GENETICS OF PATHOGENS

One of the discoveries to come from the application of molecular diagnostic tools to in-
fectious diseases is the clonal nature of many infectious diseases. That is, over long peri-
ods and large geographic distances, the organisms of a given species isolated from clini-
cal samples tend to be so similar in chromosomal genetic makeup (and in their plasmid
profiles) that one is forced to envision that a clone of bacteria descended from a relatively
recent common ancestor is responsible for all or most of the disease incidence. This evi-
dence comes partly from studies of plasmid profiles, but mostly it is a conclusion drawn
by examining the specific alleles of various genes present in a population of cells using
the technique of multilocus enzyme electrophoresis. Differences in electrophoretic mi-
gration are used to detect subtle differences in amino acid sequence in a battery of two to
three dozen different enzymes. The results have been striking. For example, isolates of
Bordetella pertussis from the United States represent a single clone, whereas in Japan
there is a slightly different clone. Another study has determined that only 11 multilocus
genotypes (clones) of Neisseria meningitidis have been responsible for the major epi-
demics of serogroup A organisms worldwide over the past 60 years. These discoveries
provide an entirely new method for study of the epidemiology of infectious disease.

ADDITIONAL READING

Finlay BB, Falkow S. Common themes in microbial pathogenicity revisited. Microbiol
Mol Biol Rev 1997;61:136—169. An interesting and highly readable account of the major
contemporary themes in microbial pathogenicity.
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CHAPTER 5

Viral Structure

JAMES . CHAMPOUX

A virus is a set of genes, composed of either DNA or RNA, packaged in a protein-
containing coat. The resulting particle is called a virion. Viruses that infect humans
are considered along with the general class of animal viruses; viruses that infect bacte-
ria are referred to as bacteriophages, or phages for short. Virus reproduction requires
that a virus particle infect a cell and program the cellular machinery to synthesize the
constituents required for the assembly of new virions. Thus, a virus is considered an
intracellular parasite. The infected host cell may produce hundreds to hundreds of
thousands of new virions and usually dies. Tissue damage as a result of cell death
accounts for the pathology of many viral diseases in humans. In some cases, the
infected cells survive, resulting in persistent virus production and a chronic infection
that can remain asymptomatic, produce a chronic disease state, or lead to relapse of an
infection.

In some circumstances, a virus fails to reproduce itself and instead enters a latent state
(called lysogeny in the case of bacteriophages), from which there is the potential for reac-
tivation at a later time. A possible consequence of the presence of viral genes in a latent
state is a new genotype for the cell. Some determinants of bacterial virulence and some
malignancies of animal cells are examples of the genetic effects of latent viruses. Appar-
ently vertebrates have had to coexist with viruses for a long time because they have
evolved the special nonspecific interferon system, which operates in conjunction with the
highly specific immune system to combat virus infections.

In the discussion to follow, the biological and genetic bases for these phenomena are
presented; three themes are emphasized.

1. Different viruses can have very different genetic structures, and this diversity is re-
flected in their replicative strategies.

2. Because of their small size, viruses have achieved a very high degree of genetic
economy.

3. Viruses depend to a great extent on host cell functions and, therefore, are difficult to
combat medically. They do exhibit unique steps in their replicative cycles that are
potential targets for antiviral therapy.

VIRION SIZE AND DESIGN

Viruses are approximately 100- to 1000-fold smaller than the cells they infect. The small-
est viruses (parvoviruses) are approximately 20 nm in diameter (I nm = 107° m),
whereas the largest animal viruses (poxviruses) have a diameter of approximately 300 nm

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.

A virus is an intracellular parasite
composed of DNA or RNA and a
protein coat

Instead of reproducing, the virus
may enter a latent state from
which it can later be activated

Viral size ranges from 20 to 300 nm
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FIGURE 5-1
Schematic drawing of two basic
types of virions.
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and overlap the size of the smallest bacterial cells (Chlamydia and Mycoplasma). There-
fore, viruses generally pass through filters designed to trap bacteria, and this property can,
in principle, be used as evidence of a viral etiology.

The basic design of all viruses places the nucleic acid genome on the inside of a
protein shell called a capsid. Some animal viruses are further packaged into a lipid mem-
brane, or envelope, which is usually acquired from the cytoplasmic membrane of the
infected cell during egress from the cell. Viruses that are not enveloped have a defined
external capsid and are referred to as naked capsid viruses. The genomes of enveloped
viruses form a protein complex and a structure called a nucleocapsid, which is often sur-
rounded by a matrix protein that serves as a bridge between the nucleocapsid and the
inside of the viral membrane. Protein or glycoprotein structures called spikes, which
often protrude from the surface of virus particles, are involved in the initial contact with
cells. These basic design features are illustrated schematically in Figure 5—1 as well as in
the electron micrographs in Figures 5-2 and 5-3.

The protein shell forming the capsid or the nucleocapsid assumes one of two basic
shapes: cylindrical or spherical. Some of the more complex bacteriophages combine these
two basic shapes. Examples of these three structural categories can be seen in the electron
micrographs in Figure 5-2.

The capsid or envelope of viruses functions (1) to protect the nucleic acid genome
from damage during the extracellular passage of the virus from one cell to another, (2) to
aid in the process of entry into the cell, and (3) in some cases to package enzymes essen-
tial for the early steps of the infection process.

In general, the nucleic acid genome of a virus is hundreds of times longer than the
longest dimension of the complete virion. It follows that the viral genome must be exten-
sively condensed during the process of virion assembly. For naked capsid viruses, this
condensation is achieved by the association of the nucleic acid with basic proteins to
form what is called the core of the virus (see Fig 5—1). The core proteins are usually en-
coded by the virus, but in the case of some DNA-containing animal viruses, the basic pro-
teins are histones scavenged from the host cell. For enveloped viruses, the formation of
the nucleocapsid serves to condense the nucleic acid genome.

Two classes of infectious agents exist that are structurally simpler than viruses.
Viroids are infectious circular RNA molecules that lack protein shells; they are re-
sponsible for a variety of plant diseases. Hepatitis delta, an infectious agent sometimes
found in association with hepatitis B virus, appears to share many properties with the
viroids. Prions, which apparently lack any genes and are composed only of protein,
are agents that appear to be responsible for some transmissible and inherited spongi-
form encephalopathies such as scrapie in sheep; bovine spongiform encephalopathy in
cattle; and kuru, Creutzfeldt-Jakob disease, and Gerstmann-Straussler-Scheinker syn-
drome in humans.



CHAPTER 5 Viral Structure

GENOME STRUCTURE

Structural diversity among the viruses is most obvious when the makeup of viral genomes is
considered. Genomes can be made of RNA or DNA and be either double stranded or single
stranded. For viruses with single-stranded genomes, the nucleic acid can be either of the
same polarity (indicated by a +) or of a different polarity (—) from that of the viral mRNA
produced during infection. In the case of adeno-associated viruses, the particles are a
mixture: about half contain (+)DNA; the other half contain (—)DNA. The arenaviruses and
bunyaviruses are unusual in having an RNA genome, part of which has the same polarity as
the mRINA and part of which is complementary to the corresponding mRNA.

Both linear and circular genomes are known. Whereas the genomes of most viruses
are composed of a single nucleic acid molecule, in some cases several pieces of nucleic
acid constitute the complete genome. Such viruses are said to have segmented genomes.
One virus class (retroviruses) carries two identical copies of its genome and is therefore
diploid. A few viral genomes (picornaviruses, hepatitis B virus, and adenoviruses) contain
covalently attached protein on the ends of the DNA or RNA chains that are remnants of
the replication process.
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FIGURE 5-2

Three basic virus designs:

A. Tobacco mosaic virus.

B. Bacteriophage ¢X174.

C. Bacteriophage T4. (Kindly
provided by Dr. Robley C.
Williams.)

DNA or RNA genomes may be
single or double stranded

Genomes may be linear or circular

Some genomes are segmented
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FIGURE 5-3
Representative animal viruses: A. Poliovirus. B. Simian virus 40. C. Vesicular stomatitis virus.
D. Influenza virus. E. Adenovirus. (Kindly provided by Dr. Robley C. Williams.)



CHAPTER 5 Viral Structure

CAPSID STRUCTURE
Subunit Structure of Capsids

The capsids or nucleocapsids of all viruses are composed of many copies of one or at
most several different kinds of protein subunits. This fact follows from two fundamental
considerations. First, all viruses code for their own capsid proteins, and even if the entire
coding capacity of the genome were to be used to specify a single giant capsid protein,
the protein would not be large enough to enclose the nucleic acid genome. Thus, multiple
protein copies are needed, and, in fact, the simplest spherical virus contains 60 identical
protein subunits. Second, viruses are such highly symmetric structures that it is not un-
common to visualize naked capsid viruses in the electron microscope as a crystalline
array (eg, simian virus 40 in Fig 5—3B). The simplest way to construct a regular symmet-
rical structure out of irregular protein subunits is to follow the rules of crystallography
and form an aggregate involving many identical copies of the subunits, where each sub-
unit bears the same relationship to its neighbors as every other subunit.

The presence of many identical protein subunits in viral capsids or the existence of many
identical spikes in the membrane of enveloped viruses has important implications for adsorp-
tion, hemagglutination, and recognition of viruses by neutralizing antibodies (see Chapter 6).

Cylindrical Architecture

A cylindrical shape is the simplest structure for a capsid or a nucleocapsid. The first virus
to be crystallized and studied in structural detail was a plant pathogen, tobacco mosaic
virus (TMV) (see Fig 5-2A). The capsid of TMV is shaped like a rod or a cylinder, with
the RNA genome wound in a helix inside it. The capsid is composed of multiple copies of
a single kind of protein subunit arranged in a close-packed helix, which places every sub-
unit in the same microenvironment. Because of the helical arrangement of the subunits,
viruses that have this type of design are often said to have helical symmetry. Although less
is known about the architecture of animal viruses with helical symmetry, it is likely their
structures follow the same general pattern as TMV. Thus, the nucleocapsids of influenza,
measles, mumps, rabies, and poxviruses (Table 5—1) are probably constructed with a heli-
cal arrangement of protein subunits in close association with the nucleic acid genome.

Spherical Architecture

The construction of a spherically shaped virus similarly involves the packing together of
many identical subunits, but in this case the subunits are placed on the surface of a geo-
metric solid called an icosahedron. An icosahedron has 12 vertices, 30 sides, and 20 tri-
angular faces (Fig 5—4). Because the icosahedron belongs to the symmetry group that
crystallographers refer to as cubic, spherically shaped viruses are said to have cubic sym-
metry. (Note that the term cubic, as used in this context, has nothing to do with the more
familiar shape called the cube.)

When viewed in the electron microscope, many naked capsid viruses and some nucle-
ocapsids appear as spherical particles with a surface topology that makes it appear that
they are constructed of identical ball-shaped subunits (see Fig 5—3B and E). These visi-
ble structures are referred to as morphological subunits, or capsomeres. A capsomere is
generally composed of either five or six individual protein molecules, each one referred to
as a structural subunit, or protomer. In the simplest virus with cubic symmetry,
five protomers are placed at each one of the 12 vertices of the icosahedron as shown in
Figure 5—-4 to form a capsomere called a pentamer. In this case, the capsid is composed
of 12 pentamers, or a total of 60 protomers. It should be noted that as in the case of
helical symmetry, this arrangement places every protomer in the same microenvironment
as every other protomer.

To accommodate the larger cavity required by viruses with large genomes, the capsids
contain many more protomers. These viruses are based on a variation of the basic icosa-
hedron in which the construction involves a mixture of pentamers and hexamers instead
of only pentamers. A detailed description of this higher level of virus structure is beyond
the scope of this text.
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TABLE 5-1
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Classification of RNA Animal Viruses

FaMILY

VIRION STRUCTURE

GENOME STRUCTURE
AND MOLECULAR
WEIGHT

REPRESENTATIVE MEMBERS

Hepatitis 0

Picornaviruses

Arenaviruses
Caliciviruses
Rhabdoviruses

Retroviruses

Togaviruses

Orthomyxoviruses
Coronaviruses
Filoviruses
Bunyaviruses
Paramyxoviruses

Reoviruses

Cubic, enveloped

Cubic, naked

Helical, enveloped
Cubic, naked
Helical, enveloped

Cubic, enveloped

Cubic, enveloped

Helical, enveloped
Helical, enveloped
Helical, enveloped
Helical, enveloped
Helical, enveloped

Cubic, naked

ss circular (—)
(6 X 10°)

ss linear (+)
(2-3 X 10%;
protein attached

2 ss linear segments
(+/=) (3 X 10%

ss linear (+)
(2.6 X 109

ss linear (-)
(3-4 X 10%

ss linear (+), diploid
(3-4 X 10%

ss linear (+)
(4 X 10%

8 ss linear segments
(=) (5 X 10°%

ss linear (+)
(5-6 X 10

ss linear (—) (5 X 10°)
3 ss linear segments
(+/=) (6 X 10°
ss linear (—)
(6—8 X 109

10 ds linear
segments
(15 X 109

Human hepatitis 6 virus

Human enteroviruses: poliovirus,
coxsackievirus, echovirus;
rhinoviruses; bovine foot-and-mouth
disease virus; hepatitis A

Lassa virus; lymphocytic
choriomeningitis virus of mice

Vesicular exanthema virus,
Norwalk-like viruses of humans

Rabies virus; bovine vesicular
stomatitis virus

RNA tumor viruses of mice, birds, and
cats; visna virus of sheep; human
immunodeficiency viruses (human
T-cell leukemia and acquired
immunodeficiency syndrome)

Alphaviruses: Sindbis virus and Semliki
Forest virus; flaviviruses: dengue virus
and yellow fever virus; rubella virus;
mucosal disease virus

Type A, B, and C influenza viruses of
humans, swine, and horses

Respiratory viruses of humans;
calf diarrhea virus; swine enteric virus;
mouse hepatitis virus

Marburg and Ebola viruses

Rift Valley fever virus; bunyamwera
virus; hantavirus

Mumps; measles; Newcastle disease virus;
canine distemper virus

Human reoviruses; orbiviruses; Colorado
tick fever virus; African horse sickness
virus; human rotaviruses

Abbreviations: ss, single stranded; ds, double stranded.

Surface structures are important in

adsorption and penetration

Special Surface Structures

Many viruses have structures that protrude from the surface of the virion. In virtually
every case these structures are important for the two earliest steps of infection, adsorption
and penetration. The most dramatic example of such a structure is the tail of some
bacteriophages (see Fig 5—2C), which, as described in Chapter 6, acts as a channel for
the transfer of the genome into the cell. Other examples of surface structures include the
spikes of adenovirus (see Fig 5—3E) and the glycoprotein spikes found in the membrane
of enveloped viruses (see influenza virus in Fig 5—-3D). Even viruses without obvious
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FIGURE 5-4
Diagram of an icosahedron showing 12 vertices,
20 faces, and 30 sides. The colored balls indicate the
position of protomers forming a pentamer on the
icosahedron.

surface extensions probably contain short projections, which, like the more obvious
spikes, are involved in the specific binding of the virus to the cell surface (see Chapter 6).

Classification of Viruses

Tables 5—1 and 5-2 present a classification scheme for animal viruses that is based
solely on their structure. The viruses are arranged in order of increasing genome size. It is
important to bear in mind that phylogenetic relationships cannot be inferred from this tax-
onomic scheme. The tables should not be memorized, but instead used as a reference
guide to virus structure. In general, viruses with similar structures exhibit similar replica-
tion strategies as is discussed in Chapter 6.

TABLE 5-2

Classification of DNA Animal Viruses

GENOME STRUCTURE AND

FamILY VIRION STRUCTURE MOLECULAR WEIGHT REPRESENTATIVE MEMBERS
Parvoviruses Cubic, naked ss linear (1-2 X 10) Minute virus of mice;
adeno-associated viruses
Hepatitis B Cubic, enveloped ds circular (2 X 10°), gap in Hepatitis B virus of humans,
one strand; protein attached woodchuck hepatitis virus
Papovaviruses Cubic, naked ds circular (3-5 X 10°) Papillomaviruses, polyomavirus
(mouse), SV40 (monkey)
Adenoviruses Cubic, naked ds linear (20—-25 X 10°); Human and animal respiratory
protein attached disease viruses
Herpesviruses Cubic, enveloped ds linear (80—130 X 10%) Herpes simplex virus types
1 and 2; varicella—zoster virus;
cytomegalovirus; Epstein—Barr
virus; human herpesvirus 6,
human herpesvirus 8 (Kaposi’s
sarcoma)
Poxviruses Helical, enveloped ds linear (160-200 X 10°) Smallpox; vaccinia; molluscum

contagiosum; fibroma and
myxoma viruses of rabbits

Abbreviations: ss, single stranded; ds, double stranded.



86 PART ||

TABLE 5-3

Biology of Viruses

Some Important Bacteriophages

GENOME STRUCTURE AND

BACTERIOPHAGE Host MOLECULAR WEIGHT COMMENTS

MS2 Escherichia coli ss linear RNA (1.2 X 10°) Lytic

Filamentous (M13, fd) Escherichia coli ss circular DNA (2.1 X 10°) No cell death

dX174 Escherichia coli ss circular DNA (1.8 X 10°) Lytic

B Corynebacterium diphtheriae ds linear DNA (23 X 10°) Temperate, codes for
diphtheria toxin

A Escherichia coli ds linear DNA (31 X 10°) Temperate

T4 Escherichia coli ds linear DNA (108 X 10°) Lytic

Abbreviations: ss, single stranded; ds, double stranded.

Representative and important bacteriophages are listed along with their properties in
Table 5-3. In the chapters to follow the properties of the well-studied temperate bacterio-
phage, A, are described to illustrate the replicative strategies of the more medically impor-
tant, but less well-studied, 3 phage of Corynebacterium diphtheriae.



CHAPTER 6

Viral Multiplication

JAMES . CHAMPOUX

A virus multiplication cycle is typically divided into the following discrete phases: (1)
adsorption to the host cell, (2) penetration or entry, (3) uncoating to release the genome,
(4) virion component production, (5) assembly, and (6) release from the cell. This series of
events, sometimes with slight variations, describes what is called the productive or lytic
response; however, this is not the only possible outcome of a virus infection. Some viruses
can also enter into a very different kind of relationship with the host cell in which no new
virus is produced, the cell survives and divides, and the viral genetic material persists in-
definitely in a latent state. This outcome of an infection is referred to as the nonproductive
response. The nonproductive response is called lysogeny in the case of bacteriophages and
under some circumstances may be associated with oncogenic transformation by animal
viruses. (This use of the term transformation is to be distinguished from DNA transforma-
tion of bacteria discussed in Chapter 4.)

The outcome of an infection depends on the particular virus—host combination and
on other factors such as the extracellular environment, multiplicity of infection, and
physiology and developmental state of the cell. Those viruses that can enter only into a
productive relationship are called lytic or virulent viruses. Viruses that can establish
either a productive or a nonproductive relationship with their host cells are referred to as
temperate viruses. Some temperate viruses can be reactivated or “induced” to leave the
latent state and enter into the productive response. Whether induction occurs depends on
the particular virus—host combination, the physiology of the cell, and the presence of
extracellular stimuli.

The remainder of this chapter is concerned with the details of the steps of the lytic re-
sponse. In Chapter 7, the topics of lysogeny and oncogenic transformation are considered.

GROWTH AND ASSAY OF VIRUSES

Viruses are generally propagated in the laboratory by mixing the virus and susceptible cells
together and incubating the infected cells until lysis occurs. After lysis, the cells and cell de-
bris are removed by a brief centrifugation and the resulting supernatant is called a lysate.
The growth of animal viruses requires that the host cells be cultivated in the labora-
tory. To prepare cells for growth in vitro, a tissue is removed from an animal and the cells
are disaggregated using the proteolytic enzyme trypsin. The cell suspension is seeded into
a plastic petri dish in a medium containing a complex mixture of amino acids, vitamins,
minerals, and sugars. In addition to these nutritional factors, the growth of animal cells
requires components present in animal serum. This method of growing cells is referred to
as tissue culture, and the initial cell population is called a primary culture. The cells at-
tach to the bottom of the plastic dish and remain attached as they divide and eventually
cover the surface of the dish. When the culture becomes crowded, the cells generally

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.

Viral infections may be productive

or nonproductive

Some animal viruses can cause
oncogenic transformation

Temperate viruses can either
replicate or enter a latent state

Viruses are cultivated in cell
cultures derived from animal
tissues
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Permanent cell lines are useful for
growing viruses

Cytopathic effects are
characteristic for individual
viruses

Viruses are quantitated by a
plaque assay

One-step growth experiments are
useful in the study of infections

Shortly after infection, a virus
loses its identity (eclipse phase)

Infectious virus reappears at end
of eclipse phase inside the cell

FIGURE 6 -1
One-step growth experiment. pfu,
plaque-forming units.

PART I Biology of Viruses

cease dividing and enter a resting state. Propagation can be continued by removing the
cells from the primary culture plate using trypsin and reseeding a new plate.

Cells taken from a normal (as opposed to cancerous) tissue cannot usually be propa-
gated in this manner indefinitely. Eventually most of the cells die; a few may survive, and
these survivors often develop into a permanent cell line. Such cell lines are very useful as
host cells for isolating and assaying viruses in the laboratory, but they rarely bear much
resemblance to the tissue from which they originated. When cells are taken from a tumor
and cultivated in vitro, they display a very different set of growth properties, including
long-term survival, reflecting their tumor phenotype (see Chapter 7).

When a virus is propagated in tissue culture cells, the cellular changes induced by the
virus, which usually culminate in cell death, are often characteristic of a particular virus
and are referred to as the cytopathic effect of the virus (see Chapter 15).

Viruses are quantitated by a method called the plaque assay (see Plaque Assay under
Quantitation of Viruses for a detailed description of the method). Briefly, viruses are
mixed with cells on a petri plate such that each infectious particle gives rise to a zone of
lysed or dead cells called a plaque. From the number of plaques on the plate, the titer
of infectious particles in the lysate is calculated. Virus titers are expressed as the number
of plaque-forming units per milliliter (pfu/mL).

ONE-STEP GROWTH EXPERIMENT

To describe an infection in temporal and quantitative terms it is useful to perform a one-
step growth experiment (Fig 6—1). The objective in such an experiment is to infect every
cell in a culture so that the whole population proceeds through the infection process in a
synchronous fashion. The ratio of infecting plaque-forming units to cells is called the
multiplicity of infection (MOI). By infecting at a high MOI (eg, 10 as in Fig 6—1), one
can be certain that every cell is infected.

The time course and efficiency of adsorption can be followed by the loss of infectious
virus from the medium after removal of the cells (solid line in Fig 6—1). In the example
shown, adsorption takes about a half-hour and all but 1% of the virus is adsorbed. If sam-
ples of the culture containing the infected cells are treated so as to break open the cells
prior to assaying for virus (broken line in Fig 6—1), it can be observed that infectious
virus initially disappears, because no infectious particles are detectable above the back-
ground of unadsorbed virus. The period of infection in which no infectious viruses are
found inside the cell is called the eclipse phase and emphasizes that the original virions
lose their infectivity soon after entry. Infectivity is lost because, as is discussed later, the
virus particles are dismantled as a prelude to their reproduction. Later, infectious virus
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CHAPTER 6 Viral Multiplication

particles rapidly reappear in increasing numbers and are detected inside the cell prior to
their release into the environment (see Fig 6—1). The length of time from the beginning
of infection until progeny virions are found outside the cells is referred to as the latent
period. Latent periods range from 20 minutes to hours for bacteriophages and from a few
hours to many days for animal viruses.

The time in the infection at which genome replication begins is typically used to divide
the infection operationally into early and late phases. Early viral gene expression is largely
restricted to the production of those proteins required for genome replication; later, the pro-
teins synthesized are primarily those necessary for construction of the new virus particles.

The average number of plaque-forming units released per infected cell is called the
burst size for the infection. In the example shown, the burst size is about 1000. Burst sizes
range from less than 10 for some relatively inefficient infections to millions for some
highly virulent viruses.

ADSORPTION

The first step in every viral infection is the attachment or adsorption of the infecting particle
to the surface of the cell. A prerequisite for this interaction is a collision between the virion
and the cell. Viruses do not have any capacity for locomotion, and so the collision event is
simply a random process determined by diffusion. Therefore, like any bimolecular reaction,
the rate of adsorption is determined by the concentrations of both the virions and the cells.

Only a small fraction of the collisions between a virus and its host cell lead to a suc-
cessful infection, because adsorption is a highly specific reaction that involves protein
molecules on the surface of the virion called virion attachment proteins and certain
molecules on the surface of the cell called receptors. Typically there are 10*to 103 recep-
tors on the cell surface. Receptors for some bacteriophages are found on pili, although the
majority adsorb to receptors found on the bacterial cell wall. Receptors for animal viruses
are usually glycoproteins located in the plasma membrane of the cell. Table 61 lists

TABLE 6-1

Examples of Viral Receptors

VIRUS RECEPTOR CELLULAR FUNCTION
Influenza A Sialic acid Glycoprotein
Reoviruses Sialic acid Glycoprotein
EGF receptor Signaling
Adenoviruses Integrins Binding to extracellular matrix
Epstein—Barr CR2 Complement receptor

Herpes simplex

Heparan sulfate

Glycoprotein

Human herpes 7 CDh4 Immunoglobulin superfamily

HIV CDh4 Immunoglobulin superfamily
CXCR4 and CCRS Chemokine receptors

Human coronavirus Aminopeptidase N Protease

Human rhinoviruses ~ ICAM-1 Immunoglobulin superfamily

Measles CD46 Complement regulation

Poliovirus PVR Immunoglobulin superfamily

Rabies Acetylcholine receptor  Signaling

SV40 MHC I Immunoglobulin superfamily

Vaccinia EGF receptor Signaling

Abbreviations: EGF, endothelial growth factor; HIV, human immunodeficiency virus; ICAM, intercel-
lular adhesion molecule; MHC, major histocompatibility complex; PVR, poliovirus receptor.

Proteins for replication are
produced early and those for
construction of virions are
produced late

Adsorption involves virion
attachment proteins and cell
surface receptor proteins
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Viral spikes and phage tails carry
attachment proteins

Adsorption is enhanced by
presence of multiple attachment
and receptor proteins

Differences in host range and
tissue tropism are due to presence
or absence of receptors

FIGURE 6-2
Bacteriophage entry.

PART I Biology of Viruses

some of the receptors that have been identified for medically important viruses. It appears
that viruses have evolved to make use of a wide variety of surface molecules as receptors,
which are normally signaling devices or immune system components. Any attempts to de-
sign agents that block viral infections by binding to the receptors must consider the possi-
bility that the loss of the normal cellular function associated with the receptors would
have serious consequences for the host organism.

For some viruses, two different surface molecules, called coreceptors, are in-
volved in adsorption. Although CD4 was originally thought to be the sole receptor for
human immunodeficiency virus type 1 (HIV-1), the discovery of a family of corecep-
tors that normally function as chemokine receptors may explain why natural resistance
against the virus is found in individuals with variant forms of these signaling mole-
cules. Receptors for some animal viruses are also found on red blood cells of certain
species and are responsible for the phenomena of hemagglutination and hemadsorp-
tion discussed later.

Virion attachment proteins are often associated with conspicuous features on the sur-
face of the virion. For example, the virion attachment proteins for the bacteriophages with
tails are located at the very end of the tails or the tail fibers (Fig 6—2). Likewise, the
spikes found on adenoviruses (Fig 5-3E) and on virtually all of the enveloped animal
viruses contain the virion attachment proteins.

In some cases, a region of the capsid protein serves the function of the attachment
protein. For polioviruses, rhinoviruses, and probably other picornaviruses, the region on
the capsid that binds to the receptor is found at the bottom of a cleft or trough that is too
narrow to allow access to antibodies. This particular arrangement is clearly advantageous
to the virus because it precludes the production of antibodies that might directly block re-
ceptor recognition.

The repeating subunit structure of capsids and the multiplicity of spikes on enveloped
viruses are probably important in determining the strength of the binding of the virus to
the cell. The binding between a single virion attachment protein and a single receptor pro-
tein is relatively weak, but the combination of many such interactions leads to a strong
association between the virion and the cell. The fluid nature of the animal cell membrane
may facilitate the movement of receptor proteins to allow the clustering that is necessary
for these multiple interactions.

A particular kind of virus is capable of infecting only a limited spectrum of cell
types called its host range. Thus, although a few viruses can infect cells from differ-
ent species, most viruses are limited to a single species. For example, dogs do not con-
tract measles, and humans do not contract distemper. In many cases, animal viruses
infect only a particular subset of the cells found in their host organism. Clearly this
kind of tissue tropism is an important determinant of viral pathogenesis. In most cases
studied, the specific host range of a virus and its associated tissue tropism are deter-
mined at the level of the binding between the cell receptors and virion attachment pro-
teins. Thus, these two protein components must possess complementary surfaces that
fit together in much the same way as a substrate fits into the active site of an enzyme.
It follows that adsorption occurs only in that fraction of collisions that lead to success-
ful binding between receptors and attachment proteins and that the inability of a virus
to infect a cell type is usually due to the absence of the appropriate receptors on the
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cell. The exquisite specificity of these interactions is well illustrated by the case of a
particular mouse reovirus. It has been found that the tissue tropism, and therefore, the
resultant pathology, are altered by a point mutation that changes a single amino acid in
the virion attachment protein. A few cases are known in which the host range of a
virus is determined at a step after adsorption and penetration, but these are the excep-
tions rather than the rule.

Once a virus particle has penetrated to the inside of a cell, it is essentially hidden
from the host immune system. Thus, if protection from a virus infection is to be accom-
plished at the level of antibody binding to the virions, it must occur before adsorption and
prevent the virus from attaching to and penetrating the cell. It is therefore not surprising
that most neutralizing antibodies, whether acquired as a result of natural infection or vac-
cination, are specific for virion attachment proteins.

ENTRY AND UNCOATING

The disappearance of infectious virus during the eclipse phase is a direct consequence of
the fact that viruses are dismantled prior to being replicated. As is discussed later, the un-
coating step may be simultaneous with entry or may occur in a series of steps. Ultimately
the nucleocapsid or core structure must be transported to the site or compartment in the
cell where transcription and replication will occur.

Q1

Neutralizing antibodies are often
specific for attachment proteins

Viruses are dismantled before
being replicated
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Bacteriophage capsids are shed
and only the viral genome enters
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The Bacteriophage Strategy

The processes of penetration and uncoating are simultaneous for all bacteriophages. Thus,
the viral capsids are shed at the surface, and only the nucleic acid genome enters the cell.
In some cases, a small number of virion proteins may accompany the genome into the
cell, but these are probably tightly associated with the nucleic acid or are essential en-
zymes needed to initiate the infection.

Bacteriophages with tails have evolved these special appendages to facilitate the en-
try of the genome into the cell. The process of penetration and uncoating for bacterio-
phage T4 is shown schematically in Figure 6 2. The tail fibers extending from the end
of the tail are responsible for the attachment of the virion to the cell wall, and, in the
next step, the end of the tail itself makes intimate contact with the cell surface. Finally
the DNA of the virus is injected from the head directly into the cell through the hollow
tail structure. The process has been likened to the action of a syringe, but the energetics
and the nature of the orifice in the cell surface through which the DNA travels are
poorly understood.

Enveloped Animal Viruses

There are two basic mechanisms for the entry of an enveloped animal virus into the cell.
Both mechanisms involve fusion of the viral envelope with a cellular membrane, and the
end result in both cases is the release of the free nucleocapsid into the cytoplasm. What
distinguishes the two mechanisms is the nature of the cellular membrane that fuses with
the viral envelope.

Paramyxoviruses (eg, measles), some retroviruses (eg, HI'V-1), and herpesviruses en-
ter by a process called direct fusion (see Fig 6—3). The envelopes of these viruses con-
tain protein spikes that promote fusion of the viral membrane with the plasma membrane
of the cell, releasing the nucleocapsid directly into the cytoplasm. Because the viral enve-
lope becomes incorporated into the plasma membrane of the infected cell and still pos-
sesses its fusion proteins, infected cells have a tendency to fuse with other uninfected
cells. Cell—cell fusion is a hallmark of infections by paramyxoviruses and HIV-1 and can
be important in the pathology of diseases such as measles and acquired immunodefi-
ciency syndrome (AIDS).

The mechanism for the entry of most of the remaining enveloped animal viruses, such
as orthomyxoviruses (eg, influenza viruses), togaviruses (eg, rubella virus), rhabdoviruses
(eg, rabies), and coronaviruses, is shown in Figure 6—4. Following adsorption, the virus
particles are taken up by a cellular mechanism called receptor-mediated endocytosis,
which is normally responsible for internalizing growth factors, hormones, and some nutri-
ents. When it involves viruses, the process is referred to as viropexis.

In viropexis, the adsorbed virions become surrounded by the plasma membrane in a
reaction that is probably facilitated by the multiplicity of virion attachment proteins on
the surface of the particle. Pinching off of the cellular membrane by fusion encloses the
virion in a cytoplasmic vesicle termed the endosomal vesicle. The nucleocapsid is now
surrounded by two membranes, the original viral envelope and the newly acquired endo-
somal membrane. The surface receptors are subsequently recycled back to the plasma
membrane, and the endosomal vesicle is acidified by a normal cellular process. The low
pH of the endosome leads to a conformational change in a viral spike protein, which
results in the fusion of the two membranes and release of the nucleocapsid into the cyto-
plasm. In some cases, the contents of the endosomal vesicle may be transferred to a lyso-
some prior to the fusion step that releases the nucleocapsid.

Naked Capsid Animal Viruses

Naked capsid viruses, such as poliovirus, reovirus, and adenovirus, also appear to enter the
cell by viropexis. However, in this case, the virus cannot escape the endosomal vesicle by
membrane fusion as described earlier for enveloped viruses. For poliovirus it appears that
the viral capsid proteins in the low-pH environment of the endosome expose hydrophobic
domains. This process results in the binding of the virions to the membrane and release of
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the nucleic acid genome into the cytoplasm. In other cases the virions may escape into the
cytoplasm by simply promoting the lysis of the vesicle. This step is a potential target of
antiviral chemotherapy, and some drugs have been developed that bind to the capsids of
picornaviruses and prevent the release of the virus particles from the endosome.

Reovirus is unusual in that prior to release into the cytoplasm, the contents of the en-
dosome are transferred to a lysosome where the lysosomal proteases strip away part of
the capsid proteins and activate virion-associated enzymes required for transcription.

Fate of Intracellular Particles

Even in the relatively simple bacterial cell, there is evidence that the entering nucleic acid
must be directed to a particular cellular locus to initiate the infection process. Pilot pro-
teins have been described that accompany the phage genome into the bacterial cell and
serve the function of “piloting” the nucleic acid to a particular target, such as a membrane
site where transcription and replication are to occur.

The ultimate fate of internalized animal virus particles depends on the particular virus
and on the cellular compartment where replication occurs. Most RNA viruses with the ex-
ception of influenza viruses and the retroviruses replicate in the cytoplasm, the immediate
site of entry. Retroviruses, influenza viruses, and all the DNA viruses except the
poxviruses must move from the cytoplasm to the nucleus to replicate. The larger DNA
viruses, such as herpesviruses and adenoviruses, must uncoat to the level of cores prior to
entry into the nucleus. The smaller DNA viruses, such as the parvoviruses and the papo-
vaviruses, enter the nucleus intact through the nuclear pores and subsequently uncoat in-
side. The largest of the animal viruses, the poxviruses, carry out their entire replicative
cycle in the cytoplasm of the infected cell.
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FIGURE 6-4
Viropexis.
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THE PROBLEMS OF PRODUCING mRNA
From Genome to mRNA

An essential step in every virus infection is the production of virus-specific mRNAs that
program the cellular ribosomes to synthesize viral proteins. Besides the structural pro-
teins of the virion, viruses must direct the synthesis of enzymes and other specialized pro-
teins required for genome replication, gene expression, and virus assembly and release.
The production of the first viral mRNAs at the beginning of the infection is a crucial step
in the takeover of the cell by the virus.

For some viruses, the presentation of mRNA to the cellular ribosomes poses no prob-
lems. Thus, the genomes of most DNA viruses are transcribed by the host DNA-dependent
RNA polymerase to yield the viral mRNAs. The (+)-strand RNA viruses, such as the
picornaviruses, the togaviruses, and the coronaviruses, possess genomes that can be used
directly as mRNAs and are translated (at least partially, as discussed later) immediately on
entry into the cytoplasm of the cell.

However, for many viruses, the production of mRNA starting from the genome is not
so straightforward. The fact that poxviruses replicate in the cytoplasm means that the cel-
lular RNA polymerase is not available to transcribe the DNA genome. Moreover, no
cellular machinery exists that can use either single-stranded or double-stranded RNA as a
template to synthesize mRNA. Therefore, the poxviruses and those viruses that utilize an
RNA template to make mRNAs must provide their own transcription machinery to pro-
duce the viral mRNAs at the beginning of the infection process. This feat is accomplished
by synthesizing the transcriptases in the later stages of viral development in the previous
host cell and packaging the enzymes into the virions, where they remain associated with
the genome as the virus enters the new cell and uncoats. In general, the presence of a
transcriptase in virions is indicative that the host cell is unable to use the viral genome as
mRNA or as a template to synthesize mRNA. At later times in the infection, any special
enzymatic machinery required by the virus and not initially present in the cell, can be
supplied among the proteins translated from the first mRNA molecules.

The pathways for the synthesis of mRNA by the major virus groups are summarized
in Figure 65 and related to the structure of viral genomes. The polarity of mRNA is des-
ignated as (+) and the polarity of polynucleotide chains complementary to mRNA
as (—). The black arrows denote synthetic steps for which host cells provide the required
enzymes, whereas the colored arrows indicate synthetic steps that must be carried out by
virus-encoded enzymes. Several additional points should be emphasized. The par-
voviruses and some phages have single-stranded DNA genomes. Although the RNA po-
lymerase of the cell requires double-stranded DNA as a template, these viruses need not
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Pathways of mRNA synthesis for major virus groups.
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carry special enzymes in their virions because host cell DNA polymerases can convert the
genomes into double-stranded DNA. Note that the production of more mRNA by the pi-
cornaviruses and similar (+)-strand RNA viruses requires the synthesis of an intermedi-
ate (—)-strand RNA template. The enzyme required for this process is produced by
translation of the genome RNA early in infection.

The retroviruses are a special class of (+)-strand RNA viruses. Although their
genomes are the same polarity as mRNA and could in principle serve as mRNAs early af-
ter infection, their replication scheme apparently precludes this. Instead, the RNA
genomes of these viruses are copied into (—)DNA strands by an enzyme carried within
the virion called reverse transcriptase. The (—)DNA strands are subsequently converted
by the same enzyme to double-stranded DNA in a reaction that requires the degradation
of the original genomic RNA by the RNase H activity of the reverse transcriptase. The
DNA product of reverse transcription is integrated into the host cell DNA and ultimately
transcribed by the host RNA polymerase to complete the replication cycle as well as pro-
duce viral mRNA. For example, the replication of the hepatitis B DNA genome is mecha-
nistically similar to that of a retrovirus. Thus, the viral DNA is transcribed to produce a
single-stranded RNA, which in turn is reverse transcribed to produce the progeny viral
DNA that is encapsidated into virions.

The Monocistronic mRNA Rule in Animal Cells

The ribosome requires input of information in the form of mRNA. For a viral mRNA to
be recognized by the ribosome, its production must conform to the rules of structure that
govern the synthesis of the cellular mRNAs. Prokaryotic mRNA is relatively simple and
can be polycistronic, which means it can contain the information for several proteins.
Each cistron or coding region is translated independently beginning from its own ribo-
some binding site.

Eukaryotic mRNAs are structurally more complex, containing special 5'-cap and
3’-poly(A) attachments. In addition, their synthesis often involves removal of internal se-
quences by a process called splicing. Most importantly, virtually all eukaryotic mRNAs
are monocistronic. Accordingly, eukaryotic translation is initiated by the binding of a ri-
bosome to the 5'-cap, followed by movement of the ribosome along the DNA until the
first AUG initiation codon is encountered. The corollary to this first AUG rule is that eu-
karyotic ribosomes, unlike prokaryotic ribosomes, generally cannot initiate translation at
internal sites on a mRNA. To conform to the monocistronic mRNA, most animal viruses
produce mRNAs that are translated to yield only a single polypeptide chain following ini-
tiation near the 5’ end of the mRNA.

Because most DNA animal viruses replicate in the nucleus, they adhere to the mono-
cistronic mRNA rule either by having a promoter precede each gene or by programming
the transcription of precursor RNAs that are processed by nuclear splicing enzymes into
monocistronic mRNAs. The virion transcriptase of the cytoplasmic poxviruses apparently
must synthesize monocistronic mRNAs by initiation of transcription in front of each gene.

RNA-containing animal viruses have evolved three different strategies to circumvent
or conform to the monocistronic mRNA rule. The simplest strategy involves having a
segmented genome. For the most part, each genome segment of the orthomyxoviruses
and the reoviruses corresponds to a single gene; therefore, the mRNA transcribed from
a given segment constitutes a monocistronic mRNA. Unlike most RNA viruses, the or-
thomyxovirus virus influenza A replicates in the nucleus, and some of its monocistronic
mRNAs are produced by splicing of precursor RNAs by host cell enzymes. Moreover,
orthomyxoviruses use small 5" RNA fragments derived from host cell pre-mRNAs found
in the nucleus to prime the synthesis of their own mRNAs.

A second solution to the monocistronic mRNA rule is very similar to the strategy em-
ployed by cells and the DNA viruses. The paramyxoviruses, togaviruses, rhabdoviruses,
filoviruses, bunyaviruses, arenaviruses, and coronaviruses synthesize monocistronic mMRNAs
by initiating the synthesis of each mRNA at the beginning of a gene. In most cases, the tran-
scriptase terminates mRNA synthesis at the end of the gene so that each message corre-
sponds to a single gene. For coronaviruses, RNA synthesis initiates at the beginning of each
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gene and continues to the end of the genome so that a nested set of mRNAs is produced.
However, each mRNA is functionally monocistronic and is translated to produce only the
protein encoded near its 5" end.

The picornaviruses have evolved yet a third strategy to deal with the monocistronic
mRNA requirement (Fig 6—6). The (+)-strand genome contains just a single ribosome
binding site near the 5’ end. It is translated into one long polypeptide chain called a
polyprotein, which is subsequently broken into the final set of protein products by a se-
ries of proteolytic cleavages. Most of the required protease activities reside within the
polyprotein itself.

Several viruses use more than one of these strategies to conform to the monocistronic
mRNA rule. For example, retroviruses, togaviruses, arenaviruses, and bunyaviruses syn-
thesize multiple mRNAs, each one coding for a polyprotein that is subsequently cleaved
into the individual protein molecules.

GENOME REPLICATION
DNA Viruses

Cells obviously contain the enzymes and accessory proteins required for the replication
of DNA. In bacteria these proteins are present continuously, whereas in the eukaryotic
cell they are present only during the S phase of the cell cycle, and they are restricted to
the nucleus. The extent to which viruses use the cell replication machinery depends on
their protein-coding potential and thus on the size of their genome.

The smallest of the DNA viruses, the parvoviruses, are so completely dependent on
host machinery that they require the infected cells to be dividing so that a normal S phase
will occur and replicate the viral DNA along with the cellular DNA. At the other end of
the spectrum are the large DNA viruses, which are relatively independent of cellular func-
tions. The largest bacteriophages such as T4 degrade the host cell chromosome early in
infection and replace all of the host replication machinery with virus-specified proteins.
The largest animal viruses, the poxviruses, are similarly independent of the host. Because
they replicate in the cytoplasm, they must code for virtually all of the enzymes and other
proteins required for replicating their DNA.

The remainder of the DNA viruses are only partially dependent on host machinery.
For example, bacteriophages ¢X174 and A code for proteins that direct the initiation of
DNA synthesis to the viral origin. However, the actual synthesis of DNA occurs by the
complex of cellular enzymes responsible for replication of the Escherichia coli DNA.
Similarly the small DNA animal viruses, such as the papovaviruses, code for a protein
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that is involved in the initiation of synthesis at the origin, but the remainder of the replica-
tion process is carried out by host machinery. The somewhat more complex adenoviruses
and herpesviruses, in addition to providing origin-specific proteins, also code for their
own DNA polymerases and other accessory proteins required for DNA replication.

The fact that the herpesviruses code for their own DNA polymerase has important
implications for the treatment of infections by these viruses and illustrates a central
principle of antiviral chemotherapy. Certain antiviral drugs (adenine arabinoside and
5'-iododeoxyuridine) have been found to be effective against herpesvirus infections (see
Chapter 38); they are sufficiently similar to natural substrates that the virally encoded
DNA polymerase mistakenly incorporates them into viral DNA, resulting in an inhibition
of subsequent DNA synthesis. The host cell enzyme is more discriminating and fails to
use the analogs in the synthesis of cellular DNA; thus, the drugs do not kill uninfected
cells. The same principle applies to the chain-terminating drugs such as zidovudine
(AZT) and dideoxyinosine (ddI) that target the HIV-1 reverse transcriptase. Similarly, the
antiviral drugs acyclovir (acycloguanosine) and ganciclovir preferentially kill her-
pesvirus-infected cells because the viral nucleoside kinases, unlike the cellular counter-
parts, phosphorylate the nucleoside analog, converting it to a form that inhibits further
DNA synthesis when DNA polymerases incorporate it into DNA. In principle, any viral
process that is distinct from a normal cellular process is a potential target for antiviral
drugs. As more becomes known about the details of viral replication, more drugs will be-
come available that are targeted to these unique viral processes.

As noted earlier, with the exception of the poxviruses, all of the DNA animal viruses
are at least partially dependent on host cell machinery for the replication of their
genomes. However, unlike the parvoviruses, the other DNA viruses do not need to infect
dividing cells for a productive infection to ensue. Instead, all of these viruses code for a
protein expressed early in infection that induces an unscheduled cycle of cellular DNA
replication (S phase). In this way, these viruses ensure that the infected cell makes all of
the machinery required for the replication of their own DNA. It is noteworthy that all of
the DNA viruses except the parvoviruses are capable, in some circumstances, of trans-
forming a normal cell into a cancer cell (see Chapter 7). This correlation suggests that the
unlimited proliferative capacity of the cancer cells may be due to the continual synthesis
of the viral protein(s) responsible for inducing the unscheduled S phase in a normal infec-
tion. The fact that these DNA viruses can induce oncogenic transformation of cell types
that are nonpermissive for viral multiplication may simply be an accident related to the
need to induce cellular enzymes required for DNA replication during the lytic infection.

All DNA polymerases, including those encoded by viruses, synthesize DNA chains
by the successive addition of nucleotides onto the 3’ end of the new DNA strand. More-
over, all DNA polymerases require a primer terminus containing a free 3’-hydroxyl to ini-
tiate the synthesis of a DNA chain. In cellular replication, a temporary primer is provided
in the form of a short RNA molecule. This primer RNA is synthesized by an RNA poly-
merase, and after elongation by the DNA polymerase it is removed. With circular chro-
mosomes, such as those found in bacteria and many viruses, the unidirectional chain
growth and primer requirement of the DNA polymerase pose no structural problems for
replication. However, as illustrated in Figure 6—7, when a replication fork encounters the
end of a linear DNA molecule, one of the new chains (heavy lines) cannot be completed
at its 5’ end, because there exists no means of starting the DNA portion of the chain ex-
actly at the end of the template DNA. Thus, after the RNA primer is removed, the new
chain is incomplete at its 5" end. This constraint on the completion of DNA chains on a
linear template is called the end problem in DNA replication. Some eukaryotic cells add
short repetitive sequences to chromosome ends using an enzyme called telomerase to pre-
vent the shortening of the DNA with each successive round of replication.

Several viruses are faced with the end problem during replication of their linear
genomes, but none use the cellular telomerase to synthesize DNA ends. It is beyond the
scope of this text to detail all of the strategies viruses have evolved to deal with the end
problem, but it is worth mentioning some of the structural features found in linear viral
genomes whose presence is related to solutions of the end problem. These structures
are diagrammed schematically in Figure 6—8. The linear double-stranded genome of
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bacteriophage A possesses 12-bp single-stranded extensions that are complementary in
sequence to each other and thus called cohesive ends. Very early after entry into the cell,
the two ends pair up to convert the linear genome into a circular molecule to avoid the
end problem in replication. The linear double-stranded adenovirus genome contains a
protein molecule covalently attached to the 5" end of both strands. These proteins provide
the primers required to initiate the synthesis of the DNA chains during replication, cir-
cumventing the need for RNA primers and thus solving the end problem in replication.
The single-stranded parvovirus genome contains a self-complementary sequence at the 3’
end that causes the molecule to fold into a hairpin, making it self-priming for DNA
replication. The poxviruses contain linear double-stranded genomes in which the ends are
continuous. With the parvovirus and poxvirus genomes, the solutions to the end problem
create additional problems that must be solved to produce replication products that are
identical to the starting genomes.

RNA Viruses

Because nuclear functions are primarily designed for DNA metabolism, RNA animal
viruses generally replicate in the cytoplasm. Moreover, cells do not have RNA poly-
merases that can copy RNA templates. Therefore, RNA viruses not only need to code
for transcriptases, as discussed earlier, but also must provide the replicases required to
duplicate the genome RNA. Furthermore, except in the cases of the RNA phage and the

Phage A-Cohesive ends 5w T T I T 5

Adenovirus—“Protein” primers

Parvovirus—Hairpin end g, 5'

Poxvirus—Continuous ends




CHAPTER 6 Viral Multiplication

picornaviruses, where transcription and replication are synonymous, the RNA viruses
must temporally and functionally separate replication from transcription. This require-
ment is especially apparent for the rhabdoviruses, paramyxoviruses, togaviruses, and
coronaviruses, where a complete genome, or complementary copy of the genome, is tran-
scribed into a set of small monocistronic mRNAs early in infection. After replication be-
gins, these same templates are used to synthesize full-length strands for replication.

Two mechanisms exist to separate the process of replication from transcription. First, in
some cases, transcription is restricted to subviral particles and involves a transcriptase trans-
ported into the cell within the virion. Second, in other cases, the replication process involves
either a functionally distinct RNA polymerase or depends on the presence of some other
viral-specific accessory protein that directs the synthesis of full-length copies of the tem-
plate rather than the shorter monocistronic mRNAs. In the case of the reoviruses, the switch
from transcription to replication appears to involve the synthesis of a replicase that converts
the (+)mRNAs synthesized early in infection to the double-stranded genome segments.

Viral RNA polymerases, like DNA polymerases, synthesize chains in only one direc-
tion; however, in general, RNA polymerases can initiate the synthesis of new chains with-
out primers. Thus, there is no obvious end problem in RNA replication. There is one
exception to this general rule. The picornaviruses contain a protein that is covalently at-
tached to the 5’ end of the genome, called Vpg. This protein is present on the viral RNA
because it is involved in the priming of new RNA viral genomes during the infection,
similar to the process described earlier for adenoviruses.

ASSEMBLY OF NAKED CAPSID VIRUSES AND NUCLEOCAPSIDS

The process of enclosing the viral genome in a protein capsid is called assembly or encap-
sidation. Four general principles govern the construction of capsids and nucleocapsids.
First, the process generally involves self-assembly of the component parts. Second, assem-
bly is stepwise and ordered. Third, individual protein structural subunits or protomers are
usually preformed into capsomeres in preparation for the final assembly process. Fourth,
assembly often initiates at a particular locus on the genome called a packaging site.

Viruses With Helical Symmetry

The assembly of the cylindrically shaped tobacco mosaic virus (TMV) has been extensively
studied and provides a model for the construction of helical capsids and nucleocapsids. For
TMYV, doughnut-shaped disks containing a number of individual structural subunits are pre-
formed and added stepwise to the growing structure. Elongation occurs in both directions
from a specific packaging site on the single-stranded viral RNA (Fig 6—9). The addition of
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each disk involves an interaction between the protein subunits of the disk and the genome
RNA. The nature of this interaction is such that the assembly process ceases when the ends
of the RNA are reached. The structural subunits as well as the RNA trace out a helical path
in the final virus particle.

The basic design features worked out for TMV probably apply in general to the as-
sembly of the nucleocapsids of enveloped viruses. Thus, it is likely that the individual
protein subunits are intimately associated with the RNA and that the nucleoprotein com-
plexes are assembled by the stepwise addition of protein subunits or complexes of sub-
units. For influenza and the other helical viruses with segmented genomes, the various
genome segments are assembled into nucleocapsids independently and then brought to-
gether during virion assembly by a mechanism that is as yet poorly understood. It is no-
table that virtually all of the animal RNA viruses with helical symmetry are enveloped.

Viruses with Cubic Symmetry

For both phage and animal viruses, icosahedral capsids are generally preassembled and
the nucleic acid genomes, usually complexed with condensing proteins, are threaded into
the empty structures. Construction of the hollow capsids appears to occur by a self-
assembly process, sometimes aided by other proteins. The stepwise assembly of compo-
nents involves the initial aggregation of structural subunits into pentamers and hexamers,
followed by the condensation of these capsomeres to form the empty capsid. In some
cases, it appears that a small complex of capsid proteins associates specifically with the
viral genome and nucleates the assembly of the complete capsid around the genome.

The morphogenesis of a complex bacteriophage such as T4 involves the prefabrica-
tion of each of the major substructures by a separate pathway, followed by the ordered
and sequential construction of the final particle from its component parts (Fig 6—10). An
intermediate in the assembly of a bacteriophage head is an empty structure containing an
internal protein network that is removed prior to insertion of the nucleic acid. The con-
stituents of this network are often appropriately referred to as scaffolding proteins,
which apparently provide the lattice necessary to hold the capsomeres in position during
the early stages of head assembly.

For many DNA bacteriophages and the herpesviruses, the products of replication are
long linear DNA molecules called concatemers, which are made up of tandem head-to-
tail repeats of genome-size units. During the threading of the DNA into the preformed
capsids, these concatemers are cleaved by virus-encoded nucleases to generate genome-
size pieces.
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Assembly of bacteriophage T4.
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There are two mechanisms for determining the correct sites for nuclease cleavage
during packaging of a concatemer. Bacteriophage N\ and the herpesviruses typify one
type of mechanism in which the enzyme that makes the cuts is a sequence-specific nu-
clease. The enzyme sits poised at the orifice of the capsid as the DNA is being threaded
into the capsid, and just before the specific cut site enters, the DNA is cleaved. For bac-
teriophage A, the breaks are made in opposite strands, 12 bp apart, to generate the cohe-
sive ends. Bacteriophages T4 and P1 are examples of bacterial viruses that illustrate the
second mechanism. For these phages, the nuclease does not recognize a particular DNA
sequence, but instead cuts the concatemer when the capsid is full. Because the head of
the bacteriophage can accommodate slightly more than one genome equivalent of DNA
and packaging can begin anywhere on the DNA, the “headful” mechanism produces
genomes that are terminally redundant (the same sequence is found at both ends) and
circularly permuted. The nonspecific packaging with respect to DNA sequence explains
why bacteriophage P1 is capable of incorporating host DNA into phage particles,
thereby promoting generalized transduction (see Chapter 4). Bacteriophage T4 does not
carry out generalized transduction, because the bacterial DNA is completely degraded to
nucleotides early in infection.

RELEASE
Bacteriophages

Most bacteriophages escape from the infected cell by coding for one or more enzymes
synthesized late in the latent phase that causes the lysis of the cell. The enzymes are
either lysozymes or peptidases that weaken the cell wall by cleaving specific bonds in the
peptidoglycan layer. The damaged cells burst as a result of osmotic pressure.

Animal Viruses
CELL DEATH

Nearly all productively infected cells die (see below for exceptions), presumably be-
cause the viral genetic program is dominant and precludes the continuation of normal
cell functions required for survival. In many cases, direct viral interference with nor-
mal cellular metabolic processes leads to cell death. For example, picornaviruses shut
off host protein synthesis soon after infection, and many DNA animal viruses interfere
with normal cell cycle controls. In many cases, the end result of such insults is a trig-
gering of a cellular stress response called programmed cell death or apoptosis. Some
viruses are known to code for proteins that block or delay apoptosis, probably to stave
off cell death until the virus replication cycle has been completed. Ultimately, the cell
lysis that accompanies cell death is responsible for the release of naked capsid viruses
into the environment.

BUDDING

With the exception of the poxviruses, all enveloped animal viruses acquire their membrane
by budding either through the plasma membrane or, in the case of herpesviruses, through
the membrane of an exocytic vesicle. Thus, for these viruses, release from the cell is
coupled to the final stage of virion assembly. How the herpesviruses ultimately escape
from the cell when the membrane of the exocytic vesicle fuses with the plasma membrane.
The poxviruses appear to program the synthesis of their own outer membrane. How the
poxvirus envelope is assembled on the nucleocapsid is not known.

The membrane changes that accompany budding appear to be just the reverse of
the entry process described before for those viruses that enter by direct fusion (compare
Fig 6-3 and Fig 6—11). The region of the cellular membrane where budding is to occur
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Viral release by budding.

acquires a cluster of viral glycoprotein spikes. These proteins are synthesized by the
pathway that normally delivers cellular membrane proteins to the surface of the cell by
way of the Golgi apparatus. At the site of the glycoprotein cluster, the inside of the mem-
brane becomes coated with a virion structural protein called the matrix or M protein.
The accumulation of the matrix protein at the proper location is probably facilitated by
the presence of a binding site for the matrix protein on the cytoplasmic side of the trans-
membrane glycoprotein spike. The matrix protein attracts the completed nucleocapsid
that triggers the envelopment process leading to the release of the completed particle to
the outside (see Fig 6-11).

For viruses that bud, it is important to note that the plasma membrane of the infected
cell contains virus-specific glycoproteins that represent foreign antigens. This means that
infected cells become targets for the immune system. In fact, cytotoxic T lymphocytes
that recognize these antigens can be a significant factor in combating a virus infection.

The process of viral budding usually does not lead directly to cell death because the
plasma membrane can be repaired following budding. It is likely that cell death for
most enveloped viruses, as for naked capsid viruses, is related to the loss of normal cel-
lular functions required for survival or as a result of apoptosis. Unlike most retroviruses
that do not kill the host cell, HIV-1 is cytotoxic. Although the mechanism of HIV-1 cell
killing is not entirely understood, factors such as the accumulation of viral DNA in the
cytoplasm, the toxic effects of certain viral proteins, alterations in plasma membrane
permeability, and cell—cell fusion, are believed to contribute to the cytotoxic potential
of the virus.

CELL SURVIVAL

For retroviruses (except HIV-1 and other lentiviruses) and the filamentous bacteriophages,
virus reproduction and cell survival are compatible. Retroviruses convert their RNA
genome into double-stranded DNA, which integrates into a host cell chromosome and is
transcribed just like any other cellular gene (see Chapter 42). Thus, the impact on cellular
metabolism is minimal. Moreover, the virus buds through the plasma membrane without
any permanent damage to the cell.

Because the filamentous phages are naked capsid viruses, cell survival is even more
remarkable. In this case, the helical capsid is assembled onto the condensed single-
stranded DNA genome as the structure is being extruded through both the membrane and
the cell wall of the bacterium. How the cell escapes permanent damage in this case is un-
known. As with the retroviruses, the infected cell continues to produce virus indefinitely.



CHAPTER 6 Viral Multiplication

QUANTITATION OF VIRUSES
Hemagglutination Assay

For some animal viruses, red blood cells from one or more animal species contain recep-
tors for the virion attachment proteins. Because the receptors and attachment proteins are
present in multiple copies on the cells and virions, respectively, an excess of virus particles
coats the cells and causes them to aggregate. This aggregation phenomenon was first dis-
covered with influenza virus and is called hemagglutination. The virion attachment pro-
tein on the influenza virion is appropriately called the hemagglutinin. Furthermore, the
presence of the hemagglutinin in the plasma membrane of the infected cell means that
the cells as well as the virions will bind the red blood cells. This reaction, called hemad-
sorption, is a useful indicator of infection by certain viruses (see Chapter 15).

Hemagglutination can be used to estimate the titer of virus particles in a virus-containing
sample. Serially diluted samples of the virus preparation are mixed with a constant amount
of red blood cells, and the mixture is allowed to settle in a test tube. Agglutinated red blood
cells settle to the bottom to form a thin, dispersed layer. If there is insufficient virus to agglu-
tinate the red blood cells, they will settle to the bottom of the tube and form a tight pellet.
The difference is easily scored visually and the endpoint of the agglutination is used as a rel-
ative measure of the virus concentration in the sample.

Plaque Assay

The plaque assay is a method for determining the titer of infectious virions in a virus prepa-
ration or lysate. The sample is diluted serially and an aliquot of each dilution is added to a
vast excess of susceptible host cells. For an animal virus, the host cells are usually attached to
the bottom of a plastic petri dish; for bacterial cells, adsorption is typically carried out in a
cell suspension. In both cases the cells are then immersed in a semisolid medium such as
agar, which prevents the released virions from spreading throughout the entire cell popula-
tion. Thus the virus released from the initial and subsequent rounds of infection can only in-
vade the cells in the immediate vicinity of the initial infected cell on the plate. The end result
is an easily visible clearing of dead cells at each of the sites on the plate where one of the
original infected cells was located. The clearing is called a plaque (Fig 6—12). Visualization
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in the case of animal cells usually requires staining the cells. By counting the number of
plaques and correcting for the dilution factor, the virus titer in the original sample can be
calculated. The titer is usually expressed as the number of plaque-forming units per milliliter
(pfu/mL).

INTERFERONS

Interferons are host-encoded proteins that provide the first line of defense against viral in-
fections. They belong to the class of molecules called chemokines, which are proteins or
glycoproteins that are involved in cell-to-cell communication. Virus infection of all types
of cells stimulates the production and secretion of either interferon « or interferon S,
which acts on other cells to induce what is called the antiviral state. Unlike immunity,
the interferons are not specific to a particular kind of virus; however, interferons usually
act only on cells of the same species. Other agents stimulate the production of interferon
v by lymphoid cells. In this case, interferon appears to play an important role in the im-
mune system independent of any role as an antiviral protein (see Chapter 10).

The signal that leads to the production of interferon by an infected cell appears to be
double-stranded RNA. This conclusion is based on the observation that treatment of cells
with purified double-stranded RNA or synthetic double-stranded ribopolymers results in
the secretion of interferon. Although the mechanisms are largely unclear and probably
vary from one virus to another, viral infections in general lead to the accumulation of sig-
nificant levels of double-stranded RNA in the cell.

Changes in the synthesis of a large number of cellular proteins are characteristic of
the antiviral state induced by interferon. However, the cells exhibit only minimal changes
in their metabolic or growth properties. The machinery to inhibit virus production is mo-
bilized only on infection. Interferon has multiple effects on cells, but only three systems
have been extensively studied. The first system involves a protein called Mx that is in-
duced by interferon and specifically blocks influenza infections by interfering with viral
transcription. The second system involves the upregulation of protein kinase that is de-
pendent on double-stranded RNA and PKR which phosphorylates and thereby inactivates
one of the subunits of an initiation factor (eIF-2) necessary for protein synthesis. In some
cases, viruses have evolved quite specific mechanisms to block the action of this protein
kinase. The third system involves the induction of an enzyme called 2’,5'-oligoadenylate
synthetase, which synthesizes chains of 2',5'-oligo(A) up to 10 residues in length. In
turn, the 2',5'-oligo(A) activates a constitutive ribonuclease, called RNase L, that de-
grades mRNA. The activities of both PKR and 2’,5'-oligo(A) synthetase require the pres-
ence of double-stranded RNA, the intracellular signal that an infection is occurring. This
requirement prevents interferon from having an adverse effect on protein synthesis in un-
infected cells. In these latter two cases, viral infection of a cell that has been exposed to
interferon results in a general inhibition of protein synthesis, leading to cell death and no
virus production. A cell that was destined to die anyway from a viral infection is sacri-
ficed for the benefit of the entire organism.

ADDITIONAL READING

Knipe DM, Howley PM, eds. Fields Virology. 4th ed. Philadelphia: Lippincott Williams &
Wilkins; 2001. A current and comprehensive overview of animal viruses.

White DO, Fenner FJ, eds. Medical Virology. 4th ed. San Diego: Academic Press; 1994.
A good overview of medical aspects of virology.



CHAPTER 7/

Viral Genetics

JAMES . CHAMPOUX

n the typical lytic infection described in Chapter 6, viruses invade a host cell and usurp
the machinery of the cell for their own reproduction. The end result is usually cell death
with the release of large numbers of new infectious virus particles, most of which are
phenotypically identical to the original invading virus. This apparent homogeneity is
deceptive.

This chapter considers the methods whereby viral genomes change by mutation and
recombination and examines the medical consequences of some of these changes. In ad-
dition, it also discusses the methods used by temperate viruses to enter, maintain, and
sometimes leave the latent state. Furthermore, it examines in some detail the means by
which both bacterial and animal cells can be permanently changed by viral latency.

MECHANISMS OF GENETIC CHANGE

For DNA bacteriophages, the ratio of infectious particles to total particles usually ap-
proaches a value of one. Such is not the case for animal viruses. Typically fewer than 1%
of the particles derived from a cell infected with an animal virus are infectious in other
cells as determined by a plaque assay. Although some of this discrepancy may be attribut-
able to inefficiencies in the assay procedures, it is clear that many defective particles are
being produced. In part, this production of defective particles arises because the mutation
rates for animal viruses are unusually high and because many infections occur at high
multiplicities, where defective genomes are complemented by nondefective viruses and
therefore propagated.

Mutation

Many DNA viruses use the host DNA synthesis machinery for replicating their genomes.
Therefore, they benefit from the built-in proofreading and other error-correcting mecha-
nisms used by the cell. However, the largest animal viruses (adenoviruses, herpesviruses,
and poxviruses) code for their own DNA polymerases, and these enzymes are not as ef-
fective at proofreading as the cellular polymerases. The resulting higher error rates in
DNA replication endow the viruses with the potential for a high rate of evolution, but
they are also partially responsible for the high frequency of defective viral particles.

The replication of RNA viruses is characterized by even higher error rates because
viral RNA polymerases do not possess any proofreading capabilities. The result is that
error rates for RNA viruses commonly approach one mistake for every 2500 to 10,000
nucleotides polymerized. Such a high misincorporation rate means that even for the
smallest RNA viruses, virtually every round of replication introduces one or more nu-
cleotide changes somewhere in the genome. If it is assumed that errors are introduced at

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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random, most of the members of a clone (eg, in a plaque) are genetically different from
all other members of the clone. The resulting mixture of different genome sequences for a
particular RNA virus has been referred to as a quasispecies to emphasize that the level of
genetic variation is much greater than what normally exists in a species.

Because of the redundancy in the genetic code, some mutations are silent and are not
reflected in changes at the protein level, but many occur in essential genes and contribute
to the large number of defective particles found for RNA animal viruses. The concept of
genetic stability takes on a new meaning in view of these considerations, and the RNA
virus population as a whole maintains some degree of homogeneity only because of the
high degree of fitness exhibited by a subset of the possible genome sequences. Thus,
strong selective forces continually operate on a population to eliminate most mutants that
fail to compete with the few very successful members of the population. However, any
time the environment changes (eg, appearance of neutralizing antibodies), a new subset of
the population is selected and maintained as long as the selective forces remain constant.

The high mutation rates found for RNA viruses endow them with a genetic plasticity
that leads readily to the occurrence of genetic variants and permits rapid adaptation to
new environmental conditions. The large number of serotypes of the rhinoviruses causing
the common cold, for instance, likely reflect the potential to vary by mutation. Although
rapid genetic change occurs for most if not all viruses, no medically important RNA virus
has exhibited this phenomenon as conspicuously as influenza virus. Point mutations accu-
mulate in the influenza genes coding for the two envelope proteins (hemagglutinin and
neuraminidase), resulting in changes in the antigenic structure of the virions. These
changes lead to new variants not recognized by the immune system of previously infected
individuals. This phenomenon is called antigenic drift (see Chapter 33). Apparently,
those domains of the two envelope proteins that are most important for immune recogni-
tion are not essential for virus reproduction and, as a result, can tolerate amino acid
changes leading to antigenic variation. This feature may distinguish influenza from other
human RNA viruses that possess the same high mutation rates, but do not exhibit such
high rates of antigenic drift. Antigenic drift in epidemic influenza viruses from year to
year requires continual updating of the strains used to produce immunizing vaccines.

The retroviruses likewise show high rates of variation because they depend for their
replication on two different polymerases, both of which are error prone. In the first step of
the replication cycle, the reverse transcriptase that copies the RNA genome into double-
stranded DNA lacks a proofreading capability. Once the viral DNA has integrated into the
chromosome of the host cell, the DNA is transcribed by the host RNA polymerase 1II,
which similarly is incapable of proofreading. Accordingly, the retroviruses, including hu-
man immunodeficiency virus type 1 (HIV-1), the causative agent of acquired immunode-
ficiency syndrome (AIDS), exhibit a high rate of mutation. This property gives them the
ability to evolve rapidly in response to changing conditions in the infected host.

Retroviruses that exhibit high rates of antigenic variation such as HIV-1 pose particu-
larly difficult problems for the development of effective vaccines. Attempts are being
made to identify conserved, and therefore presumably essential, domains of the envelope
proteins for these viruses, which might be useful in developing a genetically engineered
vaccine.

Von Magnus Phenomenon and Defective Interfering Particles

In early studies with influenza virus, it was noted that serial passage of virus stocks at
high multiplicities of infection led to a steady decline of infectious titer with each pas-
sage. At the same time, the titer of noninfectious particles increased. As is discussed be-
low, the noninfectious genomes interfere with the replication of the infectious virus and
so are called defective interfering (DI) particles. Later, these observations were ex-
tended to include virtually all DNA as well as RNA animal viruses. The phenomenon is
now named after von Magnus, who described the initial observations with influenza virus.

A combination of two separate events lead to this phenomenon. First, deletion muta-
tions occur at a significant frequency for all viruses. For DNA viruses, the mechanisms are
not well understood, but deletions presumably occur as a result of mistakes in replication



CHAPTER 7 Viral Genetics

or by nonhomologous recombination. The basis for the occurrence of deletions in RNA
viruses is better understood. All RNA replicases have a tendency to dissociate from the
template RNA but remain bound to the end of the growing RNA chain. By reassociating
with the same or a different template at a different location, the replicase “finishes” repli-
cation, but in the process creates a shorter or longer RNA molecule. A subset of these vari-
ants possess the proper signals for initiating RNA synthesis and continue replicating.
Because the deletion variants in the population require less time to complete a replication
cycle, they eventually predominate and constitute the DI particles.

Second, as their name implies, the DI particles interfere with the replication of nonde-
fective particles. Interference occurs because the DI particles successfully compete with
the nondefective genomes for a limited supply of replication enzymes. The virions re-
leased at the end of the infection are therefore enriched for the DI particles. With each
successive infection, the DI particles can predominate over the normal particles as long as
the multiplicity of infection is high enough so that every cell is infected with at least one
normal infectious particle. If this condition is satisfied, then the normal particle can com-
plement any defects in the DI particles and provide all of the viral proteins required for the
infection. Eventually, however, as serial passage is continued, the multiplicity of infectious
particles drops below one, and the majority of the cells are infected only with DI particles.
When this happens the proportion of DI particles in the progeny virus decreases.

In good laboratory practice, virus stocks are passaged at high dilutions to avoid the prob-
lem of the emergence of high titers of DI particles. Nevertheless, the presence of DI particles
is a major contributor to the low fraction of infectious virions found in all virus stocks.

Recombination

Besides mutation, genetic recombination between related viruses is a major source of
genomic variation. Bacterial cells as well as the nuclei of animal cells contain the enzymes
necessary for homologous recombination of DNA. Thus, it is not surprising that recombi-
nants arise from mixed infections involving two different strains of the same type of DNA
virus. The larger bacteriophages such as A and T4 code for their own recombination en-
zymes, a fact that attests to the importance of recombination in the life cycles and possibly
the evolution of these viruses. The fact that recombination has also been observed for cyto-
plasmic poxviruses suggests that they too code for their own recombination enzymes.

As far as is known, cells do not possess the machinery to recombine RNA molecules.
However, recombination among at least some RNA viruses has been observed by two
different mechanisms. The first, which is unique to the viruses with segmented genomes
(orthomyxoviruses and reoviruses), involves reassortment of segments during a mixed in-
fection involving two different viral strains. Recombinant progeny viruses that differ from
either parent can be accounted for by the formation of new combinations of the genomic
segments that are free to mix with each other at some time during the infection. Reassort-
ment of this type occurring during infections of the same cell by human and certain animal
influenza viruses is believed to account for the occasional drastic change in the antigenicity
of the human influenza A virus. These dramatic changes, called antigenic shifts, produce
strains to which much of the human population lacks immunity and, thus, can have enor-
mous epidemiologic and clinical consequences (see Chapter 33).

The second mechanism of RNA virus recombination is exemplified by the genetic re-
combination between different forms of poliovirus. Because the poliovirus RNA genome
is not segmented, reassortment cannot be invoked as the basis for the observed recombi-
nants. In this case, it appears that recombination occurs during replication by a “copy
choice” type of mechanism. During RNA synthesis, the replicase dissociates from one
template and resumes copying a second template at the exact place where it left off on the
first. The end result is a progeny RNA genome containing information from two different
input RNA molecules. Strand switching during replication, therefore, generates a recom-
binant virus. Although this is not frequently observed, it is likely that most of the RNA
animal viruses are capable of this type of recombination.

A “copy choice” mechanism has also been invoked to explain a high rate of recombi-
nation observed with retroviruses. Early after infection, the reverse transcriptase within
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the virion synthesizes a DNA copy of the RNA genome by a process called reverse
transcription. In the course of reverse transcription, the enzyme is required to “jump”
between two sites on the RNA genome (see Chapter 42). This propensity to switch
templates apparently explains how the enzyme generates recombinant viruses. Because
reverse transcription takes place in subviral particles, free mixing of RNA templates
brought into the cell in different virus particles is not permitted. However, retroviruses are
diploid, because each particle carries two copies of the genome. This arrangement ap-
pears to be a situation ready-made for template switching during DNA synthesis and most
likely accounts for retroviral recombination.

Occasionally, retroviruses package a cellular mRNA into the virion instead of a sec-
ond RNA genome. This arrangement can lead to copy choice recombination between the
viral genome and a cellular mRNA. The end result is sometimes the incorporation of a
cellular gene into the viral genome. This mechanism is believed to account for the pro-
duction of highly oncogenic retroviruses containing modified cellular genes (see below).

THE LATENT STATE

Temperate viruses can infect a cell and enter a latent state that is characterized by little or
no virus production. The viral DNA genome is replicated and segregated along with the
cellular DNA when the cell divides. There exist two possible states for the latent viral
genome. It can exist extrachromosomally like a bacterial plasmid, or it can become
integrated into the chromosome like the bacterial F factor in the formation of a high-
frequency recombination (HFR) strain (see Chapter 4). Because the latent genome is usu-
ally capable of reactivation and entry into the lytic cycle, it is called a provirus or, in the
case of bacteriophages, a prophage. In many cases, viral latency goes undetected; how-
ever, limited expression of proviral genes can occasionally endow the cell with a new set
of properties. For instance, lysogeny can lead to the production of virulence-determining
toxins in some bacteria (lysogenic conversion) and latency by an animal virus may pro-
duce oncogenic transformation.

LYSOGENY

Infection of an Escherichia coli cell by bacteriophage A can have two possible outcomes.
A portion of the cells (as many as 90%) enters the lytic cycle and produces more phage.
The remainder of the cells enter the latent state by forming stable lysogens. The propor-
tion of the population that lyses depends on as yet undefined factors including the nutri-
tional and physiologic state of the bacteria. In the lysogenic state, the phage DNA is
physically inserted into the bacterial chromosome (see below) and thus replicates when
the bacterial DNA replicates. Lambda can thus replicate either extrachromosomally as in
the lytic cycle or as a part of the bacterial chromosome in lysogeny. The only phage
gene that remains active in a lysogen is the gene that codes for a repressor protein that
turns off expression of all of the prophage genes except its own. This means that the lyso-
genic state can persist as long as the bacterial strain survives. Environmental insults such
as exposure to ultraviolet light or mutagens, cause inactivation of the repressor, resulting
in induction of the lysogen. The prophage DNA is excised from the bacterial chromo-
some, and a lytic cycle ensues.

Once established, perpetuation of the lysogenic state requires a mechanism to ensure
that copies of the phage genes are faithfully passed on to both daughter cells during cell di-
vision. Integration of the N genome into the E. coli chromosome guarantees its replication
and successful segregation during cell division. In bacteriophage P1 lysogens, the viral
genome exists extrachromosomally as an autonomous single-copy plasmid. Its replication
is tightly coupled to chromosomal replication and the two replicated copies are precisely
partitioned along with the cellular chromosomes to daughter cells during cell division.

Because of its mechanistic importance and relevance to lysogenic conversion and phage
transduction (see Chapter 4), N integration and the reverse reaction called excision are de-
scribed in some detail. Bacteriophage \ integrates by a site-specific, reciprocal recombina-
tion event as outlined in Figure 7—1. There exist unique sequences on both the phage and



CHAPTER 7 Viral Genetics

E. colichromosome

R—}

A genome

AR
Excision f¢ Integration
(Int + Xis)

(Int)

Lysogen chromosome

FIGURE 7 -1
\ integration and excision. A, J, N, and R show the

Gy bio

locations of some A genes on the A genome; gal and
aftl atR bio represent the Escherichia coli galactose and biotin
operons, respectively.

bacterial chromosomes called attachment sites where the crossover occurs. The phage at-
tachment site is called aftP and the bacterial site, which is found on the E. coli chromosome
between the galactose and biotin operons, is called a#fB. The recombination reaction is cat-
alyzed by the phage-encoded integrase protein (Int) in conjunction with two host proteins
and occurs by a highly concerted reaction that requires no new DNA synthesis.

Excision of the phage genome after induction of a lysogen is just the reverse of inte-
gration, except that excision requires, in addition to the Int protein, a second phage protein
called Xis. In this case the combined activities of these two proteins catalyze site-specific
recombination between the two attachment sites that flank the prophage DNA, attL and
attR (see Fig 7—1). Early after infection, when integration is to occur in those cells des-
tined to become lysogens, synthesis of the Xis protein is blocked. Otherwise, the inte-
grated prophage DNA would excise soon after integration and stable lysogeny would be
impossible. However, after induction of a lysogen, both the integrase and the Xis proteins
are synthesized and catalyze the excision event that releases the prophage DNA from the
chromosome.

At a very low frequency, excision involves sites other than the a#fL and attR borders
of the prophage and results in the linking of bacterial genes to the phage genome. Thus, if
a site to the left of the bacterial gal genes recombines with a site within the N genome (to
the left of the J gene, otherwise the excised genome is too large to be packaged), then the
resulting phage can transduce the genes for galactose metabolism to another cell (see
Chapter 4). Similarly, transducing particles can be formed that carry the genes involved in
biotin biosynthesis. Because only those cellular genes adjacent to the attachment site can
be acquired by an aberrant excision event, this process is called specialized transduction
to distinguish it from generalized transduction, in which virtually any bacterial gene can
be transferred by a headful packaging mechanism (see Chapters 4 and 6).

Occasionally, one or more phage genes, in addition to the gene coding for the repres-
sor protein, are expressed in the lysogenic state. If the expressed protein confers a new
phenotypic property on the cell, then it is said that lysogenic conversion has occurred.
Diphtheria, scarlet fever, and botulism are all caused by toxins produced by bacteria that
have been “converted” by a temperate bacteriophage. In each case, the gene that codes for
the toxin protein resides in the phage DNA and is expressed along with the repressor gene
in the lysogenic state. It remains a mystery as to how these toxin genes were acquired by
the phage; it is speculated that they may have been picked up by a mechanism similar to
specialized transduction.
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MALIGNANT TRANSFORMATION

A tumor is an abnormal growth of cells. Tumors are classified as benign or malignant, de-
pending on whether they remain localized or have a tendency to invade or spread by
metastasis. Therefore, malignant cells have at least two defects. They fail to respond to
controlling signals that normally limit the growth of nonmalignant cells, and they fail to
recognize their neighbors and remain in their proper location. When grown in tissue cul-
ture in the laboratory, these tumor cells exhibit a series of properties that correlate with
the uncontrolled growth potential associated with the tumor in the organism.

1. They have altered cell morphology.

2. They fail to grow in the organized patterns found for normal cells.

3. They grow to much higher cell densities than do normal cells under conditions of un-
limited nutrients; therefore, they appear unable to enter the resting G, state.

4. They have lower nutritional and serum requirements than normal cells.

5. They have the capacity to divide in suspension, whereas normal cells require an an-
choring substrate and grow only on surfaces (eg, glass or plastic).

6. They are usually able to grow indefinitely in cell culture.

Many DNA animal viruses and some representatives of the retroviruses can con-
vert normal cultured cells into cells that possess the properties listed above. This
process is called malignant transformation. In addition to the listed properties, viral
transformation usually, but not always, endows the cells with the capacity to form a
tumor when introduced into the appropriate animal. Although the original use of the
term transformation referred to the changes occurring in cells grown in the labora-
tory, current usage often includes the initial events in the animal that lead to the devel-
opment of a tumor. In recent years, it has become increasingly clear that some but not
all of these viruses also cause cancers in the host species from which they were
isolated.

Transformation by DNA Animal Viruses

The oncogenic potential of animal DNA viruses is summarized in Table 7—1. All known
DNA animal viruses, except parvoviruses, are capable of causing aberrant cell prolifera-
tion under some conditions. For some viruses, transformation or tumor formation has
been observed only in species other than the natural host. Apparently infections of cells

TABLE 7-1
Oncogenicity of DNA Viruses
TuUMORS IN NATURAL TUMORS IN OTHER TRANSFORM CELLS IN
VIRUS OR VIRUS GROUP Host* SPECIES” TISSUE CULTURE
Parvoviruses (rat, mouse, human) No No No
Animal polyomaviruses (polyoma, No Yes Yes
simian virus 40)
Human polyomaviruses (JC, BK) No Yes Yes
Papillomaviruses (human, rabbit) Yes, often benign ? Yes
Human hepatitis B virus Yes ? No
Human adenoviruses No Yes Yes
Human herpesviruses Yes Yes Yes
Poxviruses (human, rabbit) Occasionally, usually Yes No
benign

¢ “Yes” means that at least one member of the group is oncogenic.
b Test usually done in newborns of immunosuppressed hosts.
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from the natural host are so cytocidal that no survivors remain to be transformed. In addi-
tion, some viruses have been implicated in human or animal tumors without any indica-
tion that they can transform cells in culture.

In nearly all cases that have been characterized, viral transformation is the result of
the continual expression of one or more viral genes that are directly responsible for the
loss of growth control. Two targets have been identified that appear to be critical for the
transforming potential of these viruses. Adenoviruses, papilloma viruses, and simian
virus 40 all code for either one or two proteins that interact with the tumor suppressor
proteins known as p53 and Rb (for retinoblastoma protein) to block their normal function
which is to exert a tight control over cell cycle progression. The end result is endless cell
cycling and uncontrolled growth.

In many respects, transformation is analogous to lysogenic conversion and requires
that the viral genes be incorporated into the cell as inheritable elements. Incorporation
usually involves integration into the chromosome (eg, papovaviruses, adenoviruses, and
retroviruses), although the DNAs of some papillomaviruses and some herpesviruses are
found in transformed cells as extrachromosomal plasmids. Unlike some of the temperate
bacteriophages that code for the enzymes necessary for integration, papovaviruses and
adenoviruses integrate by nonhomologous recombination using enzymes present in the
host cell. The recombination event is therefore nonspecific, both with respect to the viral
DNA and with respect to the chromosomal locus at which insertion occurs. It follows that
for transformation to be successful, the insertional recombination must not disrupt a viral
gene required for transformation. In summary, two events appear to be necessary for viral
transformation: a persistent association of viral genes with the cell and the expression of
certain viral “transforming” proteins.

Transformation by Retroviruses

Two features of the replicative cycle of retroviruses are related to the oncogenic potential
of this class of viruses. First, most retroviruses do not kill the host cell, but instead set up
a permanent infection with continual virus production. Second, a DNA copy of the RNA
genome is integrated into the host cell DNA by a virally encoded integrase (IN); however,
unlike bacteriophage \ integration, a linear form of the viral DNA, rather than a circular
form, is the substrate for integration. Furthermore, unlike A, there does not appear to be a
specific site in the cell DNA where integration occurs.

Retroviruses are known to transform cells by three different mechanisms. First, many
animal retroviruses have acquired transforming genes called oncogenes. More than 30 such
oncogenes have now been found since the original oncogene was identified in Rous sar-
coma virus (called v-src, where the v stands for viral). Because normal cells possess hom-
ologs of these genes called protooncogenes (eg, c-src, where ¢ stands for cellular), it is
generally thought that viral oncogenes originated from host DNA. It is possible they were
picked up by “copy choice” recombination involving packaged cellular mRNAs as previ-
ously described. Because these transforming viruses carry cellular genes, they are some-
times referred to as transducing retroviruses. Most of the viral oncogenes have suffered
one or more mutations that make them different from the cellular protooncogenes. These
changes presumably alter the protein products so that they cause transformation. Although
the mechanisms of oncogenesis are not completely understood, it appears that transforma-
tion results from inappropriate production of an abnormal protein that interferes with nor-
mal signaling processes within the cell. Uncontrolled cell proliferation is the result. Because
tumor formation by retroviruses carrying an oncogene is efficient and rapid, these viruses
are often referred to as acute transforming viruses. Although common in some animal
species, this mechanism has not yet been recognized as a cause of any human cancers.

The second mechanism is called insertional mutagenesis and is not dependent on
continued production of a viral gene product. Instead, the presence of the viral promoter
or enhancer is sufficient to cause the inappropriate expression of a cellular gene residing
in the immediate vicinity of the integrated provirus. This mechanism was first recognized
in avian B-cell lymphomas caused by an avian leukosis virus, a disease characterized by a
very long latent period. Tumor cells from different individuals were found to have a copy

111

Transformation by DNA viruses is
analogous to lysogenic conversion

Most retroviruses produce virions
without causing host cell death

A DNA copy of the retroviral
genome is integrated, but not at a
specific site

Retroviruses may carry
transforming oncogenes

Oncogenes encode a protein that
interferes with cell signaling

Insertional mutagenesis causes
inappropriate expression of a
protooncogene adjacent to
integrated viral genome



112

Human T-cell leukemia is caused
by transactivating factor encoded
in integrated HTLV-1

Transactivating factor turns on
cellular genes, causing cell
proliferation

PART I Biology of Viruses

of the provirus integrated at the same place in the cellular DNA. The site of the provirus
insertion was found to be next to a cellular protooncogene called c-myc. The myc gene
had previously been identified as a viral oncogene called v-myc. In this case, transforma-
tion occurs not because the c-myc gene is altered by mutation but because the viral pro-
moter adjacent to the gene turns on its expression continuously and the gene product is
overproduced. The disease has a long latent period; because, although the birds are
viremic from early life, the probability of an integration occurring next to the c-myc gene
is very low. Once such an integration event does occur, however, cell proliferation is rapid
and a tumor develops. No human tumors are known for certain to result from insertional
mutagenesis caused by a retrovirus; however, human cancers are known where a chromo-
some translocation has placed an active cellular promoter next to a cellular protoonco-
gene (Burkitt’s lymphoma and chronic myelogenous leukemia).

The third mechanism was revealed by the discovery of the first human retrovirus. The
virus, human T-cell lymphotropic virus type 1 (HTLV-1), is the causative agent of adult
T-cell leukemia. HTLV-1 sequences are found integrated in the DNA of the leukemic
cells and all the tumor cells from a particular individual have the proviral DNA in the
same location. This observation indicates that the tumor is a clone derived from a single
cell; however, the sites of integration in tumors from different individuals are different.
Thus, HTLV-1 does not cause malignancy by promoter insertion near a particular cellular
gene. Instead, the virus has a gene called fax that codes for a protein that acts in trans (ie,
on other genes in the same cell) to not only promote maximal transcription of the proviral
DNA, but also to transcriptionally activate an array of cellular genes. The resulting cellu-
lar proteins cooperate to cause uncontrolled cell proliferation. The fax gene is therefore
different from the oncogenes of the acute transforming retroviruses in that it is a viral
gene rather than a gene derived from a cellular protooncogene. HTLV-1 is commonly de-
scribed as a transactivating retrovirus.

ADDITIONAL READING

Natanson N. Viral Pathogenesis and Immunity. Philadelphia: Lippincott Williams &
Wilkins; 2002. This readable, concise book covers viral pathogenesis, virus—host interac-
tions, and host responses to infection. Specific topics include virulence, persistence, and
oncogenesis.
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CHAPTER 8

Immune Response to
Infection

JOHN J. MARCHALONIS

/\/\any innate defenses protect us from potential pathogens, including structural barri-
ers and cells and molecules of the innate immune system such as phagocytes and acute
phase proteins (also called inflammation), which are considered in Chapter 10. The adap-
tive immune response of vertebrates differs from these in that it is a specific, inducible,
and anticipatory defense mechanism that allows the discrimination between self and non-
self. The concept of immunity on which the science of immunology is built begins with
ancient observations, such as Thucydides’ description of the plague of Athens in 430 BC
in which individuals who were infected and survived were not susceptible to infection by
the same pathogen. A specific contemporary definition of the immune response is that it
is a complex and precisely regulated inducible defense mechanism that allows the specific
discrimination between self and nonself. The immune system requires for its function the
presence of antigen-specific lymphocytes of two major types, thymus-derived lympho-
cytes (T cells) and bone marrow—derived lymphocytes (B cells), and it builds on the
more primitive defense mechanisms of the innate immune system such as phagocytosis,
while using mediators of cell communication termed cytokines to facilitate regulation of
the complex system. Another characteristic that defines the immune response of mam-
mals is that it is anticipatory; a process of combinatorial gene rearrangement generates an
array of T and B cells with the aggregate populations comprising hundreds of millions of
individual lymphocytes, each expressing a different receptor specificity in advance of any
challenge. This preexisting readiness allows the production of circulating antibodies to
the foreign challenge as well as the generation of the T-cell receptors that initiates
the specific immune process leading to the elaboration of specific effector T lymphocytes
(eg, helpers or killers).

One of the major recent successes of immunology has been eradication by vaccina-
tion of historic scourges such as smallpox. In addition to defense against infection, the
immune system is important in normal developmental processes, aging, maintenance of
internal homeostasis, and surveillance against neoplasms. This chapter presents an
overview of major features of the immune system that are relevant to medical microbiol-
ogy and infectious diseases. It is also intended to allow readers who have not yet studied
immunology to understand the details of host—parasite interactions and immune re-
sponses to specific infections that are given elsewhere in the text. A listing of current im-
munology texts is provided at the end of the chapter.

The adaptive immune response differs from the innate or constitutive mechanisms in
two major respects. The first is that the response is inducible; that is, the challenge to a
healthy individual by a bacterium, virus, or other foreign (nonself) matter initiates a process

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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TABLE 8 -1

Cells Involved in the Immune System

SPECIFIC

RECEPTORS FOR

CHARACTERISTIC
CELL SURFACE

SPECIAL

CELL FuncTION ANTIGEN MARKER CHARACTERISTICS
B cells Production of Surface Fc and complement  Differentiate into
antibody immunoglobulin C3d receptors; plasma cells
Present antigen (IgM,,, IgD,,) MHC class 11 (major antibody
to T cells producers)
T cells Stimulate B cells by a/B Tcr CD3+, CD4+, Activation is
Helpers (Ty) providing specific CD8— restricted by MHC
and nonspecific class 11
(cytokine) signals
for activation and
differentiation
Activate Can be classified
macrophages into two types:
by cytokines Tyl activates
macrophages,
makes interferon
v, Ty2 activates
B cells, makes IL-4
Cytotoxic (T¢) Lyse antigen- af/B Ter CD3+, CD4—, Restricted by
expressing cells CD8+ MHC class I
such as virally
infected cells
or allografts
Suppressors (Ts) Downregulate o/ B Ter, other Can be CD3+ or
cellular or humoral variant Tcr CD3—; usually
immunity CD4—, CD8+
Regulatory Suppresses af/B Ter CD4+, CD25+ Diminishes
T cell (Tgrgg) T cell-mediated autoimmunity
inflammation
Natural killer (NK)  Spontaneous lysis Inhibitory (KIR); Fc receptor for KIR recognize MHC
cells of tumor cells, activating (eg, IeG class I
antibody-dependent NKG2D)
cellular cytotoxicity
NK T cells Amplify both af/B Ter CD4+ Express a
cell-mediated restricted subset
and humoral of Va
immunity
Macrophages Phagocytosis, None but can be Macrophage Express surface
(monocytes) secretion of “armed” by surface receptors for
cytokines to antibodies antigens the activated
activate T binding to Fc third component
cells (eg, IL-1) receptors of complement
or other accessory (C3), kill ingested
cells such as bacteria by
neutrophils oxidative bursts
Polymorphonuclear  Phagocytosis None but can be Protective in parasitic
leukocytes killing “armed” by infections, but
(neutrophils, antibodies adverse side effects
eosinophils) such as granuloma

formation can occur

Abbreviations: Tcr, T-cell receptor; MHC, major histocompatibility complex.
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leading to the production of circulating proteins called antibodies that recognize and bind
the invading pathogen in a specific manner. A second challenge by the same pathogen re-
sults in an accelerated immune response (secondary or anamnestic) that can confer greater
protection on the host in a manner specific for that pathogen (eg, vaccination against
measles protects against measles but not against polio).

The second major definitive characteristic of the human immune response is that it is
anticipatory; that is, because of the combinatorial generation of the recognition repertoire, it
has the potential to respond to pathogens not yet encountered in evolutionary history. This
striking feature of the immune response results from the large number of genes specifying
individual antibody combining sites for antigen and from a genetic recombination mecha-
nism that allows us to form millions of potential antibody combining sites. Each antigen-
specific lymphocyte (T or B) expresses a single receptor, and the cells are thus clonally
restricted. In 1959, Sir MacFarlane Burnet predicted clonal restriction and selection by
antigen, thus providing the intellectual foundation of modern immunology. The system is
also endowed with the property of memory, so that reexposure to the inciting agent in the
future usually brings about an enhanced response. Another crucial property of the combina-
tional system is that it can be come tolerant or nonreactive to self based on contact during
early development. Immune defenses against infectious organisms involve both the innate
and adaptive systems, with emphasis on different aspects for individual pathogens.

THE IMMUNORESPONSIVE CELLS

The function of the immune system requires antigen-specific lymphocytes of two major
types (Table 8—1) and cytokines. T cells are thymus-derived lymphocytes and B cells are
bone marrow—derived lymphocytes. Cytokines are secreted polypeptides that modulate
the functions of cells (Table 8—2). Those produced by mononuclear cells (ie, lympho-
cytes and mononuclear phagocytic cells) are called interleukins. These regulate the
growth and differentiation of lymphocytes and hematopoietic stem cells and the interac-
tions among T cells, B cells, and monocytes in the elaboration of an immune response
(see later discussion).

T cells are responsible for (1) the initiation and modulation of immune responses
(including B-cell responses); (2) cell-mediated immune processes that involve direct
damage to antigen-bearing tissue or blood cells (eg, virally infected host cells); and (3)
stimulation and enhancement of the nonspecific immune functions of the host (eg, the in-
flammatory reaction and antimicrobial activity of phagocytes). T cells are classified by
the presence of the surface molecules called CD4 and CD8, which in turn are related to
functional activities classified as helper, suppressor, or cytotoxic.
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TABLE 8-2
Biological Properties of Some Characterized Cytokines
PROPERTY IFN-a IFN-B IFN-y [IL-la IL-18 IL-2 IL-3 IL-4 IL-5 IL-10
Mitogenesis 4 a4 a4 =+ 4 I 4 +
Effect on AF + + + + +
macrophages
B-cell activation 4 F +* 4 o
B-cell proliferation aF I F F 4F I 4 4 ?
B-cell differentiation <F aF <k <F + + —+ ? +
Ig isotype selection IgE: IgGl  IgA S
T-cell activation <k <F + +
T-cell proliferation aF F 4F I + +
T-cell differentiation 4 4
+

Pyrogenic aF I F 4F 4F
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B cells are responsible for humoral immunity through antibody production. Individual
B cells have antibody of a single specificity on their surface that can bind directly to for-
eign antigens. B cells can also differentiate into plasma cells, which produce a soluble anti-
body that can circulate in blood and body fluids independent of cells. T and B cells are
found throughout the body, particularly in the bone marrow; specialized areas of the lymph
nodes and spleen; lymphoid structures adjacent to the alimentary and respiratory tracts
(eg, Peyer’s patches and adenoids); and subepithelial tissues of the internal organs. They
are continually replaced, and there is considerable circulation of B and T cells between the
different areas of the body through the lymphatic and blood vascular circulations.

ANTIGENS AND EPITOPES

An antigen is a substance (usually foreign) that reacts with antibody and may stimulate
an immune response when presented in an effective fashion. A large structure such as a
protein, virus, or bacterium contains many subregions that are the actual antigenic deter-
minants, or epitopes. These epitopes can consist of peptides, carbohydrates, or particular
lipids of the correct size and three-dimensional configuration to fill the combining site of
an antibody molecule or a T-cell receptor (Fig 8—1). Approximately six amino acids or
monosaccharide units provide a correctly sized epitope. Much of our knowledge of the
combining sites of antibodies and their specificities was determined by immunizing ani-
mals experimentally with small organic molecules called haptens. Some of the best ex-
amples of these are substituted phenols, such as 2,4-dinitrophenol, which themselves do
not induce the production of antibodies but must be coupled to a carrier molecule to be
immunogenic. The term immunogen is a synonym for antigen, but it is sometimes re-
stricted to those antigens able to elicit an immune response as distinguished from the abil-
ity to react only with antibodies and with T-cell receptors.

A foreign antigen entering a human host may by chance encounter a B cell whose
surface antibody is able to bind it. This interaction stimulates the B cell to multiply, dif-
ferentiate, and produce more surface and soluble antibody of the same specificity. Even-
tually, the process leads to production of enough antibody to bind more of the antigen.
This mechanism is most likely to operate with antigens such as polysaccharides that have
repeating subunits, thus improving the chance that exposed epitopes are recognized.

Large, complex antigens such as proteins and viruses must be processed before their
epitopes can be effectively recognized by the immune system. This processing takes place
in macrophages or specialized epithelial cells found in the skin and lymphoid organs,

Epitope A
LYMPHOCYTE
Epitope
ANTIGEN recognition

sites
(receptors)

Epitope C

FIGURE 8-1

Schematic of epitope recognition by an immunoresponsive lymphocyte. Epitope B on the antigen
binds to a complementary recognition site on the surface of the immunoresponsive cell. Antigens
may have multiple different epitopes, but an immunoresponsive lymphocyte has receptors of only
one specificity. In most cases, epitopes are recognized on the surface of macrophages that have
processed the antigen. The receptor for antigens on B cells is the combining site of the surface
immunoglobulin.
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where they are adjacent to other immunoresponsive cells. The ingested antigen is de-
graded to peptides of 10 to 20 amino acids that are presented by major histocompatibility
(MHC) products on the host cell surface to be recognized by T cells.

BASIS OF IMMUNOLOGIC SPECIFICITY

The intellectual framework for understanding the mechanisms of immunologic specificity
was laid down by the theory of clonal selection. It is now generally accepted that human
lymphocyte populations, both B and T cells, show a great heterogeneity inasmuch as
different cells possess surface receptors, which differ from each other with respect to
combining site. This is shown in Figure 8—2 for B cells. In the actual process, great het-
erogeneity in the immune response even to particular antigens is observed. Particular do-
mains termed hypervariable regions provide the actual amino acid residues that confer
individual specificity. In the role of B cells in antibody production, there would be a dif-
ferentiation from the lymphocytes to the plasma cells, and shifts of types of antibody
would occur, depending on secondary stimulation and regulatory cytokines.

With the elimination of antigen, the majority of the clone of immunoreactive lympho-
cytes is lost over time by normal cell replacement. However, the speed with which
antigen is lost is very variable and depends on such factors as excretion and enzymatic
breakdown. Some polysaccharide antigens and bacterial cell wall peptidoglycans are
so resistant to host enzymatic breakdown that they can persist for years, whereas many
protein antigens are rapidly metabolized. Fortunately, the immune system has a recall

Antigen X
Selection by antigen of
_—— cells with complementary
receptor
Committed
lymphocytes
Clonal

proliferation and
differentiation

Secretion of

antibodies
Antibodies to antigen X Antibodies to antigen X
having affinity K, having affinity K{go4
FIGURE 8-2

Diagram of the cellular events involved in the clonal selection of specifically reactive B lymphocytes
by antigen. Clonal selection of T lymphocytes could be depicted by a comparable scheme, but T
cells do not secrete antibodies and the antigen would be presented in association with molecules of
the major histocompatibility complex. Each B cell is numbered to show that it represents an
individual clone. The schematic representation of the surface immunoglobulin receptors indicates
that these have distinct combining sites. The combining sites are formed by interaction of Vi and Vi,
domains, and the cell-to-cell distinction in receptor specificity results from essentially a random
genetic process. If a particular antigen, designated X here, enters the system, it can bind specifically,
albeit with different affinities, to two of the cells shown here. If there are proper antigen presentation
and interplay of cytokines involved in activation in differentiation, the recognition of antigen by

the surface immunoglobulin receptor results in clonal proliferation and differentiation of those

cells recognizing the antigen. In this case, antibodies representing two types of combining sites

are generated.
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ability in the case of protein antigens, because certain cells in the clone, termed memory
cells, survive long periods and probably slowly replicate to maintain a core population
with the capacity to expand very rapidly if the antigen (or the same epitope on another
antigen) is encountered again.

Memory cells may be either T or B cells and are probably variants within the original
clone having recognition sites with higher specific affinity for the relevant antigenic de-
terminant and, thus, greater immunologic efficiency. As a consequence, the response to a
second encounter with an antigen is more rapid than the first and quantitatively greater in
its effect. It is referred to as a secondary response, in contrast to the initial primary re-
sponse. Memory cells and the secondary response phenomenon account for the prolonged
or lifelong immunity that follows many infections (eg, measles), and the secondary re-
sponse is exploited in scheduling doses of various vaccines to obtain the maximum and
most long-lived immunity.

THE T-CELL RESPONSE
The major roles of T cells in the immune response are:

1. Recognition of peptide epitopes presented by MHC molecules on cell surfaces. This
is followed by activation and clonal expansion of T cells in the case of epitopes asso-
ciated with class I MHC molecules.

2. Production of lymphokines that act as intercellular signals and mediate the activation
and modulation of various aspects of the immune response and of nonspecific host de-
fenses.

3. Direct killing of foreign cells, of host cells bearing foreign surface antigens along
with class I MHC molecules (eg, some virally infected cells), and of some immuno-
logically recognized tumor cells.

Antigen-Specific Receptors of T Cells

There are two major types of T-cell receptors in humans. More than 90% of T cells in
adult spleen, lymph nodes, and peripheral blood express the o/ receptor, which is de-
picted in Figure 8—3. A small subset (usually 5%) of T cells express the /6 receptor. The
/6 receptor is more prevalent on fetal T cells, has a limited capacity for diversity, and
shows an association with responses to mycobacterial infections. Both the o/ and /6 T-
cell receptors occur in association with the CD3 complex, a set of at least five distinct
proteins that is necessary for signal transduction and allows activation of the T cells fol-
lowing recognition of antigen.

A particular set of cell surface proteins specified by the genes of the MHC plays a
major role in the recognition of antigens by T cells. These were first discovered through
transplantation experiments, where it was found that they were major markers recognized
in graft rejection. Subsequently, a strong association between susceptibility to disease and
particular MHC markers was found. The MHC contains sets of genes that are designated
as class I and class II determinants. These loci are highly polymorphic, and within popu-
lations, association with particular MHC markers correlates with the capacity to respond
to particular antigens. Recent studies have shown that peptide determinants produced by
proteolytic degradation of proteins by antigen-presenting accessory cells bind to MHC
products, which then present the peptide antigen to the o/ T-cell receptor. Human class I
molecules (HLA-A, HLA-B, and HLA-C) are expressed on virtually all cells of the body,
whereas class II molecules (HLA-DR) are restricted to lymphocytes and macrophages,
including important antigen-presenting cells such as dendritic cells.

Cytotoxic T cells recognize antigen on MHC class I molecules and express the CD8§
marker. By contrast, cells bearing the /6 antigen-specific T-cell receptor (Tcr) lack both
CD4 and CD8. Figure 8—3 shows a membrane form of antibody expressed on B cells as a
comparison with the «/f antigen-specific receptor of T cells. o/ T-cell receptors have
not been found to any degree in serum and exist predominantly as cell surface recognition
molecules. The affinity of T-cell receptors for antigen is low, and the role of MHC presen-
tation of antigen is most probably to compensate for the low affinity.



CHAPTER 8 Immune Response to Infection

121

Idiotype

B lymphocyte

CD3 complex

FIGURE 8-3

Comparison of the membrane IgM receptor of primary B cells with the o/ T-cell receptor of helper,
cytolytic, and delayed-type hypersensitivity T cells. The IgM,,, molecule is a monomer consisting of
two w chains and two light chains, in contrast with the pentamer shown in Figure 8 —6. The locations of
the combining sites for antigen and the idiotypic marker are depicted. An additional difference between
the serum form and the membrane form is the presence of a helical transmembrane region at the
C-terminal end of the membrane receptor. In overall form, the /3 T-cell receptor is a disulfide-bonded
heterodimer that resembles a single Fab fragment of immunoglobulin. In addition, it has an elongated
stretch comparable to a hinge that terminates in a membrane-spanning helical region.

Specific T-cell help is initiated by the binding of a/B Tcr to antigen presented by
MHC class II molecules. Most of the details of antigen presentation have been estab-
lished using protein antigens, with an emphasis on virally infected cells so that the gen-
eral principles apply to specific cytolytic cells as well. These proteins are digested into
peptides by phagocytic cells (sometimes referred to as accessory cells), with certain pep-
tides bound in a peptide-binding cleft within the MHC molecules intracellularly. These
peptide—MHC complexes are then expressed on the cell surface, where the peptide epi-
tope can be presented to the low-affinity antigen combining site of the o/ Tcr on T cells
of compatible MHC type.

The initial specificity of cytotoxic T cells is, likewise, impacted by the o/ Tcr, but
the MHC restriction involves class I molecules. In humans, the vast majority of circulat-
ing T cells bear the o/ Ter. The CD3 surface marker comprises at least five distinct pro-
teins involved in forming a membrane activation complex in association with the Tcr. The
v/6 Ter is the first to appear in fetal development, but it constitutes less than 5% of T cells
in the adult. Like the &/ Tcr, it occurs in association with CD3. /8 Tcr-bearing T cells
are cytotoxic but do not show MHC restriction.

Other cellular phenomena can be nonspecific in the sense that neither antigen-specific
antibodies nor T-cell receptors are involved. These include natural killer (NK) cells and
armed or activated macrophages such as mast cells, basophils and eosinophils, and
macrophages. Activated macrophages produce substances toxic to intracellular pathogens,
including reactive nitrogen and oxygen intermediates that can kill the organisms. NK cells
are cells related to lymphocytes that are present in the absence of antigenic stimulation that
recognize and kill particular types of turnor cells. NK cells recognize MHC class I through
inhibitory receptors and lyse cells such as tumors that lack the MHC markers. Two major
types of NK cells have been described: NK cells and NKT cells. The first type are usually
large and granular and kill certain tumors and also function in innate immunity to viruses

Peptides digested in phagocytes
are presented to T cells

Surface CD3 associates with Tcr

NK cells do not require antigen
stimulation

Innate viral immunity is related to
NK cells
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and intracellular pathogens. NKT cells express the o/ Tcr but with only one Va gene
product, have T-cell markers, and are secreted by Ty1 (interferon-vy, or IFN-vy) and Ty2-type
(interleukin-4, or IL-4) cytokines.

Antigen-specific sensitized killer cells are induced by specific sensitization with the
target antigen. The cytotoxic T cells are activated by the presence of processed antigen
and cytokines by a MHC-compatible antigen-presenting cell and show a subsequent
MHC restriction in their capacity to destroy target cells. Cytotoxic T cells use the o/
T-cell receptor in recognition of peptide I MHC antigens. Cells with delayed-type hyper-
sensitivity also are antigen-specific T cells that can be generated in the absence of circu-
lating antibodies. An example of delayed-type hypersensitivity is skin sensitization with
small organic molecules, such as the quinone produced by poison ivy.

CD4+ Helper T Lymphocytes

Helper T cells (Ty cells) are stimulated by antigen in the context of MHC class II presen-
tation and are further marked by the presence of the CD4 cell surface antigen. If T cells
are of the proper MHC background to recognize the antigen specifically, T-cell activation
occurs in the presence of IL-1. The antigen—MHC complex presented to a specific T cell
by the macrophage is the specific signal that induces the T cell to become activated and
divide. The secretion of IL-2, following stimulation by IL-1, promotes the division of T
cells following contact with antigens. The activated Ty cell presents both antigen and reg-
ulatory cytokines to the B cells, orchestrating the scheme of B cell differentiation from
small lymphocytes to plasma cells producing antibodies of various types. The ability of
particular B cells or T cells to respond to stimulation by individual cytokines is dependent
on the presence of surface receptors for those cytokines.

Table 8—-2 outlines the biological properties of some characterized cytokines. Cy-
tokines can be involved in general physiologic or aphysiologic processes such as the
induction of fever, mitogenesis or division of lymphocytes, and the stimulation of phago-
cytic cells. Other cytokines are involved in regulating activation of specific subsets of
lymphocytes, and some have an extremely specific function in regulating the im-
munoglobulin isotypes expressed. The immune response is a complex but precisely regu-
lated defense system in which specific recognition is imparted by antibodies, B-cell
immunoglobulin receptors, and T-cell receptors, and activation and differentiation are de-
pendent on a regulatory cascade of cell—cell communication molecules. The functional
roles of cytokines produced by subsets of CD4+ helper cells; Tyl and Ty2, are essential
for the discrimination between antibody formation (Ty2) and inflammatory cell-mediated
immunity (Ty1) and, consequently, for the severity of autoimmune disease (Ty1), the ca-
pacity to reject tumors (Ty1), the immune resistance to viruses and intracellular parasites
(Ty1), the resistance to helminth worms (T2), the susceptibility to viruses and intracellu-
lar parasites (Ty2), and susceptibility to allergic disorders (Ty2).

The critical significance of CD4+ helper cells to the body is shown by the cata-
strophic effects of acquired immunodeficiency syndrome (AIDS), in which the human
immunodeficiency virus (HIV) binds to the CD4 molecule, enters the cell, and inter-
feres with its function or destroys it. As a result, the body becomes susceptible to a wide
variety of bacterial, viral, protozoal, and fungal infections, both through loss of preex-
isting immunity and through failure to mount an effective immune response to newly
acquired pathogens.

CD8+ Cytotoxic T Lymphocytes

CD8+ cytotoxic T lymphocytes are a second class of effector T cells. They are lethal to
cells expressing the epitope against which they are directed when the epitope is in con-
junction with class I MHC molecules. They too have specific epitope recognition sites,
but they are characterized by the CD8 cell surface marker; thus, they are referred to as
CD8+ cytotoxic T cells. These cells recognize the association of antigenic epitopes with
class I MHC molecules on a wide variety of cells of the body. However, this recognition
does not itself lead to the necessary clonal expansion of CD8 cells, which also requires
the lymphokine IL-2 to be produced by activated CD4+ lymphocytes. In the case of
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virally infected cells, cytotoxic CD8+ cells prevent viral production and release by elimi-
nating the host cell before viral synthesis or assembly is complete.

CD8+ Suppressor T Cells

Suppressor T lymphocytes also carrying the CD8 marker and epitope recognition sites
are involved in modulating and terminating the immunologic activities of both T and B
cells, thus avoiding excessive or needlessly prolonged responses that could interfere
with other immunologic activities. It is known that the suppression they produce may be
antigen specific or it may be polyclonal (ie, affecting general immunologic responses ir-
respective of the inciting antigen). The mechanisms of suppression and control are less
well defined than are the activities of CD4+ helper cells. In AIDS, the proportion of
CD8+ suppressor cells relative to CD4+ helper T cells is substantially increased, be-
cause CD8+ lymphocytes are not attacked by HIV. This imbalance, in addition to the
depletion of CD4+ helper cells, may contribute to the immunosuppression that is char-
acteristic of the disease.

Regulatory T Cells

Regulatory T cells are CD4+, Ter «, B+ T cells that also express the CD25 marker. They
suppress Ty 1-type mediated inflammatory responses, particularly destructive autoimmunity.

Response to Superantigens

A group of antigens have been termed superantigens because they stimulate a much
larger number of T cells than would be predicted based on the generation of combining
site diversity through clonal selection. Superantigens activate 3 to 30% of T cells in un-
stimulated animals. The action of superantigens is based on their ability to bind directly
to MHC proteins and to particular V3 regions of the T-cell receptor (see Fig 8 —3) without
involving the antigen combining site. Individual superantigens recognize exposed por-
tions defined by framework residues that are common to the structure of one or more V3
regions. Any T cells bearing those V3 sites may be directly stimulated. A variety of mi-
crobial products have been identified as superantigens. An example in which the pyro-
genic exotoxins of Staphylococcus aureus and group A streptococci act as superantigens
is toxic shock syndrome (see Chapters 16 and 17).

CELL-MEDIATED IMMUNITY

Cell-mediated immunity is most dramatically expressed as a response to obligate or faculta-
tive intracellular pathogens. These include certain slow-growing bacteria, such as the my-
cobacteria, against which antibody responses are ineffective. In experimental infections,
cell-mediated immunity can be passively transferred from one animal to another by T lym-
phocytes but not by serum. (In contrast, short-term, antibody-mediated [B-cell] immunity
can be passively transferred with serum.) The mechanisms of cell-mediated immunity are
complex and involve a number of cytokines with amplifying feedback mechanisms for their
production. The initial processing of antigen is accompanied by sufficient IL-1 production by
the macrophages to stimulate activation of the antigen-recognizing CD4+ (helper) cell.
Lymphokine feedback from the CD4+ T cells to macrophages further increases IL-1 pro-
duction. IL-2 produced by the CD4+ T cells facilitates their clonal expansion and activates
CD8+ (cytotoxic) T lymphocytes. Other lymphokines from CD4+ T cells chemotactically
attract macrophages to the site of infection, hold them there, and activate them to greatly en-
hance microbicidal activity. The sum of the individual and collaborative activities of T cells,
macrophages, and their products is a progressive mobilization of a range of nonspecific host
defenses to the site of infection and greatly enhanced macrophage activity. In the case of
viruses, IFN-y inhibits replication, and CD8+ cytotoxic lymphocytes destroy their cellular
habitat, leaving already assembled virions accessible to circulating antibody. The interplay
among cells of the innate immune system, including monocytes, macrophages, and dendritic
cells; the essential elements of specific immune system, T cells (particularly Tyl and Ty2
cells), B cells, and antibodies; and the regulatory roles of proinflammatory (eg, IL-2, IFN-v)
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and anti-inflammatory (eg, IL-4, IL-6) cytokines in adaptive resistance to particular types of
pathogenic organisms will be considered below.

With certain infections in which reaction to protein antigens is particularly strong (eg, in
the response to Mycobacterium tuberculosis), the cell-mediated responses are of such mag-
nitude that they become major deleterious factors in the disease process itself. This is called
delayed-type hypersensitivity, because reexposure of the host to the antigen that elicited the
immune response produces a maximum hypersensitive reaction only after a day or two,
when mobilization of immune lymphocytes and of phagocytic macrophages is at its peak.

B CELLS AND ANTIBODY RESPONSES

B lymphocytes are the cells responsible for antibody responses. They develop from precur-
sor cells in the yolk sac and fetal liver before birth and thereafter in the bone marrow be-
fore migrating to other lymphoid tissues. Each mature cell of this series carries a specific
epitope recognition site on its surface—the antigen-recognizing (variable) region of anti-
body that will be produced subsequently by its progeny. In the process of antibody forma-
tion, B lymphocytes, following stimulation by antigen, divide and differentiate into plasma
cells, which are end cells adapted for secretion of large amounts of antibodies. In addition
to their essential role in antibody production, B cells can present antigen to T cells.

There are two broad types of antigens. T-independent antigens are those that do not re-
quire help by T cells to stimulate B-cell antibody production, and T-dependent antigens are
those that are dependent on collaboration between helper T cells and B cells to initiate the
process of antibody production. T-independent antigens are generally limited to large poly-
meric molecules such as carbohydrates with repeating sugar epitopes. Antibodies are particu-
larly effective and essential to the protective immune response to the polysaccharide capsule
of Streptococcus pneumoniae, because these bacteria would not otherwise be bound and
ingested by phagocytes. Killing of the bacteria is initiated by the specific binding of antibod-
ies to the surface polysaccharides, and it is carried out by either the binding of complement to
the antibody on the bacterial surface or by the binding of Fc receptors on phagocytic cells to
the bound antibody, thus facilitating ingestion and intracellular killing. Immunologic reactiv-
ity to such polysaccharides usually develops much more slowly after birth than do the
T-dependent responses, and memory cells do not result from the clonal B-cell expansion. This
delay in responsiveness probably contributes to the increased susceptibility to some bacterial
infections in early life. Most common antigens, particularly proteins, require T-cell help by
CD4+ cells for antibody production to occur. Following stimulation by antigen processed
and presented by macrophages, T cells can become helper cells collaborating with B cells,
antigen-specific cytotoxic T cells capable of killing tumor cells, suppressor T cells downregu-
lating the immune system, or T cells mediating delayed-type hypersensitivity. Table 8—1 lists
major cells in the immune response and their antigen-specific and nonspecific functions.

Following challenge with foreign antigen, there is a lag period of 4 to 6 days before
antibody can be detected in serum. This period reflects the events involved in the recogni-
tion of the antigen, its processing, and the specific activation of the cells of the immune
system. The first event is the clearance of antigen from the circulation by what is essen-
tially a metabolic process in which the antigen is recognized in a nonspecific sense and
ingested. The vast preponderance of antigen ends up in circulating phagocytes or in sta-
tionary macrophages such as the Kupffer cells in the liver. The macrophages process the
antigen so that immunogenic moieties can be presented to T cells (Fig 8—4). IL-4, IL-5,
and IL-6, in addition to specific presentation of antigen, cause the B cells to produce im-
munoglobulins and also are involved in class switches. The antibody-forming system is a
learning system that responds to challenge by foreign molecules by producing large
amounts of specific antibody. In addition, the affinity of its binding to the specifically rec-
ognized antigen often increases with time or secondary challenge.

Antibodies

Antibodies belong to the immunoglobulin family of proteins, which occur in quantity in
serum and on the surfaces of B cells. The basic structure of an immunoglobulin is illustrated
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FIGURE 8-4

Simplified diagram illustrating events of helper T-cell activation leading to either cellular immunity
of the delayed-type hypersensitive type (Ty1 cells) or antibody production (T2) involving
stimulation of B cells by specific and nonspecific (cytokine) means. The cytokine interleukin-2
(IL-2) plays a major role in causing T-cell mitogenesis and also in the activation of macrophages.
This is abbreviated as an antigen-presenting cell (APC), which presents both processed antigen
(Ag) to antigen-specific T cells and a stimulatory cytokine (IL-1) that causes the stimulated T cell
to differentiate into one of two broad types of T cells; termed Ty1 and Ty;2 here. The Tyl cells
produce IL-2 and IL-3 and interferon-vy and can stimulate macrophages, Ty2 cells, and B cells. The
Ty2 cells produce 1L-3, -4, -5, and -6 and carry out a major role as helpers in activating B cells.

in Figure 85, which depicts an IgG molecule. Immunoglobulins have a basic tetrameric
structure consisting of two light polypeptide chains and two heavy chains usually associated
as light/heavy pairs by disulfide bonds. The two light/heavy pairs are covalently associated
by disulfide bonds to form the tetramer. There are two types of light chains, k chains and A
chains, which are the products of distinct genetic loci. The class or isotype of the im-
munoglobulin is defined by the type of heavy chain expressed. In this IgG molecule, the
heavy chains are termed vy chains and have characteristic sequences and antigenic markers.
IgG immunoglobulins can have either « or A chains associated with the vy, but only one type
of light chain would be present in the intact molecule. That is, an individual IgG molecule
would be either y2«2, or y2A2; mixed molecules do not occur. This diagram illustrates
other basic structural features of the molecule. The basic building block of immunoglobu-
lins is a domain of approximately 110 amino acids containing an internal disulfide bond
stabilizing the structure. Domains are compact, tightly folded structures having a character-
istic “immunoglobulin fold.” The light chains contain two domains: a variable domain and a
constant domain. The 7y heavy chain contains four domains: Vy, C,1, C,2, and C, 3.

Antibodies carry out two broad sets of functions: the recognition function is the prop-
erty of the combining site for antigen, and the effector functions are mediated by the
constant regions of the heavy chains. Antibodies combine with foreign antigens, but
the actual destruction or removal of antigen requires the interaction of portions of the Fc
fragment with other molecules such as complement components or with effector cells,
which then engulf the recognized cell or particle.

The combining site for antigen (antigen binding site) is formed by interaction of the
variable domains of the heavy chain and the light chain. The IgG molecule has two such
combining sites. Immunoglobulin in the serum of normal individuals occurs as a large pool
of individual molecules, each of which has a unique sequence and a defined combining
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FIGURE 8-5

Schematic representation of an IgG immunoglobulin molecule. This model illustrates the domain
structure of immunoglobulin light and heavy chains in a stick model form (top) and as compact,
circular domains (bottom). Two combining sites for antigen are present, and these are formed by
interaction between the Vy; and Vi domains of the molecule. The binding site for complement (C")
is shown to be located in the Cy2 domain. The region of the heavy chain where no domain structure
is shown is the “hinge” region. This region is the site of cleavage of the proteolytic enzymes papain
and pepsin. The Fc fragment produced by proteolysis contains the binding site for complement and
is crystallizable. The Fab fragment contains the variable regions and binds antigen.

site. The defined combining site of an immunoglobulin has been termed an idiotype. The
idiotype is a combining site-related antigenic marker that defines individual immunoglobu-
lins. Other types of antigenic markers of immunoglobulins define classes or isotypes.
These occur on the constant regions of light chains, where they define the « and A iso-
types. Heavy chains have Cy; markers identifying u, v, 8, « and & isotypes. These markers
are found in all normal individuals. The third general type of immunoglobulin antigenic
determinant is termed allotypic. These markers may be found on the light chains (eg, the
KM determinant of human « chains) or heavy chains (eg, the GM markers of human IgG)
and define genetic markers that behave as Mendelian alleles in the human population. Al-
lotypic markers are usually associated with constant regions but have been reported for the
variable domains of heavy chains as well.

Another structural feature of immunoglobulins that merits consideration is the fact that
proteolytic digestion of the IgG molecule by the enzyme papain can cleave the structure
into two defined regions. As illustrated in Figure 8-5, two antigen-binding or Fab
fragments are generated, and a single constant or Fe fragment is produced. The cleavage
occurs in the so-called hinge region, which is a relatively loose stretch of polypeptide
connecting the Fab domains to the C,2 domain. The tight domain structures themselves
are relatively resistant to proteolysis. The positions of the intradomain disulfides are indi-
cated (S-S bonds). The intrachain disulfide bonds connecting the C, and C,1 are also
indicated, as is the location of the S-S bonds linking the two heavy chains. This basic struc-
ture, although using different heavy chains, occurs in all five of the major human im-
munoglobulin classes, but the number of subunits and the overall arrangement can vary. For
example, Figure 8—6 gives a schematic representation of a serum IgM immunoglobulin.
This molecule, which was originally called immune macroglobulin because of its large size
(approximate mass of 900,000 daltons), consists of five subunits of the form of the typical
IgG. The light chains can be either k or A, but the type of heavy chain defining the IgM
class is termed the w chain. The molecule occurs as a cyclic pentamer, and a J or joining
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chain is also associated with the intact structure. When IgM is present on B cells where it
serves as a primary receptor for antigen, it is present as a monomer. Other immunoglobulins
showing a difference in arrangement from the typical IgG model are the IgA immunoglobu-
lins. In serum these can occur as a monomer, but they can also occur in dimers where the
joining chain is required to stabilize the dimer. IgA molecules present in the gut (secretory
IgA) occur as dimers where both the J chain and an additional polypeptide, termed the se-
cretory component, are present in the complex.

Functional Properties of Inmunoglobulins
Immunoglobulin G Antibody

Immunoglobulin G is the most abundant immunoglobulin in health and provides the most
extensive and long-lived antibody response to the various microbial and other antigens
that are encountered throughout the life span of the individual. Although at least four sub-
classes of IgG have been characterized, they are grouped together for the purpose of this
chapter. The IgG molecule is bivalent, with two identical and specific combining sites.
The rest of the molecule is the constant (Fc) region, which does not vary with differences
in specificity of combining sites of different antibody molecules. The constant region has
specific sites for binding to phagocytic cells and for reaction with the first component of
complement. These sites are made available when the variable region of the antibody
molecule has reacted with specific antigen.

Immunoglobulin G antibody is characteristically formed in large amounts during the
secondary response to an antigenic stimulus and usually follows production of IgM (see
below) in the course of a viral or bacterial infection. Memory cells are programmed for
rapid IgG response when another antigenic stimulus of the same type occurs later. Im-
munoglobulin G antibodies are the most significant antibody class for neutralizing soluble
antigens (eg, exotoxins) and viruses. They act by blocking the sites on the antigenic mole-
cule or virus that determine attachment to cell receptors. IgG also enhances phagocytosis
of particulate antigens such as bacteria, because the exposed Fc sites of antibody that is
bound to the antigen have a specific affinity for receptors on the surface of phagocytic
cells. As described later, the third component of complement also mediates attachment to
phagocytes. Enhancement of phagocytosis by antibody, complement, or both is referred
to as opsonization. Accelerated IgG responses from memory cell expansion frequently
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A planar projection model of
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as a cyclic pentamer held together
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carbohydrate, which is associated
with the constant region of the
heavy chain.
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confer lifelong immunity when directed against microbial antigens that are determinants
of virulence. There is active transport of the IgG molecule across the placental barrier,
which allows maternal protective antibody to pass and, thus, provides passive immune
protection to the fetus and newborn pending development of a mature immune system. It
is the only immunoglobulin class known to be placentally transferred. The half-life of
passively transferred IgG within the same species is approximately 1 month, and thus the
infant is protected during a particularly vulnerable period of life.

Immunoglobulin M Antibody

Monomers of IgM constitute the specific epitope recognition sites on B cells that ulti-
mately give rise to plasma cells producing one or another of the different immunoglobulin
classes of antibody. Because of its multiple specific combining sites, IgM is particularly
effective in agglutinating particles carrying epitopes against which it is directed. It also
contains multiple sites for binding the first component of complement. These sites be-
come available once the IgM molecule has reacted with antigen. IgM is particularly ac-
tive in bringing about complement-mediated cytolytic damage to foreign antigen-bearing
cells. It is not, itself, an opsonizing antibody because its Fc portion is not recognized by
phagocytes. Opsonization occurs through its activation of the complement pathway; this
process is discussed later in the chapter.

Immunoglobulin M is usually the earliest antibody to appear after an antigenic stimu-
lus, but it tends to decline rapidly and is often succeeded by IgG production from the
same clone of cells. It is primarily intravascular and does not cross the placental barrier to
the fetus (in contrast to IgG). Thus, the presence of specific [gM against a potentially in-
fecting agent in the blood of a neonate is a priori evidence of active infection rather than
of passively acquired antibody from the mother. Antibody response to certain antigens,
including the lipopolysaccharide O antigen of Gram-negative bacteria, is characteristi-
cally IgM. Some universally occurring antibodies (natural antibodies), such as those di-
rected against blood group antigens, are also of the IgM class.

Immunoglobulin A Antibody

Immunoglobulin A has a special role as a major determinant of so-called local immunity
in protecting epithelial surfaces from colonization and infection. Certain B cells in lym-
phoid tissues adjacent to or draining surface epithelia of the intestines, respiratory tract,
and genitourinary tract are encoded for specific IgA production. After antigenic stimulus,
the clone expands locally and some of the IgA-producing cells also migrate to other vis-
cera and secretory glands. At the epithelia, two IgA molecules combine with another pro-
tein, termed the secretory piece, which is present on the surface of local epithelial cells.
The complex, then termed secretory IgA (sIgA), passes through the cells into the mucous
layer on the epithelial surface or into glandular secretions where it exerts its protective ef-
fect. The secretory piece not only mediates secretion but also protects the molecule
against proteolysis by enzymes such as those present in the intestinal tract.

The major role of sIgA is to prevent attachment of antigen-carrying particles to receptors
on mucous membrane epithelia. Thus, in the case of bacteria and viruses, it reacts with sur-
face antigens that mediate adhesion and colonization and prevents the establishment of local
infection or invasion of the subepithelial tissues. It can agglutinate particles but has no Fc do-
main for activating the classic complement pathway; however, it can activate the alternative
pathway (see below). Reaction of IgA with antigen within the mucous membrane initiates an
inflammatory reaction that helps mobilize other immunoglobulin and cellular defenses to the
site of invasion. IgA response to an antigen is shorter lived than the IgG response.

Immunoglobulin E Antibody

Immunoglobulin E is a monomer consisting of two light chains (either k or A) and two
heavy chains. It is normally present in very small amounts in serum, and most IgE
is bound firmly by its Fc portion to tissue mast cells and basophils, which are major
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producers of histamine. When IgE bound to mast cells reacts with specific antigen, the
mast cells degranulate and release histamine and other factors that mediate an inflamma-
tory reaction with dilation of the capillaries, exudation of plasma components, and at-
traction of neutrophils and eosinophils to the site. Thus, IgE contributes to a rapid
second line of defense if surface-protective mechanisms are breached. IgE also plays a
significant indirect role in the immune response to a number of helminthic (worm) infec-
tions because of attraction of eosinophils to the site at which it reacts with antigen. The
eosinophils bind to the Fc portions of IgG molecules that have reacted with surface anti-
gens of the parasite and help bring about its destruction. Certain types of allergies, to be
discussed later in this chapter, are due to excessive production of IgE with specificity for
a foreign protein. The pharmacologic effects of histamine and the other vasoactive medi-
ators released from mast cells largely account for the symptoms of the disorder.

Immunoglobulin D Antibody

Immunoglobulin D antibody consists of two light chains and two heavy chains. It is
highly susceptible to proteolytic enzymes in the tissues and is found only in very low
concentrations in serum. Its role is not fully understood, although, as indicated earlier, it
is present on the surface of unstimulated B cells and may serve as a receptor for antigen.
The chain composition, size, and some major biological properties of the separate classes
of immunoglobulins are summarized in Table 8—3.

Important in parasitic infections

Allergies linked to IgE

May be an antigen receptor

TABLE 8-3
Structural and Biological Properties of Human Immunoglobulins
IeG IgA IgM IgD IgE
Heavy chain 0% o o o e
class (vl, ¥2, v3, v4) (al, a2)
Light chain KOr A KOr A KOr A KOr A KOr A
class
Molecular Y2K2, or Y272 a2K2 or a2)2; (n2k2)s] or 02K2,, or £2K2 or £2A2
formula (a2k2) SC-J (u2A2)s) or 0272,
or (a2A2) M2K2,, or
SC-J u2A2,, (B-cell
(mucosal membrane)
form)
Approximate 150,000 160,000 900,000 180,000 190,000
mass 400,000 memb. 180,000
Serum 10 2 1.2 0.03 trace
concentration
(mg/mL)
Complement + 0 +++ 0 0
fixation
(classic)
Placental + 0 0 0 0
transfer
Reaginic ? 0 0 0 +++
activity
Lysis of + + +++ ? ?
bacteria
Antiviral activity + +++ + ? ?
B-cell receptor I F r 4 4
for antigen (memory) (memory) (primary) (primary) (memory)
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Primary and secondary immuno-
logic responses. The response to
first inoculation of antigen
becomes apparent in a week to

10 days. It is small, predominantly
of IgM class, and declines rapidly.
Activation of memory cells by a
second inoculation leads to a
much greater, more rapid, and
more long-lived IgG response.
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Antibody Production

The major events characterizing the general phenomenon of antibody production are
illustrated in Figure 8 —7 and summarized as follows: Initial contact with a new antigen
(primary stimulus) evokes the so-called primary response, which is characterized by a
lag phase of approximately 1 week between the challenge and the detection of circulat-
ing antibodies. In general, the length of the lag phase depends on the immunogenicity
of the stimulating antigen and the sensitivity of the detection system for the antibodies
produced. Immunogenicity, or the capacity to generate an immune response, is contin-
gent on the state of the antigen when injected, the immunologic status of the animal,
and the use of adjuvants or nonspecific amplifiers of immune reactivity. Once antibody
is detected in serum, the levels rise exponentially to attain a maximal steady state in
about 3 weeks. These levels then decline gradually with time if no further antigenic
stimulation is given. The major antibodies synthesized in the primary immune response
are the immune macroglobulins (IgM class). In the latter phase of the primary response,
IgG antibodies arise, and these molecules eventually predominate. This transition is
termed the IgM/IgG switch. Following a secondary or booster injection of the same
antigen, the lag time between the immunization and the appearance of antibody is
shortened, the rate of exponential increase to the maximum steady-state level is more
rapid, and the steady-state level itself is higher, representing a larger amount of anti-
body. Another key factor of the secondary response is that the antibodies formed are
predominantly of the IgG class. In addition to higher levels of antibody, the secondary
IgG antibodies are often better antibodies in the sense that there has been a maturation
in affinity of the combining sites so that the secondary antibodies are more effective at
binding the antigen than were the IgM and initial IgG molecules produced. This
process of affinity maturation results from a process of somatic mutation ongoing dur-
ing the response.

The preceding description of primary and secondary immune responses represents the
idealized case that would be expected in normal individuals. Figure 8—8 illustrates the
detailed sequence of IgG, IgM, and IgA antibodies to poliovirus that appears in the serum
of a child who was immunized with three doses of attenuated live poliovirus. The inacti-
vated virus was given at monthly intervals to a newborn beginning at 2 months of age.
The contributions of serum IgM, IgG, and IgA antibodies are individually depicted. The
overall capacity of the serum to neutralize the poliovirus is first detectable about 1 week
following the primary immunization and reaches a plateau after the second immunization.
The IgM antibody peaks at 1 week and gradually declines during the course of vaccina-
tion. Primary IgG plateaus at approximately 2 weeks and increases with the secondary
booster injection. IgA appears later than either IgM or IgG and is enhanced by secondary
and tertiary boosts. It should be emphasized that in developing vaccines, the quantity or
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class of antibody produced is secondary to the biological effect. In the polio example, the
serum IgA antibody is probably less important than that produced at the mucosal surfaces
of the gut where it can block virus attachment.

Antibody-Mediated Immunity

Antibodies provide immunity to infection and disease in a variety of ways:

1.

They can neutralize the infectivity of a virus, the toxicity of an exotoxin molecule, or
the ability of a bacterium to colonize. This is usually brought about by reaction be-
tween the antibody and an epitope that is required for attachment of the organism or
toxin to a target host cell. IgA and IgG antibodies are particularly significant in neu-
tralizing activity.

Antibodies can inhibit essential nutrient assimilation by some bacteria. This occurs
when a specific antigenic site or protein is involved in transport of the essential nutri-
ent into the cell. For example, some iron-binding siderophores (see Chapter 3) are
antigenic, and antibody against them can prevent assimilation of the iron that is essen-
tial for growth.

Immunoglobulin G antibody can promote phagocytosis of extracellular bacteria
by combining with capsules or other surface antigens that otherwise inhibit inges-
tion of the organism by phagocytes. When antigen-—antibody reactions occur, the
attachment sites for phagocytes on the Fc regions of the antibodies are exposed, the
organism is bound to the phagocyte, and ingestion occurs. The significance of such
opsonization is that many bacteria and some viruses are rapidly destroyed within the
phagocytic cell.

Antigen—antibody reactions involving IgG and IgM activate the classic pathway of
the complement cascade, which is described later. Complement components enhance
a wide range of nonspecific host defense mechanisms, synergize antibody-mediated
opsonization, and lead to lysis of many Gram-negative bacteria with which antibody
has reacted. A similar event occurs with blood and tissue cells carrying surface anti-
gens recognized as foreign.

Antibodies that recognize foreign antigens on the surface of a host cell, such as a vi-
rally infected cell, react with them and can mediate destruction of the cell by the
process of antibody-dependent cell-mediated cytotoxicity (ADCC).
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FIGURE 8-38

Detailed sequence of IgG, IgM,
and IgA antibodies to poliovirus in
serum and secretions of an infant
immunized with live attenuated
poliovirus. (Based on Ogra PL,

et al. N Engl ] Med
1968;279:893-900.)
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In ADCC, the antibodies bind to the cells through their Fc portions that attach to cell
surface receptors specific for the Fc regions of particular IgG classes. These are termed Fc
receptors (FcR). For example, the human monocyte—macrophage has a plasma membrane
receptor that recognizes both IgG1 and IgG3 subclasses through a binding site on the C,3
domain. Eosinophils have a low-affinity FcR for IgE, which is much lower than that of
mast cells. If the antibody is bound by its Fc piece, the Fab regions are free to bind antigen
to initiate ADCC in the case of monocytes or polymorphs or an allergic response when IgE
molecules on mast cells are cross-linked by binding to the antigen (allergen). A variety of
clinical problems arise from this antibody-mediated cytotoxicity, including transfusion re-
actions; autoimmune hemolytic anemias; and the autoimmune disease myasthenia gravis,
in which antibodies are directed at the acetylcholine receptor in the motor end plate.

THE COMPLEMENT SYSTEM

The complement system plays a critical adjunctive role to the specific immune system.
Complement consists of 20 major distinct components and several other precursors. It is a
highly complex system, and for the purposes of this chapter, we will focus on only nine
major components. Some of the components are proenzymes, and all are present in the
plasma of healthy individuals. When the complement system is triggered, a cascade of re-
actions occurs that activates the different components in a fixed sequence. Several of
these activated components have differing and important effects in defense against infec-
tion. Components of complement are designated by numbers, which, unfortunately for
the student, reflect the order in which they were first described rather than the sequence in
which they are activated. There is no immunologic specificity in complement activation
or in its effects, although specific antigen—antibody reactions are major initiators of acti-
vation, and some complement components enhance the effects of antigen—antibody inter-
actions, for instance, in opsonization.

Classic Complement Pathway

The classic complement pathway is summarized in Figure 8§-9. It is initiated by
antigen—antibody reactions involving IgM or IgG. These reactions expose specific sites
on the Fc portion of immunoglobulin molecules that bind and activate the C1 component
of complement. C1 then activates C4 and C2, and this complex splits C3 into two compo-
nents, C3a and C3b. C3a liberates histamine and other vasoactive mediators from mast
cells and stimulates the respiratory burst of phagocytes, thus increasing their microbicidal
power. C3b binds to the membrane of microorganisms or to such cells as tumor cells or
red cells and to specific sites on Fc portions of IgM and IgG. Polymorphonuclear neu-
trophils (PMNs) and macrophages have receptors for C3b, which thus serves as an
opsonin for microorganisms. The opsonic process is markedly enhanced when specific
antibody has reacted with the organism.

C3b, in association with activated C4 and C2, continues the cascade by splitting C5 into
two components, C5a and C5b. C5a stimulates release of histamine and other vasoactive me-
diators from mast cells, is a chemotactic factor for PMNs, and enhances their metabolic
antimicrobial activity. C5b binds to the membrane of cells on which an antigen—antibody
reaction has occurred and initiates activation of the terminal components C6 to C9. Insertion
of the complex C5b, C6, C7, C8, C9 into the cell membrane produces functional holes and
leads to the osmotic lysis of eukaryotic cells against which the antibody was directed. Some
Gram-negative bacteria are similarly affected when there is an antibody response to accessi-
ble sites on the outer membrane. In this case, lysis (bacteriolysis) requires also the activity of
lysozyme from phagocytes to break down the peptidoglycan layer of the cell wall.

Alternative Pathway

The alternative pathway is more primitive than the classic pathway and does not require
the presence of antibody. Instead, C3 can be activated by certain nonimmunologic stimuli.
These include endotoxin, other bacterial cell wall components, aggregated IgA, and feed-
back from activation of the classic pathway. The alternative pathway is shown with the
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Schematic of the complement system. A. Pathways for activation of C3. (Note: Both pathways
converge at C3.) B. Subsequent cascade and biological effects. Activated components are shown in

bold type.

classic pathway in Figure 8—9. It produces the same inflammatory mediators (C3a, C5a)
and increased phagocytic activity that result from activation of the classic pathway, but it is
not as efficient in cell lysis, because direction of complement components to the cell mem-

brane by antibody is not involved. This pathway

to infection. Another non—antibody-mediated means of activating the complement system
is based on the building of the mannose-binding lectin to pathogens via their carbohydrate-
rich external surfaces and activation of serine esterases that act at the level of C4 in the

is particularly important in early response
Important early response

Cell lysis is less efficient

cascade. Inherited deficiencies in complement components are often associated with in-
creased susceptibility to bacterial infections. Most noticeable is the association of recurrent
or unusually severe infections due to Neisseria (see Chapter 20) and individual comple-

ment component deficiencies (usually of C5, C6,

C7, or C8).
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ADVERSE EFFECTS OF IMMUNOLOGIC REACTIONS
AND HYPERSENSITIVITY

Immunologic reactions in the body may result in excessive responses, sometimes far be-
yond those needed to remove or neutralize microbial pathogens or molecules contributing
to disease. Such responses are classified as hypersensitivity reactions if they cause
marked physiologic changes or tissue damage or exacerbate disease processes. Four dis-
tinct classes of hypersensitivity are recognized, but these do not occur in isolation, and in-
jury often results from a combination of the reactions. In each case they represent an
extension of a normal defense mechanism. The immune response in practice is very
potent and leads to deleterious consequences for the host if it is in operation too long. The
antigen-specific portion of the humoral or T-cell reactions constitutes only a small frac-
tion of the overall response and amplification by complement components that can stimu-
late phagocytic cells and the release of cytokines; these can cause a general recruitment
of lymphocytes, monocytes, and polymorphonuclear cells, leading to a cascade of inflam-
mation and prolonged disease. The aspects of hypersensitivity are overexpressions of the
beneficial immune responses that act inappropriately. The normal immune basis of the
four types of hypersensitivity are described below and included in Tables 8—1 and 8§—4.
Types I, II, and IIT hypersensitivity are mediated by antibody; type IV (delayed-type)
hypersensitivity is carried out by antigen-specific T cells assisted by macrophages.

Anaphylactic (Type I) Hypersensitivity

Type I hypersensitivity, also called anaphylaxis, is represented by the allergic reactions
that occur immediately following contact with the sensitizing antigen (allergen). IgE anti-
bodies are bound to Fc receptors on the surface of mast cells (Fig 8—10). If a multivalent
antigen binds to the cell-bound IgE molecules, it cross-links them, with the result that the
mast cell degranulates, releasing a variety of pharmacologically active mediators. Among
the prominent mediators released following binding of the allergen is histamine, which
increases capillary permeability and causes bronchoconstriction. Preformed mediators
such as the anticoagulant heparin, complement 3 convertase, and a group of compounds
involved in chemotaxis of eosinophils, neutrophils, and platelet activation are also re-
leased by degranulation. Slow reactive substances involved in bronchoconstriction and

Mast cell or
basophil

Fab

\H/FCS

N

+ Antigen
(allergen)

.—> .
L J ° . ®
[}
Antigen specific IgE Crosslinking by Release of histamine
antibodies bind to Fc antigen (allergen) and other
receptors on the cells causes immediate pharmacologically
hypersensitivity active substances

FIGURE 8-10

Diagram outlining the sequence of events in the anaphylactic (allergic) hypersensitive response
(type 1) in which IgE antibodies arm mast cells by binding to Fc receptors (FcR) and the response
is triggered by cross-linking of these by antigen. Comparable diagrams can be drawn for the arming
of macrophages or polymorphonuclear leukocytes by IgG immunoglobulins adhering via their Fc
receptors. In these reactions, the Fab arms of the bound antibodies are free to bind antigen specifi-
cally, and this binding initiates cellular events leading to sensitized phagocytosis and destruction or,
in this case, the release of destructive pharmacologically active substances.
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TABLE 8-4

Effector Cells in Cell-Mediated Immunity

CELL FuNcTION

SPECIAL PROPERTIES

Specific helper T (Ty) cells MHC class II—restricted help to
B cells (Ty2), or in activation
of macrophages (Ty1); distinct
cytokines are used in the

two processes

Specific cytotoxic T (T¢) cells MHC class I—-restricted specific
killing; use endogenous o/3

Ter

Specific suppressor T (Ts) cells Antigen specific; involves
“suppressor inducer” T cells
(CD4), which generate
“suppressor effector’’; Tg cells
can be antigen specific or
idiotype specific; some
aspects of the interactions
are MHC restricted

Regulatory T cells Antigen
specific

“K cells,” macrophages,
polymorphonuclear cells

Antibody-dependent cell-
mediated cytotoxicity (ADCC)

Natural killer (NK) cells Occur in unchallenged animals;
can kill a variety of tumors
and virus-infected or
embryonic cells in vitro without
expression of classic Tecr or

bound antibody

Tecr o/ but
restricted Va

NK T cells

Ty cells use o/ Tcr; T2 cells

can activate eosinophils as
well as B cells through IL-5;
Tyl cells can activate NK
cells through IL-12, and
macrophages through IL-2
and IFN-vy, T2 cells can
communicate either positively
or negatively with one another
via cytokines

Can kill multiple targets

sequentially; have major role in

eliminating virally infected
target cells

“Infectious tolerance” (ie,

transfer of Tg cells transfers
antigen-specific
immunosuppression)

CD4+, CD25+,

suppress inflammation

Bind IgG via Fc receptors; IgG

acts as an antigen-specific
opsonin on these cells

Are large, granular lymphocytes;

do not phagocytize target
cells but kill by release of
toxins

CD4+ T cells

produce cytokines
that stimulate

Tyl (IF-) and

T2 (IL-4) responses

chemotaxis are also produced, as are prostaglandins and thromboxanes, which are impli-
cated in bronchospasm, muscle contraction, and platelet aggregation. Thus, the specific
binding of an allergen to the combining site of its antibody can result in a potent release
of compounds, leading to painful and life-threatening consequences for the allergic indi-
vidual. Despite the suffering that hypersensitivity to common allergens such as pollen,
bee stings, house dust, and cat dander brings to a large percentage of people, there are
possible beneficial consequences of binding of allergen by IgE. These include situations
in which ADCC by monocytes and eosinophils may provide protection against parasites
such as schistosomes (a trematode worm) and trypanosomes (a protozoan).

When hypersensitivity is very marked, or antigen is introduced systemically, mast cells
throughout the body degranulate, and systemic anaphylaxis results with constriction of the
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bronchi, edema of the larynx and other tissues, vascular collapse, and sometimes death. A
generalized anaphylactic reaction rarely if ever occurs as a manifestation of an infection
but may occur following parenteral inoculation of an antigen to which the individual has
been sensitized (eg, bee sting venom). It may also occur in individuals who have been
sensitized to a low-molecular-weight hapten that binds to a tissue protein and becomes
antigenic because of the size of the complex. An IgE response to hapten epitopes can then
lead to anaphylactic-type hypersensitivity if the epitope is again encountered. A penicillin
degradation product has this property, and occasionally, individuals develop severe ana-
phylactic reactions to penicillins, although this complication is very rare.

Rapid therapeutic intervention is critical in systemic anaphylaxis. It includes parenteral
administration of epinephrine, which reverses the major manifestations of the syndrome by
producing bronchodilation, vasoconstriction, and increased blood pressure. Tracheostomy
or intubation may be needed to overcome respiratory obstruction due to laryngeal edema.

Antibody-Mediated (Type II) Hypersensitivity

Type II hypersensitivity is an inappropriate elaboration of antibody-dependent cytotoxic-
ity that occurs when antibody binds to antigens on host cells, leading to phagocytosis,
killer cell activity, or complement-mediated lysis. Antibody directed against cell surface
or tissue antigens results in the fixation of complement such that a variety of effector cells
become involved. The cells to which the antibody is specifically bound, as well as the
surrounding tissues, are damaged because of the inflammatory amplification. Such mech-
anisms appear to be responsible for the tissue damage of rheumatic fever following a
streptococcal infection or some clinical manifestations of viral diseases, such as group
B coxsackievirus infection (see Chapter 36). These phenomena may involve not only
antibodies but also cytotoxic T cells. It should be recalled that humoral antibodies are
required to arm macrophages, and PMNs are needed to bind cellular antigens in ADCC
and to serve as opsonins that facilitate ingestion with eventual intracellular destruction of
target cells by macrophages.

Immune Complex (Type III) Hypersensitivity

When IgG is mixed in appropriate proportions with multivalent antigen molecules (ie,
bearing multiple epitopes), aggregates containing a lattice of many antigen and antibody
molecules forms. With appropriate concentrations of the two reactants, a macroscopic
precipitate can develop (see Chapter 15). A similar situation applies to IgM, which is
multivalent. When the epitope is present on the surface of a larger particle, such as a bac-
terium or red blood cell, the particles can be cross-linked by antibody, and microscopic or
macroscopic agglutination results. These phenomena can occur in vivo when sufficient
amounts of specific antibody and of free antigen from an infecting microorganism react
locally or in the bloodstream to form an antigen—antibody lattice; the size of the immune
complex depends on the relative properties of the two reactants. Large immune com-
plexes are phagocytosed and usually broken down within the phagocyte. However,
smaller complexes are deposited in small blood vessels and capillaries through which
they do not pass, activate the complement system, and thus produce an acute inflamma-
tory response mediated largely by C3a and C5a. This results in the manifestations of
vasculitis. Phagocytes attracted chemotactically to the site release hydrolytic enzymes,
and the sum of these effects is acute tissue damage, which can become chronic depending
on the survival of the antigen or on whether it is continually replaced. Acute glomeru-
lonephritis following certain streptococcal infections is an example of an immune com-
plex disease in which glomeruli of the kidney are damaged by the complexes, resulting
in various manifestations of renal impairment. Inflammatory skin lesions can result from
deposition of immune complexes in the cutaneous blood vessels in patients with infective
endocarditis. Deposition in joints, the pericardium, or the pleura produces arthritis, peri-
carditis, and pleuritis or pleurisy, respectively.

A systemic form of immune complex disease, termed serum sickness, can follow the
injection of foreign antigen. An example is the therapeutic use of diphtheria antitoxin that
has been produced in horses. About 10 days after inoculation, sufficient antibody against
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horse proteins has been produced to form immune complexes made up of human anti-
body reacting against horse serum protein (including horse immunoglobulins). These
complexes are deposited in various organs, resulting in a syndrome of arthritis, nephritis,
rash, urticaria, and fever. The disease usually resolves as the foreign antigen concentra-
tion decreases through immune clearance and catabolism of the antigen(s).

Delayed-Type (Type IV) Hypersensitivity

The fourth type of hypersensitivity is termed, delayed-type hypersensitivity. Unlike
types I, II, and III, this process cannot be transferred from one animal to another by
serum alone. However, it can be transferred by antigen-specific T lymphocytes. All are
initiated by the function of antigen-specific T cells, which then recruit effector cells into
the area of recognition of the antigen. Unlike the forms of “immediate” hypersensitivity
that can be transferred by antibody, delayed-type hypersensitivity requires days to weeks
to express full reactivity. In all of these, the initial reaction is the induction and function
of antigen-specific T cells that bear o/ T-cell receptors and have been generated in re-
sponse to antigenic challenge. The time course depends on the involvement of other cells
and the properties of the infectious agent involved.

Four major types of delayed-type hypersensitivity are all part of the same process dif-
fering in site, mechanism of challenge, and timing. The shortest is the Jones—Mote phe-
nomenon, in which the site of antigen injection is infiltrated by basophils, and the skin
swelling is maximal 24 hours after antigen injection. This type of hypersensitivity can be
raised to soluble antigens, and the reactivity disappears following the appearance of anti-
body. Contact and tuberculin-type hypersensitivity show maximal reactivity at 48 to 72
hours. Contact sensitivity is observed in response to sensitization with common antigens
such as chemicals found in rubber or the small organic compounds produced by poison
ivy and poison oak. It is predominantly an epidermal reaction, in contrast to the tuber-
culin-type hypersensitivity, which is a dermal reaction. The cell that presents antigen for
contact sensitization is the Langerhans cell, a dendritic antigen-presenting cell carrying
MHC class II antigens. Tuberculin-type hypersensitivity is manifested by individuals
who have been sensitized with lipoprotein antigens derived from the tubercle bacillus.
Twenty-four hours after intradermal injection of tuberculin, an antigen derived from
Mycobacterium tuberculosis, there is intense infiltration by lymphocytes, which reaches a
maximum in 2 to 3 days.

Probably the most clinically important form of type IV sensitivity is the granuloma,
an organized inflammatory lesion that requires at least 14 days to develop. These result
from the long-term continuation of the stimulation of effector cells by cytokines produced
in initial antigen-specific T-cell response. Granulomatous lesions are a major part of the
disease process in chronic diseases caused by bacteria (tuberculosis), fungi (histoplasmo-
sis), and parasites (schistosomiasis).

TOLERANCE

As discussed earlier, induced cellular and antibody responses follow challenge with anti-
gens that are normally foreign; however, immunization may not only induce the enhanced
reactivities described but may also lead to a diminished reactivity known as tolerance.
When specifically diminished reactivity is induced by treatment with large doses of
antigen, the phenomenon is referred to as immune paralysis. Because the immune
system is based on a random generation of combining sites directed against molecular
configurations, there is in principle no reason why the immune response cannot react with
self components. When it does, autoimmune diseases such as rheumatoid arthritis, sys-
temic lupus erythematosus, and others may result. However, it is now known that normal
healthy individuals express detectable levels of autoantibodies against a variety of self
components. A regulatory function for these autoantibodies in the maintenance of home-
ostasis is suggested by the fact that aged red cells are removed from human circulation by
a natural mechanism in which normally occurring IgG autoantibodies specific for a modi-
fied membrane component (senescent cell antigen) bind to the cells, leading to their
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removal by phagocytic cells. Nevertheless, the generation of tolerance or the inability to
react against self is a fundamental part of the process of development in vertebrates,
which results essentially from the removal or inactivation of T cells in the thymus that
can react to self antigens.

Parallel tolerization procedures for B cells occur, but currently a number of mecha-
nisms now must be proposed for maintenance of nonreactivity to self. Antigen-specific
T cells may be either deleted by contact with antigen (clonal abortion) or inactivated
without being destroyed. In addition, suppressor T cells that downregulate the specific
immune response may be generated that either shut off the antigen-specific helper T cells
or are directed toward combining sites of B-cell antibodies. Antigen-specific B cells may
be deleted or inactivated or rendered insensitive to secondary stimulation by cytokines.
These central effects operate at the level of antigen-specific T or B cells.

Both experimentally induced tolerance and innate tolerance can be broken down in two
general ways. First, if a large amount of antigen is needed to maintain tolerance, immunity
can be generated if the level of antigen falls below the required tolerogenic level. A second
way of breaking of tolerance is immunization with a cross-reactive antigen. Two clinically
well-known examples of the capacity of cross-reactive antigens to break normal self toler-
ance are (1) the induction of experimental allergic encephalomyelitis in an animal by the
injection of heterologous brain tissue homogenates in emulsified adjuvant and (2) the
capacity of infections with group A streptococci to cause rheumatic fever because of a
cross-reaction between bacterial antigens and myocardial tissue. The concept of tolerance is
critical to much of modem medicine because of increasing interest in autoimmune diseases,
which can be considered to result from a failure or breakdown of tolerance.

FUNCTIONAL INTEGRATION OF THE IMMUNE SYSTEM
IN RESPONSE TO INFECTIOUS ORGANISMS

The innate immune system involves phagocytic cells such as monocytes, macrophages and
dendritic cells, and cytokines such as interleukin-1 that are generated following activation of
phagocytic cells by binding of bacterial lipopolysaccharide to surface receptors. Once the
innate system is activated, the cytokines it produces and the peptide antigens presented
to T cells serve to activate and condition the response of the specific adaptive system
(Fig 8—11). The upper half of the figure illustrates how activation of the antigen-presenting
cell (monocyte, macrophage, or dendritic cell) can stimulate NK cells, CD8+ cytotoxic
T cells, or Ty1 type CD4+ cells. The Tyl cells are induced by presentation of peptides de-
rived from antigens such as a viral coat protein presented to the «/ T-cell receptor of an
unstimulated T cell with the activation and transformation process mediated by IL-12 and
IFN-a. Once the Ty cell is specifically activated, the process can lead to the activation of
B cells to make IgM or IgG but, more importantly, to activate macrophages to act in an in-
flammatory manner. Ty1 type cell-mediated immunity is particularly effective against intra-
cellular parasites but has the drawback of increasing the severity of autoimmune diseases.

The lower half of (Figure 8—11) illustrates the activation of Ty2 type helper cells via
the mediation of the cytokine IL-6 and the production of IL-4 to drive the differentiation
pathway. The specificity for antigen is maintained by presentation of peptide antigen via
MHC of the antigen presenting cell to the /8 T-cell receptor of the unstimulated helper
T cell. A separate type of NK cell, one that is CD4+ and expresses a restricted Ter Va is
involved in this process. Ty2 type immunity is most prominent in the activation of B
cells, allowing the generating of IgM, IgG, IgA, and IgE. Antibodies are valuable in the
protective immune response to many bacteria and also in maintaining protection against
viruses. Most notably, the T2 response is host protective in infections by gastrointesti-
nal helminth worms such as schistostomes, where production of specific IgE antibody
bound to macrophages, basophils, or acinophils appears to confer protection. On the
other hand, Ty2 type immunity in antibodies appear to offer little protection against
retroviruses, including HIV. IgE production to allergens produced by dust mites or rag-
weed may lead to serious clinical consequences of allergic responses.

The above scheme depicting the critical role of the polarization of helper T cell type
and function in resistance to certain diseases and in the exacerbation of others is not yet
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Diagram of Ty1 and Ty2 cells in the generation of cell-mediated immunity or antibody production.
Abbreviations: AG, antigen; APC, antigen-presenting cell; B, B cells; CTL, cytotoxic T lympho-
cyte; CD, cell surface determinant; IFN, interferons; IL, interleukins; MHC, major histocompatibil-
ity complex; M®, macrophage; NK, natural killer cell; NK/T, natural killer cell related to T cells;
TCR, T cell receptor; Ty, helper T cells.

completely established. It has been sufficiently documented to make it a worthwhile over-
all conceptual framework in which to place infectious diseases caused by distinct types of
pathogens, autoimmune diseases, immunity to tumors, and allergy. The difficulty is that
there is no such thing as a pure Ty1 or T2 response; rather, there is a balance between the
two types of effector T cells as manifested by levels of cytokines. In the most simple case,
bacteria coated with polysaccharides that protect them from ingestion by phagocytes are
readily attacked by antibodies. Furthermore, antibodies of the IgM class against these
polysaccharides can be generated in the relative absence of T-cell help. Nonetheless, Ty2
type cytokines are required for activation and differentiation of the B cells and their differ-
entiation into antibody-secreting plasma cells. Recently, it has also been shown that natural
antibodies to viruses are protective in experimental infections of mice. S. pneumoniae are
extracellular pathogens that enter the lungs and colonize the space in the alveoli, where
their multiplication causes tissue damage and inflammation that can impair breathing.
Antibodies to these organisms enable them to be phagocytized and also to be killed by ac-
tivation of the complement cascade following binding of the antibody. By contrast, Leish-
mania is an intracellular parasite that proliferates within macrophages inside vesicles called
endosomes. Thus, the parasites are protected from attack by antibodies. Tyl type immu-
nity plays a major role in their destruction because the infected macrophages can break
down the organisms into peptides that are then presented by MHC class II molecules to the
receptor on CD4+ cells. The T cells then become activated by interaction of the accessory
CD28 molecule on the T cell with the B7 molecule on the macrophage. The activated Ty1
type cells now secrete cytokines such as IFN-vy that induce the macrophage to produce
tumor necrosis factor and nitric oxide that kill the parasites within the cells. Viruses are
intracellular parasites that replicate within the nucleus or within the cytoplasm. Both the
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facilitate complement deposition
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Ty1-stimulated cytokines cause
intracellular killing
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production of cytotoxic CD8+ T cells and Tyl type inflammation are protective against
virus infections. Cytotoxic T cells are induced by the presentation of viral peptides by
MHC class I molecules, as opposed to helper cell reactivity, that involves that presentation
of antigenic class I MHC.

Leprosy appears to be a human disease for which the elaboration of a Tyl type re-
sponse is essential for cure, but the elaboration of T2 type responses is harmful to the
infected person. There are two polar forms of clinical presentation of leprosy. Tuberculoid
leprosy is characterized by a strong cell-mediated immune response to the causative or-
ganism, Mycobacterium leprae. This cell-mediated Tyl type immune response kills the
mycobacteria but at the price of immune-mediated tissue damage to the host. Leproma-
tous leprosy, the other extreme of the clinical spectrum, is characterized by a pronounced
antibody response in the virtual absence of a cellular response against the bacterial
pathogen. This situation results in extensive bacterial loads and ultimately in the death of
the patient. Analyses of messenger RNA in lesions of the two types of leprosy indicate
that Ty1 type cytokines predominate in the tuberculoid form and Ty2 cytokines are the
major types generated in lepromatous leprosy. In parallel, T 1 immunity is more effective
in the response to Mycobacterium tuberculosis than are antibodies.

A vigorous Ty2 type response is required for the clearance of infections with gas-
trointestinal helminths. There is convincing evidence that T2 type responses are required
for the explusion of gastrointestinal parasites, but the exact mechanisms by which the Ty2
type cells mediate the protective responses are unknown. The cytokine IL-4 induces the
production of IgG1 (in mice) and IgE, generation of mast cells in the intestinal mucosa,
increased contractility of the intestine smooth musculature, and reduced intestinal fluid
uptake. IL-5 is induced by infection with intestinal nematodes (roundworms), and this cy-
tokine promotes the production and activation of eosinophils. Although the production of
IgE and its binding to mast cells and basophils in producing allergic responses is gener-
ally considered destructive, recent evidence suggests that important eosinophils and these
allergy-type reactions may be mediating immunity against extraintestinal helminth larvae,
including those of schistomes (parasitic flatworms).

Antigen Surrogates

A recently developed approach has the potential to allow the use of antibodies as antigen
surrogates in immunization. Antibodies are themselves antigenic in animal species to which
they are foreign. The antiantibodies that can be produced include some with specificity for
unique epitope-reacting portions of the Fab variable region of the antibody against which
they are directed as well as for epitope-recognizing sites on immunoresponsive B cells.
These are termed anti-idiotypic antibodies and have the same three-dimensional geometry
as would the epitope molecule. Monoclonal antibodies that have this structure can be se-
lected and produced in large amounts and may then act as antigens for the production of
specific antibodies against the epitope of interest. Immunization with such anti-idiotype an-
tibodies has promise for producing specific immunity against critical antigens that are im-
possible or uneconomical to produce in bulk. At present, there are many problems to over-
come before such procedures could begin to be applied to humans.
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CHAPTER 9

Normal Microbial Flora

KENNETH J. RYAN

The term normal flora is used to describe microorganisms that are frequently found in
various body sites in normal, healthy individuals. The constituents and numbers of the
flora vary in different areas and sometimes at different ages and physiologic states. They
comprise microorganisms whose morphologic, physiologic, and genetic properties allow
them to colonize and multiply under the conditions that exist in particular sites, to coexist
with other colonizing organisms, and to inhibit competing intruders. Thus, each accessible
area of the body presents a particular ecologic niche, colonization of which requires a
particular set of properties of the invading microbe. The number of organisms in the flora
is estimated to exceed the number of cells in the body by a factor of 10.

Organisms of the normal flora may have a symbiotic relationship that benefits the host or
may simply live as commensals with a neutral relationship to the host. A parasitic relationship
that injures the host would not be considered “normal,” but in most instances not enough is
known about the organism—host interactions to make such distinctions. Like houseguests, the
members of the normal flora may stay for highly variable periods. Residents are strains that
have an established niche at one of the many body sites, which they occupy indefinitely.
Transients are acquired from the environment and establish themselves briefly but tend to be
excluded by competition from residents or by the host’s innate or immune defense mecha-
nisms. The term carrier state is used when potentially pathogenic organisms are involved, al-
though its implication of risk is not always justified. For example, Streptococcus pneumoniae,
a cause of pneumonia, and Neisseria meningitidis, a cause of meningitis, may be isolated
from the throat of 5 to 40% of healthy people. Whether these bacteria represent transient flora,
resident flora, or carrier state is largely semantic. The possibility that their presence could be
the prelude to disease is impossible to determine simply by culture of a normal flora site.

It is important for students of medical microbiology and infectious disease to understand
the role of the normal flora, because of its significance both as a defense mechanism against
infection and as a source of potentially pathogenic organisms. English poet W. H. Auden
understood the desired state of balance between host and microbial flora when he wrote:

Build colonies: I will supply
adequate warmth and moisture,
the sebum and lipids you need,
on condition you never
do me annoy with your presence,
but behave as good guests should,
not rioting into acne
or athlete’s-foot or a boil.
FroM AUDEN WH,
Epistle to a Godson

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.

Flora may stay for short or
extended periods

If pathogens are involved the

relationship is called the carrier

state

Balance is the desired state



142

Initial flora is acquired during and
immediately after birth

Physiologic conditions such as
local pH influence colonization

Adherence factors counteract
mechanical flushing

Ability to compete for nutrients is
an advantage

Tissues and body fluids such as
blood are sterile in health

Transient bacteremia can result
from trauma

Propionibacteria and
staphylococci are dominant
bacteria

Skin flora is not easily removed

Conjunctiva resembles skin

PART |1 Host-Parasite Interactions

It is also important to know its sites and composition to avoid interpretive confusion be-
tween normal flora species and pathogens when interpreting laboratory culture results.

ORIGIN OF THE NORMAL FLORA

The healthy fetus is sterile until the birth membranes rupture. During and after birth, the in-
fant is exposed to the flora of the mother’s genital tract, to the skin and respiratory flora of
those handling it, and to organisms in the environment. During the infant’s first few days of
life, the flora reflects chance exposure to organisms that can colonize particular sites in the
absence of competitors. Subsequently, as the infant is exposed to a broader range of organ-
isms, those best adapted to colonize particular sites become predominant. Thereafter, the
flora generally resembles that of other individuals in the same age group and cultural milieu.

FACTORS DETERMINING THE NATURE OF THE NORMAL FLORA

Local physiologic and ecologic conditions determine the nature of the flora. These condi-
tions are sometimes highly complex, differing from site to site, and sometimes vary with
age. Conditions include the amounts and types of nutrients available, pH, oxidation—
reduction potentials, and resistance to local antibacterial substances such as bile and
lysozyme. Many bacteria have adhesin-mediated affinity for receptors on specific types of
epithelial cells, which facilitates colonization and multiplication while avoiding removal
by the flushing effects of surface fluids and peristalsis. Various microbial interactions also
determine their relative prevalence in the flora. These interactions include competition for
nutrients, inhibition by the metabolic products of other organisms (eg, by hydrogen
peroxide or volatile fatty acids), and production of antibiotics and bacteriocins.

NORMAL FLORA AT DIFFERENT SITES

The total normal flora of the body probably contains more than 1000 distinct species of
microorganisms. The major members known to be important in preventing or causing
disease as well as those that may be confused with etiologic agents of local infections are
summarized in Table 9—1, and most are described in greater detail in subsequent chap-
ters. The student should not attempt to memorize unfamiliar names at this point.

Blood, Body Fluids, and Tissues

In health, the blood, body fluids, and tissues are sterile. Occasional organisms may be dis-
placed across epithelial barriers as a result of trauma (including physiologic trauma such as
heavy chewing) or during childbirth; they may be briefly recoverable from the bloodstream
before they are filtered out in the pulmonary capillaries or removed by cells of the reticu-
loendothelial system. Such transient bacteremia may be the source of infection when struc-
tures such as damaged heart valves and foreign bodies (prostheses) are in the bloodstream.

Skin

The skin plays host to an abundant flora that varies somewhat according to the number
and activity of sebaceous and sweat glands. The flora is most abundant on moist skin ar-
eas (axillae, perineum, and between toes). Staphylococci and members of the genus Pro-
pionibacterium occur all over the skin, and facultative diphtheroids (corynebacteria) are
found in moist areas. Propionibacteria are slim, anaerobic, or microaerophilic Gram-
positive rods that grow in subsurface sebum and break down skin lipids to fatty acids.
Thus, they are most numerous in the ducts of hair follicles and of the sebaceous glands
that drain into them. Even with antiseptic scrubbing it is difficult to eliminate bacteria
from skin sites, particularly those bearing pilosebaceous units. Organisms of the skin
flora are resistant to the bactericidal effects of skin lipids and fatty acids, which inhibit or
kill many extraneous bacteria. The conjunctivae have a very scanty flora derived from the

skin flora. The low bacterial count is maintained by the high lysozyme content of lachry-
mal secretions and by the flushing effect of tears.
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TABLE 9-1

Q

Normal Microbial Flora

Predominant and Potentially Pathogenic Flora of Various Body Sites

FLORA

POTENTIAL PATHOGENS

Boby SiTE (CARRIER) Low VIRULENCE (RESIDENT)
Blood None None®
Tissues None None
Skin Staphylococcus aureus Propionibacterium,
Corynebacterium (diphtheroids),
coagulase-negative staphylococci
Mouth Candida albicans Neisseria spp., viridans streptococci,
Moraxella, Peptostreptococcus
Nasopharynx Streptococcus pneumoniae, Neisseria spp., viridans streptococci,
Neisseria meningitidis, Moraxella, Peptostreptococcus
Haemophilus influenzae, group A
streptococci, Staphylococcus
aureus (anterior nares)
Stomach None Streptococci, Peptostreptococcus,
others from mouth
Small intestine None Scanty, variable
Colon
Breastfeeding None Bifidobacterium, Lactobacillus
infant
Adult Bacteroides fragilis, Escherichia coli, Bifidobacterium, Lactobacillus,
Pseudomonas, Candida, Bacteroides, Fusobacterium,
Clostridium (C. perfringens, Enterobacteriaceae, Enterococcus,
C. difficile) Clostridium
Vagina
Prepubertal and C. albicans Diphtheroids, staphylococci,
Postmenopausal Enterobacteriaceae
Childbearing Group B streptococci, C. albicans Lactobacillus, streptococci

?Organisms such as viridans streptococci may be transiently present following disruption of a mucosal site.

Intestinal Tract

The mouth and pharynx contain large numbers of facultative and strict anaerobes.
Different species of streptococci predominate on the buccal and tongue mucosa because
of different specific adherence characteristics. Gram-negative diplococci of the genera
Neisseria and Moraxella make up the balance of the most commonly isolated facultative
organisms. Strict anaerobes and microaerophilic organisms of the oral cavity have their
niches in the depths of the gingival crevices surrounding the teeth and in sites such as ton-
sillar crypts, where anaerobic conditions can develop readily. Anaerobic members of the
normal flora are major contributors to the etiology of dental caries and periodontal dis-
ease (see Chapter 62).

The total number of organisms in the oral cavity is very high, and it varies from site to
site. Saliva usually contains a mixed flora of about 10% organisms per milliliter, derived
mostly from the various epithelial colonization sites. The stomach contains few, if any,
resident organisms in health because of the lethal action of gastric hydrochloric acid and
peptic enzymes on bacteria. The small intestine has a scanty resident flora, except in the
lower ileum, where it begins to resemble that of the colon.

Oropharynx has streptococci and
Neisseria

Stomach and small bowel have
few residents

Small intestinal flora is scanty but
increases toward lower ileum
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FIGURE 9-1
Smear of feces, showing great
diversity of microorganisms.

Adult colonic flora is abundant
and predominantly anaerobic

Diet affects species composition

Bifidobacteria are predominant
flora of breastfed infants

Bottle-fed infants have a flora
similar to that of weaned infants

S. aureus is carried in anterior
nares

Nasopharynx is often a site of
carriage of potential pathogens

Lower tract is protected by
mucociliary action
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The colon carries the most prolific flora in the body (Fig 9—1). In the adult, feces are
25% or more bacteria by weight (about 10'° organisms per gram). More than 90% are
anaerobes, predominantly members of the genera Bacteroides, Fusobacterium, Bifidobac-
terium, and Clostridium. The remainder of the flora is composed of facultative organisms
such as Escherichia coli, enterococci, yeasts, and numerous other species. There are con-
siderable differences in adult flora depending on the diet of the host. Those whose diets
include substantial amounts of meat have more Bacteroides and other anaerobic Gram-
negative rods in their stools than those on a predominantly vegetable or fish diet.

The fecal flora of breastfed infants differs from that of adults, with anaerobic Gram-
positive rods of the genus Bifidobacterium constituting as much as 99% of the total. Hu-
man milk is high in lactose and low in protein and phosphate, and its buffering capacity is
poor compared with that of cow’s milk. These conditions select for bifidobacteria, which
ferment lactose to yield acetic acid and grow optimally under the acidic conditions
(pH 5-5.5) that they produce in the stool. Infants who are fed cow’s milk, which has a
greater buffering capacity, tend to have less acidic stools and a flora more similar to that
found in the colon of the weaned infant or the adult. These findings also apply to infants
fed some artificial formulas.

Respiratory Tract

The external 1 cm of the anterior nares is lined with squamous epithelium. The nares have a
flora similar to that of the skin except that it is the primary site of carriage of a pathogen,
Staphylococcus aureus. About 25 to 30% of healthy people carry this organism as either
resident or transient flora at any given time. The organism may spread to other skin sites or
colonize the perineum; it can be disseminated by hand-to-nose contact, by desquamation of
the epithelium, or by droplet spread during upper respiratory infection. The nasopharynx
has a flora similar to that of the mouth; however, it is often the site of carriage of potentially
pathogenic organisms such as pneumococci, meningococci, and Haemophilus species.

The respiratory tract below the level of the larynx is protected in health by the action
of the epithelial cilia and by the movement of the mucociliary blanket; thus, only tran-
sient inhaled organisms are encountered in the trachea and larger bronchi. The accessory
sinuses are normally sterile and are protected in a similar fashion, as is the middle ear by
the epithelium of the eustachian tubes.
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Genitourinary Tract

The urinary tract is sterile in health above the distal 1 cm of the urethra, which has a scanty
flora derived from the perineum. Thus, in health the urine in the bladder, ureters, and renal
pelvis is sterile. The vagina has a flora that varies according to hormonal influences at dif-
ferent ages. Before puberty and after menopause, it is mixed, nonspecific, relatively scanty,
and contains organisms derived from the flora of the skin and colon. During the childbear-
ing years, it is composed predominantly of anaerobic and microaerophilic members of the
genus Lactobacillus, with smaller numbers of anaerobic Gram-negative rods, Gram-positive
cocci, and yeasts that can survive under the acidic conditions produced by the lactobacilli.
These conditions develop because glycogen is deposited in vaginal epithelial cells under
the influence of estrogenic hormones and metabolized to lactic acid by lactobacilli. This
process results in a vaginal pH of 4 to 5, which is optimal for growth and survival of the
lactobacilli, but inhibits many other organisms. The consistency of the lactobacillary adult
flora is seen in Gram-stained preparations of vaginal smears (Fig 9-2).

ROLE OF THE NORMAL FLORA IN DISEASE

Many species among the normal flora are opportunists in that they can cause infection if
they reach protected areas of the body in sufficient numbers or if local or general host de-
fense mechanisms are compromised. For example, certain strains of E. coli can reach the
urinary bladder by ascending the urethra and cause acute urinary tract infection, usually
in sexually active women. Perforation of the colon from a ruptured diverticulum or a pen-
etrating abdominal wound releases feces into the peritoneal cavity; this fecal contamina-
tion may be followed by peritonitis, caused primarily by facultative members of the flora,
and by intraabdominal abscesses, caused primarily by Gram-negative anaerobes. Viridans
streptococci from the oral cavity may reach the bloodstream as a result of physiologic
trauma or injury (eg, tooth extraction) and colonize a previously damaged heart valve, ini-
tiating bacterial endocarditis (see Chapter 68). These and other diseases, such as actino-
mycosis, result from displacement of normal flora into body cavities or tissues.

Reduced specific immunologic responses, defects in phagocytic activity, and weaken-
ing of epithelial barriers by vitamin deficiencies can all result in local invasion and dis-
ease by normal floral organisms. This source accounts for many infections in patients
whose defenses are compromised by disease (eg, diabetes, lymphoma, and leukemia) or

145

FIGURE 9-2

Smear of normal adult vagina,
showing predominant large
elongated lactobacilli and
squamous epithelial cells.

Bladder and upper urinary tract
are sterile

Hormonal changes affect the
vaginal flora

Use of epithelial glycogen by
lactobacilli produces low pH

Flora that reach sterile sites may
cause disease

Mouth flora may reach heart
valves by transient bacteremia



146

Compromised defense systems
increase the opportunity for
invasion

Mouth flora plays a major role in
dental caries

Nonspecific “toxic” effects of
colonic flora are postulated

Blind-loop overgrowth may cause
fat malabsorption and B,
deficiency

Colonization of jejunum occurs in
tropical sprue

Ammonia production and bypass
lead to hepatic encephalopathy

Sterile animals have little
immunity to microbial infection

Low exposure correlates with
asthma risk

Breastfeeding and a bifidobacterial
flora have a protective effect

Lactobacillus vaginal flora can
protect against fomite-transmitted
gonorrhea

PART |1 Host-Parasite Interactions

by cytotoxic chemotherapy for cancer. One specific local infection of this type is Vin-
cent’s angina of the oral mucosa, a local invasion and ulceration apparently caused by the
combined action of oral spirochetes and members of the genus Fusobacterium. Death af-
ter lethal radiation exposure usually results from massive invasion by normal floral organ-
isms, particularly those of the intestinal tract. Caries and periodontal disease are both
caused by organisms that are members of the normal flora. They are considered in detail
in Chapter 62.

Early in the 20th century, it was widely believed that the normal flora of the large in-
testine was responsible for many “toxic conditions,” including rheumatoid arthritis,
degenerative diseases, and a range of conditions now recognized as psychosomatic. Ritu-
alistic purging and colonic lavage flourished, particularly at expensive mineral spas. At
the height of this misdirected attack on the normal flora, some London patients were even
subjected to colectomy as a cure for thyroid nodules. These notions persist in the form of
the alleged beneficial effect of enemas and colonic lavages.

However, more recently, attention has again been focused on the less specific contribu-
tions of the normal flora to health and disease. In patients with large or multiple blind-
ended diverticula in the small intestine, heavy colonization by the anaerobic intestinal flora
may occur. This colonization results in bacterial deconjugation of bile salts needed for
absorption of fat and fat-soluble vitamins and also in competition for vitamin B,,. Similar
situations sometimes occur in the elderly when the small intestine is invaded by colonic
flora. If the primary cause cannot be eliminated surgically, these conditions can be amelio-
rated with antibiotic therapy and fat-soluble vitamin supplements. An analogous situation
occurs in tropical sprue, in which secondary colonization of the jejunum by facultative
Gram-negative enteric bacteria leads to fat malabsorption and vitamin B, and folic acid
deficiencies. It has been postulated that the higher colon cancer rates in those consuming
Western as opposed to Asian diets may be a result of greater production by members of the
normal flora of carcinogens such as nitrosamines and bile acid derivatives.

Under certain conditions, a “toxemia” can result from the action of the normal colonic
flora. In severe hepatic cirrhosis, the portal circulation may be partially diverted to the sys-
temic circulation. The detoxification by the liver of ammonia produced by bacterial action on
protein residues is bypassed, and severe dysfunctions of the central nervous system (hepatic
encephalopathy) can result. This problem can be ameliorated with a strict low-protein diet.

BENEFICIAL EFFECTS OF THE NORMAL FLORA
Priming of Immune System

Organisms of the normal flora play an important role in the development of immunologic
competence. Animals delivered and raised under completely aseptic conditions (“sterile”
or gnotobiotic animals) have a poorly developed reticuloendothelial system, low serum
levels of immunoglobulins, and none of the antibodies to normal floral antigens that often
cross-react with those of pathogenic organisms and confer a degree of protection against
them. There is evidence of immunologic differences between children who are raised un-
der usual conditions and those that minimize the exposure to diverse flora. Some studies
have found a higher incidence of asthma in the more isolated children.

Exclusionary Effect

The normal flora produces conditions that tend to block the establishment of extraneous
pathogens and their ability to infect the host. The bifidobacteria in the colon of the breast-
fed infant produce an environment inimical to colonization by enteric pathogens; this pro-
tective effect is aided by ingested maternal IgA. Breastfeeding has clearly been shown to
help protect the infant from enteric bacterial infection. The normal vaginal flora has a
similar protective effect. Before the introduction of antibiotic therapy, researchers found
that synthetic estrogen therapy controlled institutional outbreaks of fomite-transmitted
gonococcal vulvovaginitis in prepubertal girls. This treatment led to glycogen deposition
in the vaginal epithelium and establishment of a protective lactobacillary flora. The possi-
ble hazard of such therapy in this population was not then recognized.
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Antibiotic therapy, particularly with broad-spectrum agents, may so alter the normal
flora of the gastrointestinal tract that antibiotic-resistant organisms multiply in the relative
ecologic vacuum, sometimes causing significant infections, particularly in immunocom-
promised patients. The pathogenic yeast Candida albicans, a minor component of the
normal flora, may multiply dramatically and cause superficial fungal infections in the
mouth, vagina, or anal area. Pseudomembranous colitis results from overproliferation of a
toxin-producing anaerobe, Clostridium difficile, which has a selective advantage in the
presence of antibiotic therapy. It may be resistant to several antibiotics that act on other
members of the colonic flora, allowing C. difficile to increase from a minor to a major
component. Its toxins cause diarrhea and direct damage to the colonic epithelium.

The exclusionary effect of the flora in health has been demonstrated in numerous ex-
periments on gnotobiotic and antibiotic-treated animals. For example, C. albicans attaches
to oral epithelial cells of germ-free rats; however, prior colonization with certain viridans
streptococci that attach to similar epithelial cells prevents establishment of C. albicans. In
another experiment, the infecting oral dose for mice of streptomycin-resistant Salmonella
was approximately 10° organisms in untreated animals. Oral streptomycin treatment,
which inhibits many members of the normal flora, reduced the infecting dose by approxi-
mately 1000-fold.

Production of Essential Nutrients

In ruminants, the action of the extensive anaerobic flora in the rumen is essential to the nu-
trition of the animal. The flora digests cellulose to usable form and provides many vitamins,
including 70% of the animal’s vitamin B requirements. In humans, members of the vitamin
B group and vitamin K are produced by the normal flora; however, except for vitamin K the
amounts available or absorbed are small compared with those in a well-balanced diet.
Bacterial vitamin production is reduced during broad-spectrum antibiotic therapy, and
supplementation with vitamin B complex is indicated in malnourished individuals.

MANIPULATION OF THE NORMAL FLORA

Attempts to manipulate the normal flora have often been fruitless and have sometimes
been dangerous. Exclusion of the normal flora has been effective in patients whose im-
munologic defenses are massively compromised (eg, following the whole-body irradiation
used in bone marrow transplantation). Significant effects require the use of antimicrobics,
sterilization of food and supplies, air filtration, and strict aseptic nursing procedures. These
conditions substantially reduce the risk of infection during highly vulnerable periods.

Efforts to control which organisms make up the flora have been more problematic.
During nursery outbreaks of S. aureus infections in the 1950s, deliberate colonization of
an infant’s nares with S. aureus 502A, a strain of low virulence, was attempted as a con-
trol measure. This approach was based on the hope that it would exclude more virulent
strains of S. aureus. Unfortunately, some infections occurred with the 502A strain.

One area where there has been some success in promoting colonization with “good”
flora is with lactobacilli in the intestinal tract. Elie Metchnikoff originally suggested that
the longevity of Bulgarian peasants was attributable to their consumption of large
amounts of yogurt; the live lactobacilli in the yogurt presumably replaced the colonic
flora to the general benefit of their health. This notion persists today in the alleged benefit
of natural (unpasteurized) yogurt, which contains live lactobacilli. Although we now
know that lactobacillary replacement of the flora of the adult colon does not take place so
easily, there have been some successes with capsules containing lyophilized bacteria. In
some studies, administration of preparations containing a particular strain of Lactobacil-
lus (L. rhamnosus strain GG, LGG) has reduced the duration of rotavirus diarrhea in chil-
dren and prevented relapses of antibiotic-associated diarrhea caused by C. difficile. LGG
suppositories have also been used to prevent recurrent vaginitis caused by the yeast C. al-
bicans with mixed results. A better understanding of the relationship between virulence
and the extremely complex interactions of the normal flora is needed for the rational de-
ployment of “good” flora to our benefit.
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CHAPTER 10

Host -Parasite
Relationships

STANILEY FALKOW

nfectious diseases have been the major causes of human death and suffering throughout
history. Indeed, infectious diseases remain the leading cause of death throughout a world
in which most of the population does not have the luxury of living long enough to suc-
cumb to the chronic diseases of aging. The major factors that have influenced the emer-
gence of infectious diseases as the leading cause of morbidity and mortality historically
are discussed below.

EMERGENCE OF INFECTIOUS DISEASE

The presence of human populations is large enough to sustain and amplify parasites, thus
contributing to increased disease. Humans have lived in communities large enough to per-
petuate parasites only for about 10,000 years, barely a blink of the eye in the time frame
of evolution. Thus, many of the human diseases that have been predominant historically
probably did not exist in early humans. Many of the well-known infectious diseases of
humans are very recent in the evolutionary sense. For example, the great Black Death of
the 14th century, just 700 years ago, led to the death of approximately one third to one
half of the known human population. The effects of plague on the human population are
still largely unknown. In terms of the evolution of the human gene pool, those that died
were likely as important as those that survived. It has been suggested that the resistance
of some Caucasian populations to the recent scourge of human immunodeficiency virus
(HIV) may actually reflect the genetic consequences of survival from some infectious dis-
ease prevalent 20 generations ago. However, some diseases such as treponematosis, my-
cobacterial infection, infections caused by some protozoans and worms, and diseases
caused by herpesviruses, likely afflicted early humans because of their latency and their
tendency to reactivate over long periods of time.

Poverty, with its crowding, unsanitary conditions, and often malnutrition, leads to an
increased susceptibility to infection and disease. War, famine, civil unrest, and, of course,
epidemic disease lead to a breakdown in public infrastructure and the increased incidence
of infectious diseases.

In the history of human civilization, one of the most important facets of the evolution
of human infectious diseases was the domestication of animals, which began about
12,000 years ago. There is good cause to think many of the best-known epidemic diseases
evolved from animal species and only became adapted to humans rather recently. We are
still in an evolutionary dynamic with our large and small parasites; the relationship be-
tween humans and the microbes they are heir to has not stopped evolving. Perhaps it

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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never will. While microbes have evolutionary flexibility, humans try to meet the onslaught
of infection with genes that are essentially still those of primitive hunter-gatherers. The ac-
tual large-scale domestication of animals has slowed, and it has been replaced by the en-
croachment of human populations into the domain of animal, insect, and marine species
all over the globe. It is little wonder that our deliberate destruction of predators and the
outgrowth of human populations into previously virgin land with its attendant destruction
of habitat lead to the emergence of “new” diseases such as Lyme disease; Legionnaires’
disease; and likely, acquired immunodeficiency syndrome (AIDS).

THE OUTCOME OF INFECTION

Infectious diseases are complex. They involve much more than growth of microbes or
parasitic animals in the body. The factors that determine the initiation, development, and
outcome of an infection involve a series of complex and shifting interactions between the
invading organism and the host, which can vary with different infecting organisms. These
interactions include the following:

1. The organism’s ability to breach host barriers and to evade destruction by innate local
and tissue host defenses.

2. The organism’s biochemical tactics to replicate, to spread, to establish infection, and

to cause disease.

The microbe’s ability to transmit to a new susceptible host.

4. The body’s innate and adaptive immunologic ability to control and eliminate the in-
vading parasite.

Bl

Despite the complexity of interactions between different parasites and hosts, several
components of pathogenic processes and principles have broad application to infectious
diseases and are described in this chapter. Details of individual organisms and diseases
are given in subsequent chapters. Basic mechanisms of specific immune responses are
discussed in Chapter 8 and are not recapitulated here. In considering this topic, it is
essential to bear in mind that the ability of an organism to infect or to cause disease de-
pends on the susceptibility of the host. There are remarkable species differences in host
susceptibility to many infections. For example, dogs do not get measles, nor do humans
get canine distemper, although the causative viruses are closely related.

WHAT IS A PATHOGEN?

In medicine, we define a pathogen as any microorganism capable of causing disease. The
emphasis is on disease, not the microorganism. However, from the microbial standpoint,
being pathogenic is a strategy for survival and simply one more remarkable example of
the extraordinary diversity of the microbial world. Humans, including physicians, proba-
bly spend too little time reflecting on the fact that we are home to a myriad of other living
creatures. From mouth to anus, from head to toe, every millimeter of our cells that is
exposed to the outside world has a rich biological diversity. From the mites that inhabit
the eyebrows of many of us to the seething cauldron of over 600 species of bacteria that
inhabit our large bowel, we are a veritable garden of microorganisms. Most of these mi-
croorganisms are not only innocuous but play a useful, if unseen, role. Not only do they
provide us with protection against the few harmful microorganisms that we encounter
each day, but they also give us some vitamins and nutrients and help digest our food. We
have harbored them so long in our evolution that they are even a necessary part of the de-
velopmental pathways required for the maturation of our intestinal mucosa and our innate
local immune system.

Most human microbes are commensal; that is, they eat from the same table that we
do. These microbes are constant companions and often depend on humans for their exis-
tence. Although humans do not appear to be absolutely dependent on microbes for life (at
least the cultivatable ones we know), we exist more comfortably with microbes than with-
out them. We also encounter transient microbes, which are just passing through or on us,
so to speak. Some commensal transient species may be opportunistic pathogens. These
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organisms can cause disease only if one or more of the usual defense mechanisms hu-
mans have evolved to restrict microorganisms from their usually sterile internal organs
and tissue are breached by accident, by intent (eg, surgery), or by an underlying meta-
bolic or an infectious disorder (eg, AIDS). Nevertheless, a small group of microorganisms
often causes infection and overt disease in seemingly normal individuals. These are the
primary pathogens such as the common cold virus, the mumps virus, the typhoid bacil-
lus, gonococcus, the tubercle bacillus, and the treponema of syphilis. Each organism is
adapted exclusively to humans; other pathogens such as Salmonella typhimurium, a com-
mon cause of human food poisoning, can cause disease both in humans and other ani-
mals, birds, and even reptiles.

What is the difference between a commensal, an opportunist, and a primary
pathogen? All of these organisms can cause disease under the proper circumstances. One
distinction to make between an opportunistic pathogen and a primary pathogen is on the
basis of the essentiality of the host for the long-term survival of a microbe. Long-term
survival in a primary pathogen is absolutely dependent on its ability to replicate and to be
transmitted in a particular host; however, this is not necessarily the case for a number of
the opportunistic pathogens that infect humans. The major distinction that emerges is that
primary pathogens have evolved the genetic ability to breach human cellular and
anatomic barriers that ordinarily restrict or destroy commensal and transient microorgan-
isms. Thus, pathogens can inherently cause damage to cells to gain access by force to a
new unique niche that provides them with less competition from other microorganisms,
as well as a ready new source of nutrients. For microorganisms that inhabit mammals as
an essential component of their survival tactic, success can be measured by the capacity
to multiply sufficiently to be maintained or be transmitted to a new susceptible host. This
is true for commensal and pathogen alike. However, if the pathogen gains a new niche
free of competition and rich in nutrients, it also faces a more hostile environment de-
signed by evolution to restrict microbial entry and, indeed, to destroy any intruders that
dare to enter these protected regions. Thus, pathogens have not only acquired the capacity
to breach cellular barriers, they also have, by necessity, learned to circumvent, exploit,
subvert, and even manipulate our normal cellular mechanisms to their own selfish need to
multiply at our expense.

The strategy for survival of a pathogen requires infection (persistence, usually by
multiplication on or within another living organism). Disease (ie, the overt clinical signs
and symptoms of damage that occur in a host as a result of its interaction with an infec-
tious agent) may not be an inevitable outcome of the host-parasite interaction. Rather, the
requirement for a microbial infection is sufficient multiplication by the pathogen to se-
cure its establishment within the host by transient or long-term colonization or to bring
about its successful transmission to a new susceptible host. Thus, many (or most) com-
mon infections are inapparent and asymptomatic. Symptoms of disease can reflect part of
the microbe’s strategy for survival within the host. For example, coughing promotes the
transmission of the tubercle bacillus and influenza virus, and diarrhea spreads enteric
viruses, protozoa, and bacteria.

Physicians often use the terms virulent and pathogenic interchangeably. Originally,
virulence was used as a comparison of pathogenicity in the quantitative sense, and this
use of the term is still preferred. For example, the bacterial species Haemophilus influen-
zae is a common inhabitant of the upper respiratory tract of humans. Members of this
species regularly cause middle-ear infection and sinusitis in children and bronchitis in
smokers, but one variety of H. influenzae (those with capsule type b) can cause systemic
disease (meningitis and epiglottitis). All H. influenzae are pathogenic, but H. influenzae
type b is more virulent.

CHANGES IN MICROBIAL PATHOGENICITY

Many of the major public health crises of the past two decades have been infectious in
origin. If we examine them closely, many can be seen to be a natural consequence of hu-
man behavior and progress. For example, Legionnaires’ disease can be traced to subtle
differences in human behavior and social convention. Legionella pneumophila is widely
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found in nature as an infectious agent of predatory protozoa and is normally found in
potable water supplies throughout the world. But showers and other widespread
aerosolization technology (eg, spray devices for produce in supermarkets) can introduce
the bacteria into the alveolus of the lung. Legionella finds a new niche in the human
phagocytic macrophage instead of its usual protozoan hosts Acanthamoeba or Hartman-
nella. The microbe is programmed to replicate, and the consequence is characterized as a
new or emerging infectious disease. Women in our society asked for more absorbent tam-
pons to achieve more social freedom and unwittingly, American commerce supplied a
product that helped select for certain strains of staphylococcus. Another new emerging
disease, toxic shock syndrome (TSS) was recognized and caused near panic.

These examples are not meant to turn our attention away from the pathogenic traits of
the disease-causing microbes, but it seems true, on reflection, that humans, with their
technology and social behavior, have played a significant role in providing pathogenic
microbes with new venues for their wares. Food poisoning by Escherichia coli O157:H7,
Campylobacter, and Salmonella arise as much from food technology and modern food
distribution networks than from any fundamental change in the virulence properties of the
bacteria in question. HI'V, Hantavirus, and Lyme disease seem likely to be a consequence
of the encroachment of humans on previously undisturbed ecological niches and the in-
creased likelihood of human contact with animal species and their carried microorgan-
isms. In the case of HIV, the expansion of rapid travel throughout the globe magnified
this consequence. No part of our planet is more than 3 days away by air travel, a fact
known and feared by all public health officials.

Today, physicians deal more and more with opportunists because our population is get-
ting older, and the practice of medicine keeps individuals alive longer by surgical proce-
dures and powerful drugs that affect the immune status. As a consequence, in the Western
world, microorganisms that a scant 40 years ago were considered harmless commensals or
environmental isolates are now feared opportunistic pathogens. Many of the primary
pathogens such as measles virus are controlled now by immunization. One view is that
infectious diseases are under control. Another view is that the host—parasite relationship is
still in a dynamic state. Just as many people die of infection as did 40 years ago; they just
die later and because of different infectious agents. It is important to understand that for
most of the world, the “classic” pathogens of history such as malaria, the tubercle and lep-
rosy bacillus, and the cholera vibrio, together with newcomers such as HIV, are the leading
causes of human misery and death.

TOWARD A GENETIC AND MOLECULAR DEFINITION
OF PATHOGENICITY

The classic investigation of pathogenicity has been based on linking natural disease in hu-
mans with experimental infection produced by the same organism. The analysis of bacte-
rial virulence determinants usually was the result of the comparative analysis of different
clinical isolates of the same species that were either virulent or avirulent in a particular
model system. This led to speculation about the potential role of a number of microbial
traits as virulence determinants.

This comparative approach now has given way to mutational analysis within a single
or limited number of strains of a pathogenic species. The goal is to obtain a single, defined
genetic change that alters a single virulence property and affects the pathogenesis of infec-
tion or the ability of the organism to cause pathology in an appropriate model system. The
advances in microbial genetics, DNA biochemistry, and molecular biology have made it
possible to apply a kind of molecular Koch’s postulates to the analysis of virulence traits.

1. The phenotype or property under investigation should be associated significantly
more often with pathogenic strains of a species than with nonpathogenic strains.

2. Specific inactivation of the gene or genes of interest associated with the suspected vir-
ulence trait should lead to a measurable decrease in virulence.

3. Restoration of pathogenicity or full virulence should accompany replacement of the
mutated allele with the original wild-type gene.
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This simplistic goal is not always possible because it is dependent on a suitable infec-
tion model in which to test a microorganism. The ideal model can be infected by a natural
route using numbers analogous to those seen in human infection and can duplicate the
relevant pathology observed in the natural host. Except for other primates, such models
do not exist for pathogens that are restricted to humans. For example, it is still difficult to
assess the role of IgA1 protease in the pathogenicity of Neisseria gonorrhoeae, because
the enzyme works only on human IgA1l and the microorganism is an exclusive human
pathogen.

Despite these technical limitations, there has been a revolution over the past decade in
understanding of the basic pathogenic mechanisms and how microbes bring about infec-
tion and disease. The use of transgenic animals, reconstituted human immune systems in
rodents, and the extension of cell and organ culture methods to the study of infectious
agents will lead to greater understanding of the pathogenesis of infectious diseases. In
parallel, new methods to visualize living microbes in tissue and to monitor genetic activ-
ity through “reporter molecules” will permit the monitoring of microbes in infected tissue
in real time. The full genomic sequence of most pathogenic microbial species will be
completed within the coming decade. This information, coupled with contemporary tech-
nology of DNA arrays and the parallel knowledge about the human genome, soon will al-
low examination of the expression of every bacterial gene and a representative expression
of host genes in both experimental infection models and in samples obtained from in-
fected patients. This knowledge will continue to impact how infectious diseases are diag-
nosed, treated and prevented in the not-too-distant future.

ATTRIBUTES OF MICROBIAL PATHOGENICITY

Whether a microbe is a primary or opportunistic pathogen, it must be able to enter a host;
find a unique niche; avoid, circumvent or subvert normal host defenses; and multiply. To
be successful, a primary pathogen also must be transmitted to a new susceptible host or es-
tablish themselves in the host for an extended period of time and eventually be transmitted.

Entry

Like all other living organisms, humans must maintain contact with the environment to
see, breathe, ingest food, reproduce, and eliminate wastes. Consequently, each of the
portals in the body that communicates with the outside world becomes a potential site of
microbial entry. Human and other animal hosts have various protective mechanisms to pre-
vent microbial entry (Table 10—1). A simple, although relatively efficient, mechanical bar-
rier to microbial invasion is provided by intact epithelium, the most effective of which is
the stratified squamous epithelium of the skin with its superficial cornified anucleate lay-
ers. Organisms can gain access to the underlying tissues only by breaks or by way of hair
follicles, sebaceous glands, and sweat glands that traverse the stratified layers. The surface
of the skin continuously desquamates and thus tends to shed contaminating organisms. The
skin also inhibits the growth of most extraneous microorganisms because of low moisture,
low pH, and the presence of substances with antibacterial activity.

A viscous mucus covering protects the epithelium lining the respiratory tract, the gas-
trointestinal tract, and urogenital system secreted by goblet cells. Microorganisms be-
come trapped in the mucus layer and may be swept away before they reach the epithelial
cell surface. Secretory IgA (sIgA) secreted into the mucus and other secreted antimicro-
bials such as lysozyme and lactoferrin aid this cleansing process. Ciliated epithelial cells
constantly move the mucus away from the lower respiratory tract. In the respiratory tract,
particles larger than 5 wm are trapped in this fashion. The epithelium of the intestinal
tract below the esophagus is a less efficient mechanical barrier than the skin, but there are
other effective defense mechanisms. The high level of hydrochloric acid and gastric
enzymes in the normal stomach kill many ingested bacteria. Others are susceptible to
pancreatic digestive enzymes or to the detergent effect of bile salts. Similarly, the multi-
layered transitional epithelium of the urinary tract uses the flushing effect of urine and its
relatively low pH as additional defense mechanisms to limit microbial entry and growth.
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TABLE 10-1

Nonspecific Defenses Against Colonization with Pathogens

Abbreviations: +, ++, +++ = relative importance in defense at each site; — = unimportant.

@ Sterile in health.
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Urinary tract infections are much more common in women than men because the short
urethra in females allows easier passage of organisms to the bladder; such infections in
women are often associated with sexual intercourse.

Pathogenic organisms have evolved mechanisms to capitalize on each of these human
sites of environmental contact as points of entry. Removal of the epithelial barrier and
normal host cell functions makes human into the victims of opportunists. One natural
method of bypassing the skin is direct inoculation by insect bites; several organisms use
this route, including the plague bacillus Yersinia pestis and the malarial parasite. These
microorganisms, which must spend part of their lives in remarkably different environ-
ments than their mammalian hosts, have adapted mechanisms for survival. Another means
in the modern world of bypassing the skin is through the deliberate inoculation used by
drug addicts who suffer from a particular constellation of infectious disease agents as a
result.

We still know very little about the microbial factors essential to ensure infectious trans-
mission from host to host. Obviously, microbes adapted to life in humans have evolved to
take advantage of existing avenues of contact between their hosts. Dissemination by
aerosol is common, but success is more than just random chance; the parasite must design
itself for the rigors of atmospheric drying and other environmental factors. The virus of the
common cold must exist on inanimate objects (fomites) waiting for a hand to touch and
carry them to the conjunctiva or nasopharynx. The burden on an enteric pathogen that fol-
lows the fecal—oral route is substantial: feces, mouth to stomach to small bowel to large
bowel and back to the cold cruel world in stool. Thus, bacteria causing enteric infection are
exposed to extremes of temperature, pH, bile salts, digestive enzymes, and a myriad of
competing microorganisms. Sexually transmitted pathogens ordinarily are delivered by di-
rect inoculation onto mucosal surfaces. This microbial strategy avoids life in the external
environment but is not without its own set of special requirements to overcome changing
pH, mucus obstruction, anatomic barriers, local antibodies, and phagocytic cells.

All of the factors in the initial encounter of the host with the parasite can be assessed
to some degree by measuring the infectious dose of the organism. How many organisms
must be given a host to ensure infection in some proportion of the individuals? The mea-
sure of the infectious dose-50 (IDs) for several pathogens is shown in Table 10-2. It is a
simple measurement of a very complex interaction. Moreover, it is somewhat misleading,
as the endpoint is disease in human volunteers or death (a rigorous endpoint) in animal
experiments.

Adherence: The Search for a Unique Niche

The first major interaction between a pathogenic microorganism and its host entails
attachment to an eukaryotic cell surface. In its simplest form, adherence requires the par-
ticipation of two factors: a receptor on the host cell and an adhesin on the invading mi-
crobe. Most viruses attach specifically to sites on target cells through an envelope protein.
For example, the influenza viruses attach specifically to neuraminic acid—containing

TABLE 10-2

Dose of Microorganisms Required to Produce Infection in Human
Volunteers

MICROBE RouTE DISEASE-PRODUCING DOSE
Rhinovirus Pharynx 200
Salmonella typhi Oral 10°

Shigella spp. Oral 10-1000

Vibrio cholerae Oral 108

V. cholerae Oral + HCO;~ 10*

Mycobacterium tuberculosis Inhalation 1-10
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glycoprotein receptors on the surface of respiratory cells before penetrating to the interior
of the cell. Bacteria, like viruses, generally have protein structures on their surface that
recognize either a protein or a carbohydrate moiety on the host cell surface. Finding the
correct host cell surface in many cases appears to be a probability event related to the in-
fectious dose. Because the mucosal surface is constantly bathed by a moving fluid layer,
it is not surprising that many bacteria that infect the bladder or gastrointestinal tract are
motile, and some (such as the typhoid bacillus) may use chemotaxis (see Chapter 3) to
home in on the correct host cell surface. Some bacteria use mucolytic enzymes to reach
epithelial surfaces.

Some bacterial adherence may involve hydrophobic interruptions between nonpolar
groups present on the microbe and host cell. Alternatively, one can envision cationic
bridging between cells. Such interactions lack the specificity seen in most host—pathogen
interactions. Rather, pathogens most often employ highly specific receptor-ligand bind-
ing. In the last decade, it has become clear that most pathogenic microorganisms have
more than a single mechanism of host cell attachment, which is not just a redundant fea-
ture. More often it reflects that pathogenic microbes require different types of adherence
factors depending on their location and the types of host cells they may encounter. Thus,
bacteria may employ one set of adhesins at the epithelial surface but respond with a dif-
ferent set when they encounter cells of the immune system. Finally, not all adhesins are
essential virulence factors; they may play a role in survival outside of a host or add to the
biology of the microbe outside of its pathogenic lifestyle.

Bacterial adhesins can be divided into two major groups: pili (fimbriae) and nonpilus
adhesins (afimbrial adhesins). The pili of many Gram-negative bacteria bind directly to
sugar residues that are part of glycolipids or glycoproteins on host cells or act as a protein
scaffold to which another more specific adhesive protein is affixed. One of the major fea-
tures among diverse pili is conservation of the molecular machinery needed for pilus bio-
genesis and assembly onto the bacterial surface. One of the best-studied examples of
pilus assembly is P-pili (pyelonephritis-associated pili), which are encoded by pap genes.
E. coli strains that express P-pili are associated with pyelonephritis, which arises from
urinary tract colonization and subsequent infection of the kidney. It is thought that P-pili
are essential adhesins in this disease process. The pap operon is a useful paradigm,
because it contains many conserved features found among various pilus operons. Two
molecules guide newly synthesized pilus components to the bacterial surface. The major
subunit of the pilus rod is PapA, which is anchored in the bacterial outer membrane by
PapH. At the distal end of the pilus rod is the tip fibrillum, composed of PapE, and the
actual tip adhesin, PapG, which mediates attachment to the host cell surface. Two other
proteins, PapF and PapK, are involved in tip fibrillum synthesis. Although the host recep-
tor varies for different bacterial pili, the general concepts provided by studying the P pilus
operon are conserved in many other pilus systems, and components are often interchange-
able. Homologous sequences to pap genes also have been found in genes involved in
bacterial capsule and lipopolysaccharide biosynthesis.

Although many pili look alike morphologically, there are at least five general classes
in various Gram-negative bacteria that recognize different entities on the host cell surface.
Thus, although pap-like sequences are common throughout Gram-negative adhesins,
other families of pili use alternative biogenesis and assembly machinery to form a pilus.
One such group, type IV pili, is found in diverse Gram-negative organisms, including the
causal agents of gonorrhea and cholera. Type IV pili subunits contain specific features,
including a conserved, unusual amino-terminal sequence that lacks a classic leader se-
quence and, instead, generally utilizes a specific leader peptidase that removes a short,
basic peptide sequence. Several possess methylated amino termini on their pilin mole-
cules and usually contain pairs of cysteines that are involved in intrachain, disulfide bond
formation near their carboxyl termini; however, analogous to the P-pilus tip adhesin, a
separate tip protein may function as a tip adhesin for type IV pili. The host receptor that a
pathogenicity-associated adhesin recognizes probably determines the tissue specificity for
that adhesin and bacterial colonization or persistence; of course, other factors also may
make a contribution. The location of the adhesin at the distal tip of pili ensures adhesin
exposure to potential host receptors. Alterations in the pilus subunit can also affect
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adherence levels, and antigenic variation in the actual structural pilin protein can be an
important source of antigenic diversity for the pathogen.

The pilus model of attachment is the best-known means of bacterial attachment to a
host cell surface; however, nonpilin adhesins have been demonstrated in a number of bac-
terial species. These are often specific outer membrane proteins that form an intimate
contact between the bacterial surface and the surface of the host cell. Several of these are
intriguing because they resemble or “mimic” eukaryotic sequences that mediate cell—cell
adhesion and adherence to the extracellular matrix. Similar classes of molecules thought
to mediate adherence in the Gram-positive bacteria are surface fibrils composed of pro-
teins and lipoteichoic acid. For example, streptococci causing pharyngitis, express an M
protein—lipoteichoic acid structure believed to mediate attachment to the prevalent host
cell protein, fibronectin.

Bacterial capsular polysaccharide also may mediate adherence to host cells or play an
important role in binding layers of bacteria to others immediately adherent to the epithe-
lial surface. These bacterial biofilms not only can coat the mucosal surface but play an
important role in the bacterial colonization of the inert materials used as catheters.

Some organisms excrete an enzyme IgA protease, which cleaves human IgAl in the
hinge region to release the Fc portion from the Fab fragment. This enzyme might play an
important role in establishing microbial species at the mucosal surface, as bacteria that
cleave IgA can bind the antigen-binding domain of the immunoglobulin. This is one of
several cases of molecular mimicry where bacteria (and probably viruses as well) can
coat themselves with a secreted host cell product. This provides a microorganism with
two advantages. First, microbes use these secreted products as a bridge to adhere to cell
receptors that ordinarily bind these secreted products. Second, by binding a host cell
product on its surface, the microbe disguises itself from the host cell immune system.

Unlike bacteria, viruses generally only have one major adhesin that they use to attach
to the host cell surface and to gain entry into the cytoplasm. Otherwise, both bacteria and
viruses share the same strategy: a protein structure that recognizes a specific receptor.
Host cell receptors do not exist for the sole use of infectious agents; they generally are as-
sociated with important cellular functions. The adhesive molecule on the microorganism
has been selected to take advantage of the host cell’s biological function(s). In this way,
the adhesin provides the microbe with a unique niche where the infectious agent has the
greatest chance to achieve success. Presumably, a pathogen’s success can be measured by
the extent of multiplication subsequent to entry. Adherence is important not only during
the initial encounter between the pathogen and its host but also throughout the infection
cycle.

Strategy for Survival: Avoid, Circumvent, Subvert,
or Manipulate Normal Host Cell Defenses

Once a pathogenic species reaches its unique niche, it may face formidable host defense
mechanisms including dangerous phagocytic cells. Such a site may be devoid of a normal
heavy commensal bacterial burden precisely because it contains added defense measures
not found at the usual mucosal sites. The ways by which microbes avoid, circumvent, or
even subvert or manipulate such host barriers are relatively unique for each species, al-
though certain common pathogenic tactics have begun to be appreciated. We now know
that bacterial pathogenicity is a multifaceted process that can be likened to a symphony in
which each part contributes to a common theme. Yet, even though pathogenic species
sometimes use genetic homologs and exhibit similar tactics to outwit host defenses, each
pathogen has evolved a unique style of survival—a pathogenic signature.

Getting into Cells

Many pathogenic bacteria are content to fight their way to the mucosal surface, adhere,
nullify local host defense factors, and multiply. However, adherence to a cellular surface
may only be the first step in other infections. Some pathogenic microbes are capable of
entering into and surviving within eukaryotic cells. Some organisms direct their uptake
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into host cells that are not normally phagocytic, including epithelial cells lining mucosal
surfaces and endothelial cells lining blood vessels. Invasion may provide a means for a
microorganism to breach host epithelial barriers. Presumably, this invasion tactic ensures
a protected cellular niche for the microbe to replicate or persist. Alternatively, phagocytic
cells, such as macrophages, may internalize organisms actively by several mechanisms.
Pathogens that survive and replicate within phagocytic cells possess additional mecha-
nisms that enhance their survival. Even quite different organisms can employ mechanisti-
cally similar invasion strategies.

Intracellular growth and replication is an essential step for all viruses. Bacterial entry
into host cells is usually divided into two broad groups. Bacteria that, like viruses, are ob-
ligate intracellular pathogens, include the typhus group (Rickettsia) and the trachoma
group (Chlamydia). Other microbes such as the typhoid—paratyphoid group (Salmo-
nella), the dysentery group (Shigella), the Legionnaires’ disease bacillus (Legionella), and
the tubercle bacillus (Mycobacterium) are classified as facultative intracellular pathogens
and can grow as free-living cells in the environment as well as within host cells. Whereas
some pathogens do whatever they can to avoid phagocytosis, these virulent facultative
intracellular organisms establish themselves and replicate within the intracellular environ-
ment of phagocytes. All of these bacteria are taken up by host cells through a specific re-
ceptor-mediated, often bacterial-directed, phagocytic event. The entering bacteria initially
are seen within a membrane-bound, host-vesicular structure. Yet, both the facultative and
obligate bacterial pathogens can be further classified with respect to the mechanism by
which they replicate intracellularly. Thus, Shigella and some Rickettsia lyse the phago-
some and multiply in the nutrient-rich safe haven of the host cell cytosol. In contrast,
Salmonella, Chlamydia, Legionella, and Mycobacterium remain enclosed in a host cell—
derived membrane for their entire intracellular life and modulate their environment to suit
their own purposes. They survive and replicate intracellularly within a host cell vacuole
by thwarting the normal host cell trafficking pattern to avoid becoming fused to the
hydrolytically active components of lysosomes.

Generally, invasive organisms adhere to host cells by one or more adhesins but em-
ploy a class of molecules, called invasins, that either direct bacterial entry into cells or
provide an intimate direct contact between the bacterial surface and the host cell plasma
membrane. In both cases, invasins are the first step in mediating direct interaction be-
tween one or more bacterial products and host cell molecules. Invasins are adhesins in
their own right, but obviously not all adhesins (such as the pili mentioned earlier) medi-
ate entry into host cells. Invasins usually trigger or activate signals in the host cell that
directly or indirectly mediate and facilitate specific membrane—membrane interaction
and, in some cases, bacterial entry. For example, enteropathogenic E. coli and Heli-
cobacter pylori, the causative agent of peptic ulcer, use contact-dependent secretory sys-
tems to actually insert bacterial proteins into the host cell membrane. This is the first
step in a cascade of events that triggers a massive redeployment of host cell cytoskeletal
elements. The bacteria in question do not enter the host cell but remain tightly affixed to
the host cell. The molecular manipulation by the bacteria leads to a microenvironment
that is essential for bacterial persistence and proliferation. The host suffers from diarrhea
in one case or an inflamed gastric mucosa in the other, an unfortunate consequence for
many infected hosts. Likewise, some other bacteria do not enter host cells. The typhoid
bacillus and the etiologic agent of dysentery adhere intimately to the host cell surface,
and, in a contact-dependent manner, directly “inject” bacterial proteins into the host cell
cytoplasm, which induces a cataclysmic rearrangement of host cell actin that envelops
the bacteria by a process that resembles normal macropinocytosis. Thus, ultimately, host
cell cytoskeletal components and normal cellular mechanisms are exploited by bacteria
to their own end. The specific tactics used by different microbes are discussed in subse-
quent chapters.

Following cell entry, the invading bacterium immediately is localized within a mem-
brane-bound vacuole inside the host cell. As noted, the invading pathogen organism may
or may not escape this vacuole, depending on the pathogen and its strategy for survival. A
small number of bacterial species appear to forcibly enter directly into host cells by a lo-
cal enzymatic digestion of the host cell membrane following adherence to the cell
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surface. One such pathogen, Rickettsia prowazekii, produces phospholipases that appear
to degrade the host wall localized beneath the adherent organisms, thereby enabling the
pathogen to enter directly into the cytoplasm. How the bacterium controls the enzymatic
degradation to prevent host cell lysis and how the host cell reseals its membrane after in-
vasion remain uncharacterized.

Invasin binding sites can be members of the integrin family, a family of integral mem-
brane glycoproteins mediating cell—cell and cell—extracellular matrix interactions. Integrins
include the receptors for fibronectin, collagen, laminin, vitronectin, and the complement
binding receptor of phagocytes. Integrins are linked to the actin microfilament system
through a variety of molecules, including talin, vinculin, and a-actinin. Thus, the binding of a
microbe to an integrin or integrin-like molecule on the host surface may trigger a host cell
signal that causes actin filaments to link to the membrane-bound receptor, which then gener-
ates the force necessary for parasite uptake. Understanding the cell biology of microbial inva-
sion is still in its early stages, but once again it is important to emphasize that pathogenic
microbes most often gain entry into the host cell by altering or exploiting normal host cell
mechanisms.

Some viruses are internalized in much the same way. For example, rhinoviruses of
the common cold use membrane-bound glycoprotein intercellular adhesion molecule 1
(ICAM-1) as a receptor. ICAM-1 is also a ligand of certain integrins. More often, as al-
ready discussed, virus particles are taken up by the receptor-mediated endocytosis mecha-
nism (see Chapter 6), which is normally responsible for internalizing hormones, growth
factors, and some important nutrients.

Avoiding Intracellular Pitfalls

Intracellular pathogens enjoy a number of advantages. Besides avoiding the host immune
system, intracellular localization places pathogens in an environment potentially rich in
nutrients and devoid of competing microorganisms. Intracellular life is not free of diffi-
culty. Viruses that enter by fusion are “dumped” directly into the cytoplasm where they
may begin the replicative cycle. Bacteria or viruses internalized through the reorganiza-
tion of the cytoskeleton find themselves in a membrane-bound vesicle in an acidic envi-
ronment and may be destined for fusion with potentially degradative lysosomes. Some
viruses respond to the acidic environment by changing conformation, binding to the
endosomal membrane, and releasing their nucleic acid into the cytoplasm. Bacteria such
as Shigella, the cause of bacillary dysentery, and Listeria monocytogenes, a causative
agent of meningitis and sepsis in the very young or very old, elaborate an enzyme that
dissolves away the surrounding membrane and permits the bacterium to replicate within
the relative safety of the cytoplasm. Other organisms, such as the typhoid bacillus and the
tubercle bacillus, apparently tolerate the initial endosome—1lysosome fusion event; how-
ever, most recent evidence suggests that they then modify this intracellular compartment
into a privileged niche in which they can replicate optimally. Mycobacterium somehow
inhibit the acidification of the phagosome. Still other organisms, for example, the proto-
zoan Toxoplasma gondii, inhibit the acidification of the endosomal vesicle and this, in
turn, inhibits lysosomal fusion. The common theme again is that the microorganism has
found a way to circumvent or to exploit host cell factors to suit its own purpose.

Establishment: Overcoming the Host’s Immune System

Once a microorganism has breached the surface epithelial barrier, it is subject to a series
of nonspecific and specific processes designed to remove, inhibit, or destroy it. These de-
fenses are complex, dynamic, and interactive. Microorganisms that reach the subepithelial
tissues are immediately exposed to the intercellular tissue fluids, which have defined
properties that inhibit multiplication of many bacteria. For example, most tissues contain
lysozyme in sufficient concentrations to disrupt the cell wall of some Gram-positive bac-
teria. Other less well-defined inhibitors from leukocytes and platelets have also been
described. Tissue fluid itself is a suboptimal growth medium for most bacteria and defi-
cient in free iron. Iron is essential for bacterial growth, but it is sequestered by the body’s
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iron-binding proteins such as transferrin and lactoferrin and is inaccessible to organisms
that do not themselves produce siderophores (see Chapter 3). Virtually all pathogenic
species come equipped with a means to extract the essential iron they need from the
host’s iron-sequestering defenses.

If an organism proceeds beyond the initial physical and biochemical barriers, it may
meet strategically placed phagocytic cells of the monocyte/macrophage lineage whose
function is to engulf, internalize, and destroy large particulate matter, including infectious
agents. Examples of such resident phagocytic cells include the alveolar macrophages,
liver Kupffer cells, brain microglial cells, lymph node and splenic macrophages, kidney
mesangial cells, and synovial A cells. As noted above, many pathogens are facultative in-
tracellular parasites that actually seek out, enter, and replicate within these phagocytic
defenders. One of the most common tactics of these pathogens is to induce programmed
cell death (apoptosis). This clever microbial tactic not only inactivates the killing poten-
tial of the phagocyte but also reduces the number of defenders available to inhibit other
bacterial invaders. The invading bacteria that induce apoptosis obtain the added benefit
that death by apoptosis nullifies the normal cellular signaling processes of cytokine and
chemokine signaling of necrotic death. Hence, the myriads of microbes that infect
humans and make up their normal flora are held at bay by our innate and adaptive im-
mune mechanisms. Pathogenic bacteria, almost by definition, can overcome these bio-
chemical and cellular shields after they breach the mucosal barrier.

Not all pathogens can deactivate the host’s early warning system, inflammation. In-
flammation is a normal host response to a traumatic or infectious injury. When many
microorganisms multiply in the tissues, the usual result is an inflammatory response,
which has several immediate defensive effects. It increases tissue fluid flow from the
bloodstream to the lymphatic circulation and brings phagocytes, complement, and any
existing antibody to the site of infection. Macrophage-derived interleukin-1 (IL-1) and
tumor necrosis factor (TNF) stimulates or enhances these processes. The increased
lymphatic drainage serves to bring microbes or their antigens into contact with the cells
in the local lymph nodes that mediate the development of specific immune responses.
Microorganisms that escape from a local lesion into the lymphatic circulation or blood-
stream are rapidly cleared by reticuloendothelial cells or arrested in the small pul-
monary capillaries and then ingested by phagocytic cells. This process is so efficient
that when a million organisms are injected into a vein of a rabbit, few, if any, are recov-
erable in cultures of blood taken 15 minutes after injection, although the ultimate result
of such clearance may not be a cure. The end results are the classic inflammatory mani-
festations of swelling (tumor), vasodilatation of surface vessels with erythema (rubor),
heat (calor) from increased skin temperature, pain (dolor) from increased pressure and
tissue damage, and loss of function because of reflex nerve inhibition or the pain
caused by movement.

Fever, a frequent concomitant of inflammation, is mediated primarily by IL-1 and
TNF released by macrophages. The value of fever is not completely clear; however, it in-
creases the effectiveness of several processes involved in phagocytosis and microbial
killing and frequently reduces the multiplication or replication rate of bacteria or viruses.
Taken together, these host cell factors serve to produce an environment that is highly hos-
tile to most organisms and also is hostile to adjacent normal tissue. Lysosomal enzymes,
including collagenase and elastase, when released from polymorphonuclear neutrophils
(PMN5s) damage tissues and contribute to the enhancement of the inflammatory process;
however, failure of the phagocytes to clear bacteria results in continued release of toxic
products from the inflammatory exudate, which can be as damaging to the host as re-
leased bacterial virulence products. Ultimately, phagocytes kill almost all bacteria. When
the invading microorganisms (or their surviving antigenic material) cannot be degraded or
are resistant to removal or degradation, T cells accumulate and release lymphokines. This
leads to the aggregation and proliferation of macrophages and the characteristic appear-
ance of a nodular mass called a granuloma, which consists of multinucleate giant cells,
epithelioid cells, and activated macrophages. Granulomas are characteristic of infections
caused by the tubercle bacillus Mycobacterium tuberculosis and other facultative intracel-
lular parasites.
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VIRULENCE FACTORS: TOXINS

The successful pathogen must survive and multiply in the face of these formidable host
defenses. Microbial virulence factors that permit the establishment of the pathogen in the
hostile host environment are essential. If these factors are lost, the capacity to infect the
host or become transmitted successfully goes with them. Not surprisingly, these virulence
factors are also the target(s) in the design of vaccines. The following sections provide a
general overview of the classes of bacterial virulence factors that permit them to over-
come host defenses. No pathogen possesses all of the classes of virulence factors, nor are
all virulence factors absolutely essential for a pathogen to reach its goal of sufficient mul-
tiplication to establish itself in the host or to be transmitted to a new susceptible host.

Exotoxins

A number of microorganisms synthesize protein molecules that are toxic to their hosts
and are secreted into their environment or are found associated with the microbial
surface. These exotoxins usually possess some degree of host cell specificity, which is
dictated by the nature of the binding of one or more toxin components to a specific host
cell receptor. The distribution of host cell receptors often dictates the degree and the
breadth of the toxicity. Bacterial exotoxins, whether synthesized by Gram-positive or
Gram-negative bacteria, fall into two broad classes, each of which represents a general
pathogenic theme common to many bacterial species.

A—B Exotoxins

The best known pathogenic exotoxin theme is represented by the A—B exotoxins. These
toxins are divisible into two general domains. One, the B subunit, is associated with the
binding specificity of the molecule to the host cell. Generally speaking, the B region
binds to a specific host cell surface glycoprotein or glycolipid. The other, subunit A, is the
catalytic domain, which enzymatically attacks a susceptible host function or structure.
The actual biochemical structure of exotoxins varies. In some cases (diphtheria toxin), the
single B subunit of the toxin is linked through a disulfide bond to the A subunit. In other
cases (pertussis toxin), multiple B subunits may join with a single A enzymatic subunit.
In any event, following attachment of the B domain to the host cell surface, the A domain
is transported by direct fusion or by endocytosis into the host cell. Many of the most po-
tent A—B bacterial toxins are ADP-ribosylating enzymes. Some of these affect the pro-
tein-synthesizing apparatus of the cell (diphtheria toxin, Pseudomonas exotoxin); others
affect the cytoskeleton (Clostridium botulinum toxin C2) or the normal signal transduc-
tion activities of the host (Bordetella pertussis and Vibrio cholerae). It is notable that the
major natural substrates of the toxin ADP-ribosyltransferases are guanine nucleotide-
binding proteins (G proteins), which are involved in signal transduction in eukaryotic
cells. In a very simplistic way, one can think that the ADP-ribosylating toxins are all
geared to interrupt the biochemical lines of communication within and between host
cells. An understanding of bacterial toxins, therefore, sheds as much light on the intimate
details of normal animal cell regulation as it does on bacterial pathogenicity.

Several bacterial toxins have been examined in exquisite detail at the biochemical
level. The crystal structures of several have been “solved.” In many cases, the precise
amino acids making up the catalytic site of the toxin are so well known that a single
amino acid substitution can be made that is sufficient to detoxify the molecule. These
toxoids are the basis for new generations of vaccines. Given this level of biochemical so-
phistication, it is somewhat disconcerting to realize that the actual role of bacterial toxins
in microbial pathogenicity has not been clarified. A number of the most fearsome human
diseases are the result of intoxication by secreted bacterial toxins. Human disease as a
consequence of an accidental contamination of a wound with the tetanus bacillus or the
accidental ingestion of food contaminated with botulinum toxin is an individual human
disaster, but it does not necessarily reveal the actual role of the toxin in the biology of
Clostridium tetani or Clostridium botulinum. These organisms are not primary pathogens
of humans, although their toxins presumably have evolved to play some role in their
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interaction with other eukaryotic life forms. Nontoxigenic variants of tetanus or the botu-
linum bacterium are totally avirulent for humans.

Some toxigenic microbes are highly adapted to humans including Corynebacterium
diphtheriae (diphtheria), and B. pertussis (whooping cough). Others such as V. cholerae
are very toxic to humans but have a reservoir, presumably on or in a marine animal. For
these A—B toxins, we understand the biochemical basis for toxigenicity and the indis-
pensability of the toxins for the pathogenicity of the microorganism. We even understand
that if we immunize individuals against these toxins, we can prevent disease. What we do
not fully understand is the role of the toxin in the biology of the microorganism. The
toxin cannot be so potent that it rapidly kills all of the hosts that are infected. Toxins may
represent the principal determinant of bacterial virulence in some species but may not be
the principal determinant of infectivity; however, it seems likely that toxins play a role in
the establishment of the organism in the early phases of infection or they are elaborated
only if the organism “senses” danger. Thus, V. cholerae devoid of cholera toxin does not
colonize susceptible animals as well as toxigenic organisms, nor is it as efficiently trans-
mitted. It is possible that the effects of cholera toxin, the induced net secretion of water
and electrolytes into the lumen of the bowel, make conditions right for cholera replica-
tion. On the other hand, nontoxigenic C. diphtheriae and B. pertussis can still colonize
humans and be transmitted, although not as well as their toxigenic parents.

Currently, molecular cloning techniques, coupled with appropriate infection models,
are leading to the elucidation of the roles of some toxins in the pathogenesis of infections.
Not all toxins are essential for pathogenicity. For example, Shigella dysenteriae produces a
very potent cytotoxin called Shiga toxin. Nontoxigenic variants of this organism are still
pathogenic but are not as virulent. The high death rates associated with toxigenic S. dysen-
teriae appear to be associated with damage done to the colonic vasculature by Shiga toxin.

Ras Inhibitors and Other Toxins Affecting Host Cell
Trafficking and Signal Transduction Pathways

The A-B toxin paradigm focused on the fact that a variety of distinct toxins harbored by a
variety of distinct pathogens attached the ADP-ribose moiety from NAD to a preferred target
molecule, generally a G protein that bound and hydrolyzed GTP. However, the B (binding)
specificity of the toxins varies considerably. Thus, seemingly identical catalytic properties of
toxin molecules have different effects in a host animal because the toxin binds to a different
receptor molecule in the host. For example, the most potent neurotoxins known produced by
the clostridia causing botulism and tetanus target four proteins (syntaxin, VAMP/synapto-
brevin 1 and 2, and snap-25) that are involved in the docking of host cell vesicles and are
involved with the release of neurotransmitters. Yet, each toxin is delivered differently and
preferentially binds to different cell types when introduced into humans by accidental oral
ingestion or by introduction by contaminated soil. Because these toxins were recognized to
be introduced into host cells and functioned intracellularly, they became a favored reagent of
cell biologists to investigate the normal biology of mammalian cells.

Some toxins, such as botulinum toxin, are used in medicine to relieve the effects of
some nerve disorders. The recognition that many toxins are internalized in a membrane-
bound vesicle from which the catalytically active A part has to escape into the cytoplasm
led to the investigation of binding specificity within the toxin itself. In this vein, the A sub-
unit of cholera toxin has a C-terminal motif that provides retention of the molecule in the
endoplasmic reticulum; similar binding motifs are found in other toxic molecules. In re-
cent years, the capacity of invading bacteria and other parasites to undermine the host cell
biology with such exquisite sensitivity has become a hallmark of research into bacterial
pathogenicity. Ten years ago, we scarcely dreamed that the study of bacterial toxins would
provide such a wealth of information about human biology. The most avid medical micro-
biologists did not think that such a diversity of bacterial toxins were yet to be discovered.
For example, a number of bacterial toxins have been recognized that modifies proteins
of the Ras superfamily, particularly the Rho subfamily. Some bacteria ADP-ribosylate
Rho A, B, and C at a specific asparagine residue. Others, such as the bacterium Clostrid-
ium difficile, a commensal that can cause severe diarrhea in patients whose flora has been
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suppressed by antibiotic therapy, glycosylate (add a glucose moiety) to their target and at-
tack all members of the Rho subfamily (Rho, Rac, and CDC-42). Still others, such as the
dermonecrotic toxin of the whooping cough bacillus, deamidate a glutamine residue in
the Rho protein, changing it to glutamic acid, which, in the end, causes large-scale cy-
toskeletal rearrangements.

Membrane-Active Exotoxin

While the A—B exotoxins and the toxins described thus far are, strictly speaking, intracel-
lular toxins, a plethora of other bacterial toxins are described in the medical literature.
Most of these are not well characterized, although many of them act directly on the sur-
face of host cells to lyse or to kill them. They may facilitate penetration of host epithelial
or endothelial barriers, and some toxins can kill white cells or paralyze the local immune
system. Many bacteria elaborate substances that cause hemolysis of erythrocytes, and this
property has been postulated to be an important virulence trait. In fact, some bacterial he-
molysins are representative of general classes of bacterial exotoxins (the cytotoxins) that
kill host cells by disrupting the host cell membrane. Moreover, hemolysins may liberate
necessary growth factors such as iron for the invading microorganisms.

Among Gram-negative bacteria, a surprising number of these cytotoxins are members
of a single family called the RTX (repeats in toxin) group based on a recurrent theme of a
nine-amino-acid tandem duplication. RTX toxins are calcium-dependent proteins that act
by creating pores in eukaryotic membranes, which may cause cellular death or at least a
perturbation in host cell function. Such toxins are thought to be particularly effective
against phagocytic cells. Other exotoxins contribute to the capacity of an organism to in-
vade and spread. The lecithinase a-toxin of Clostridium perfringens, for example, dis-
rupts the membranes of a wide variety of host cells, including the leukocytes that might
otherwise destroy the organism, and produces the necrotic anaerobic environment in
which it can multiply.

Hydrolytic Enzymes and Nontoxic Toxins
of Type 111 Secretion Systems

Many bacteria produce one or more enzymes that are nontoxic per se but facilitate tissue
invasion or help protect the organism against the body’s defense mechanisms. For exam-
ple, various bacteria produce collagenase or hyaluronidase or convert serum plasminogen
to plasmin, which has fibrinolytic activity. Although the evidence is not conclusive, it is
reasonable to assume that these substances facilitate spread of infection. Some bacteria
also produce deoxyribonuclease, elastase, and many other biologically active enzymes, but
their function in the disease process or in providing nutrients for the invaders is uncertain.
All are proteins and have most of the characteristics of exotoxin, except specific toxicity.
Although many such factors have been thought to be involved in bacterial virulence, for-
mal proof that they may contribute to pathogenicity has not been obtained in many cases.

In the past 5 years there has been a growing recognition that many Gram-negative
bacteria have blocks of genes called pathogenicity islands (PAIs) (see below), which are
composed of a secretory pathway that delivers virulence factors into the cytoplasm of
host cells. Several of these were described earlier when considering Salmonella invasion.
The difference between these molecules and the classical bacterial toxins is that these vir-
ulence molecules are not in and of themselves toxic but they induce host cellular damage
like apoptosis. These factors are described in considerable detail in the chapter that de-
scribes Salmonella, Shigella, and Yersinia (see Chapter 21).

Superantigens: Exotoxins That Interfere
With the Immune Response

It has become clear in recent years some microbial exotoxins have a direct effect on cells
of the immune system and this interaction leads to many of the symptoms of disease.
Thus, the enterotoxins causing staphylococcal food poisoning, the group A streptococcal
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exotoxin A responsible for scarlet fever, and the TSS exotoxin responsible for the staphy-
lococcal toxic shock syndrome interact directly with the T-cell receptor. The effect of this
interaction is dramatic. Cytokines such as IL-1 and TNF are produced, which leads to
their familiar effects systemically and to local skin and gastrointestinal effects (depending
on the toxin and its site of action). In addition, after binding to class II major histocom-
patibility complex (MHC) molecules on antigen-presenting cells, these exotoxins act as
polyclonal stimulators of T cells so that a significant proportion of all T cells respond by
dividing and releasing cytokines. This eventually leads to immunosuppression for reasons
that are not totally clear. When trying to assess these findings from the standpoint of bacte-
rial pathogenicity, it is important to divorce the disease entity seen in ill patients from the
potential role of these toxins in the normal life of the microorganism.

For example, staphylococcal food poisoning is an intoxication and does not involve
infection by living microbes but rather the ingestion of the products produced by staphy-
lococci in improperly handled food. The toxins that cause such food poisoning are resis-
tant to digestive enzymes. Staphylococcal enterotoxins are also resistant to boiling, so
that disease may follow ingestion of contaminated foods in which the organism has al-
ready been killed. What then is the role of the toxin in the normal biology of the microbe?
Although the complete answer to this question is unknown, it seems likely that the toxins
would play a role in the interaction of the microorganism with local host defenses in its
preferred human niche, on the skin and the mucosal surface. Here, at the microscopic
level, the capacity to neutralize the antigen-presenting cells in the microcosm of the pores
of the skin is clearly more important than the induction of vast systemic symptoms. Not
all staphylococci carry the enterotoxin genes. Indeed, enterotoxin genes may be carried
on plasmids or bacterial viruses. Perhaps, the staphylococci that carry such “superanti-
gens” have an advantage over their competing brethren. Such questions need to be
answered at the experimental level. We must examine the determinants of bacterial patho-
genicity with an eye to their role in the biology of the microbe, as well as from the view
that they play an essential role in relatively rare cases of overt disease.

Superantigens are not restricted simply to bacterial toxins of Gram-positive bacteria.
Increasingly, they are reported as potential factors in the pathogenesis of viral infection
and in a number of other bacteria. Moreover, polyclonal activation of other immune cells
is seen, as in the activation of B cells by the Epstein—Barr virus. Hence, the interaction of
microbial products directly with cells of the immune system that leads to immunosup-
pression may be a common theme of microbial pathogenicity.

Endotoxin

In many infections caused by Gram-negative organisms, the endotoxin (see Chapter 2) of
the outer membrane is a significant component of the disease process. Recall that endo-
toxin is a lipopolysaccharide and that the lipid portion (lipid A) is the toxic portion. The
conserved polysaccharide core and the variable O-polysaccharide side chains of endo-
toxin are responsible for the antigenic diversity seen among enteric bacterial species. The
major characteristics of endotoxin are contrasted with those of exotoxin in Table 10-3.
As noted earlier, endotoxin is a major cue to the human innate defense system that bacter-
ial multiplication is taking place in the tissues. Endotoxin in nanogram amounts causes
fever in humans through release of IL-1 and TNF from macrophages. In larger amounts,
whether on intact Gram-negative organisms or cell wall fragments, it produces dramatic
physiologic effects associated with inflammation. These include hypotension, lowered
polymorphonuclear leukocyte and platelet counts from increased margination of these
cells to the walls of the small vessels, hemorrhage, and sometimes disseminated intravas-
cular coagulation from activation of clotting factors. Rapid and irreversible shock may
follow passage of endotoxin into the bloodstream. This syndrome is seen when materials
that have become heavily contaminated are injected intravenously or when a severe local
infection leads to massive bacteremia. The role of endotoxin in more chronic disease
processes is less clear, but some manifestations of typhoid fever and meningococcal
septicemia, for example, are fully compatible with the known effects of endotoxin in
humans. It should be noted that endotoxins are considerably less active than many
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TABLE 10-3
Differential Characteristics of Endotoxins and Exotoxins
CHARACTERISTIC ENDOTOXINS EXOTOXINS
Chemical nature Lipopolysaccharide Protein
(lipid A component)
Part of Gram-negative cell Yes No
outer membrane
Most from Gram-positive bacteria No Yes
Usually extracellular No Yes
Phage or plasmid coded No Many
Antigenic Weakly Yes
Can be converted to toxoid No Many
Neutralized by antibody Weakly Yes
Differing pharmacologic specificities No Yes
Stable to boiling” Yes No

“Enterotoxin of Staphylococcus aureus withstands boiling.

exotoxins, incompletely neutralized by antibody against their carbohydrate component,
and stable even to autoclaving. The latter characteristic is important, because materials
for intravenous administration that have become contaminated with Gram-negative organ-
isms are not detoxified by sterilization.

Gram-positive bacteria do not contain endotoxin but they release peptidoglycan frag-
ments and other cell wall determinants that act to “alarm” the host to the presence of bac-
teria in the tissues. The same cytokines are released and the same physiologic cascade is
seen.

AVOIDING THE HOST IMMUNE SYSTEM

The host immune system evolved in large part because of the selective pressure of micro-
bial attack. To be successful, microbial pathogens must escape this system at least long
enough to be transmitted to a new susceptible host or to take up residence within the host
in a way that is compatible with mutual coexistence.

Serum Resistance

Many bacteria that come into contact with human complement can be destroyed by op-
sonization or by direct lysis of the bacterial membrane by complement complexes. Some
can avoid this fate by a process called serum resistance. Pathogenic Salmonella possess a
lipopolysaccharide inhibiting the C5b—9 complement complex from attacking the hy-
drophobic domains of the bacterial outer membrane. Other bacteria employ different
mechanisms, but the end result is the same. These organisms can persist in an environ-
ment that is rapidly lethal for nonpathogens.

Antiphagocytic Activity

A fundamental requirement for many pathogenic bacteria is escape from phagocytosis by
macrophages and polymorphonuclear leukocytes. It seems likely that the ability to avoid
phagocytosis was an early necessity for microorganisms following the evolution of preda-
tory protozoans. Some bacteria such as the causative agent of Legionnaires’ disease,
Legionella pneumophila, learned how to replicate in free-living amoebae following
phagocytosis and used them as part of their life cycle. Legionella uses similar mecha-
nisms to outwit human macrophages. In this one example, it can be seen that pathogenic-
ity in some microorganisms evolved from a very early time in their development.
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The most common bacterial means to avoid phagocytosis is an antiphagocytic capsule.
The significance of the bacterial capsule can hardly be overemphasized. Almost all princi-
pal pathogens that cause pneumonia and meningitis have antiphagocytic polysaccharide
capsules. Nonencapsulated variants of these organisms are usually avirulent. In many
cases, it has been found that the capsule of pathogens prevents complement deposition on
the bacterial cell surface. Thus, the capsule prevents nonimmune opsonization and con-
fers resistance to phagocytosis. As noted earlier, along with encapsulation, a common fac-
tor of many organisms that cause pneumonia and meningitis is the elaboration of an
enzyme that specifically cleaves human IgA1 molecules. IgA proteases are found in the
pathogenic Neisseria, Haemophilus influenzae type b (Hib), and Streptococcus pneumo-
niae. The combination of a capsule to avoid opsonization and/or an enzyme that cleaves
an important class of secretory antibody is a potent stratagem to avoid phagocytosis.

The group A streptococcal M protein is another example of a bacterial surface product
employed by the organism to escape opsonization and phagocytosis. In part, this is a re-
flection of the ability of M protein to bind fibrinogen and its breakdown product fibrin to
the bacterial surface. This sterically hinders complement access and prevents opsoniza-
tion. There are many other examples. The principle is clear. If microorganisms can inhibit
phagocytosis, they can often gain the upper hand long enough to replicate sufficiently to
establish themselves in the host or become transmitted to a new host. It is important to
understand that these encapsulated pathogens are often carried asymptomatically in the
normal flora (see Table 9—1). The capsule is important for the organism to establish itself
in the nasopharynx.

The host responds to its initial encounter with the encapsulated organism by elaborat-
ing anticapsular antibodies that opsonize and permit efficient phagocytosis and destruc-
tion of the microorganism in subsequent encounters. Thus, the initial interaction between
an encapsulated microbe and its host usually has two outcomes. First, the host becomes
asymptomatically colonized, and, second, the colonization is an immunizing event for the
host. The host is protected against serious systemic infection by the organism, but this im-
munity may not affect the capacity of the organism to live happily on a mucosal surface.
Epidemiologic investigations show that serious disease caused by encapsulated pathogens
when it occurs does so shortly after a susceptible individual encounters the microorgan-
ism for the first time. This scenario contrasts with the idea that carriers of microorganisms
come down with the disease at some time in the future. If a microorganism meets a host
with a compromised immune system or some short-term deficit in its defense systems,
then the organism’s capacity for replication can overwhelm the host defense mechanisms
and cause serious disease. Once colonization and immunity have been established, the
steady state is a satisfactory host—parasite relationship. For example, the outcome of en-
counters with Neisseria meningitidis in military recruits followed for colonization and an-
ticapsular antibody throughout training camp has been demonstrated. Disease developed
only in those entering the camp lacking both specific antibody and nasopharyngeal colo-
nization with the N. meningitidis serogroup responsible for a subsequent meningitis out-
break. Unaffected recruits either had a “successful” encounter followed by development
of antibody or already had protective antibody, presumably from a similar experience ear-
lier in life.

Cutting Lines of Communication

Pathogens such as Yersinia and Salmonella have evolved means to neutralize phagocytes
directly by using the equivalent of eukaryotic signal transduction molecules. Pathogenic
Yersinia synthesize tyrosine phosphatase molecules and serine kinase molecules and in-
troduce them into the cytoplasm of macrophages, which leads to a complete loss in the
capacity of these cells either to phagocytose microorganisms or to signal other compo-
nents of the host immune system by cytokine release. Likewise, both Salmonella and
Yersinia inject bacterial proteins into the cytoplasm of host cells that directly induce
apoptosis or disrupt cellular function. As noted earlier, microbial mimicry can have the
same effect by concealing the microorganism under a shroud of host proteins; however,
the strategy of directly interfering with host cell function by use of an alternative enzyme
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or modifying and activating existing host cell effectors has been discovered to be a more
common pathogenic strategy for the invading microbe than previously realized. This
helps resolve the mystery that bacteria not known to produce toxins nonetheless cause
cellular toxicity.

Antigenic Variation

Another method by which microorganisms avoid host immune responses is by varying sur-
face antigens. N. gonorrhoeae displays an endless array of pili and outer membrane proteins
to the host immune system. The organism has learned to preserve its binding specificity but
to vary endlessly the molecular scaffolding on which the functional units are placed. The
host “sees” a bewildering array of new epitopes, whereas the critical regions of the mole-
cule remain hidden from immune surveillance. Of course, among the viruses, antigenic
variation is also a common theme; the best known example is the influenza virus. It is
instructive that in both the bacterial example and the viral example, recombination mecha-
nisms act to bring together novel sequences of genetic material. A number of microorgan-
isms known for their antigenic diversity such as those of the genus Borrelia, which causes
relapsing fever, and the group A streptococci also use homologous recombination of DNA
from repeated sequences to generate the diversity in size and sequence observed in their
principal immunodominant antigens.

INADVERTENT TISSUE DAMAGE FROM IMMUNE REACTIONS
DIRECTED AGAINST INVADING BACTERIA

Tissue damage and the manifestations of disease may also result from interaction
between the host’s immune mechanisms and the invading organism or its products. Reac-
tions between high concentrations of antibody, soluble microbial antigens, and comple-
ment can deposit immune complexes in tissues and cause acute inflammatory reactions
and immune complex disease. In poststreptococcal acute glomerulonephritis, for exam-
ple, the complexes are sequestered in the glomeruli of the kidney, with serious interfer-
ence in renal function from the resulting tissue reaction. Sometimes, antibody produced
against microbial antigens can cross-react with certain host tissues and initiate an autoim-
mune process. Such cross-reaction is almost certainly the explanation for poststreptococ-
cal rtheumatic fever, and it may be involved in some of the lesions of tertiary syphilis.
Some viruses have been shown to have small peptide sequences that are occasionally
shared by host tissues. Thus, a virus-induced immune response may also generate anti-
bodies that react with shared determinants on host cells, such as in the heart.

In some other infections, the pathologic and clinical features are due largely to de-
layed-type hypersensitivity reactions to the organism or its products. Such reactions are
particularly significant in tuberculosis and other mycobacterial infections. The mycobac-
teria possess no significant toxins, and in the absence of delayed hypersensitivity, their
multiplication elicits little more than a mild inflammatory response. The development of
delayed-type, cell-mediated hypersensitivity to their major proteins leads to dramatic
pathologic manifestations, which in tuberculosis comprise a chronic granulomatous re-
sponse around infected foci with massive infiltration of macrophages and lymphocytes
followed by central devascularization and necrosis. Rupture of a necrotic area into a
bronchus leads to the typical pulmonary cavity of the disease; rupture into a blood vessel
can produce extensive dissemination or massive bleeding from the lung. Injection of tu-
berculoprotein into an animal with an established tuberculous lesion can lead to acute ex-
acerbation and sometimes death. Thus, the body’s defense mechanisms are themselves
contributing to the severity of the disease process.

These examples illustrate processes that are probably involved to varying degrees in
the pathology and course of most infections. Immune reactions are essential to the control
of infectious diseases; however, they are potentially damaging to the host, particularly
when large amounts of antigens are involved and the host response is unusually active. It
is likely that some pathogenic bacteria have deliberately modified the nature of the host
immune response so that the effects are directed away from direct antimicrobial factors.
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By the same token, the misdirected immune response may provide a needed niche for the
invading microbe to complete its mission of survival.

DISEASE AND TRANSMISSIBILITY

Lethal disease is probably an inadvertent and even unfavorable outcome of infection from
the standpoint of a microorganism. Pathogens that are highly adapted to their host usually
spare the majority of their victims. In many cases, it is to the advantage of the microbe to
cause some degree of illness that may aid its transmission. In other cases, the interplay
between the microbe and the host is subclinical resolution; there may be damage but no
disease. Indeed, many of the most severe infectious diseases occur when a microorganism
adapted to a nonhuman environment finds itself inadvertently in a human host. The prob-
ability of disease is a reflection of the microbial design to live and multiply within a host
balanced against the host’s capacity to control and limit bacterial proliferation. For certain
microorganisms, such as Streptococcus pyogenes, contact with susceptible hosts that pos-
sess normal host defense systems renders a certain proportion clinically ill. In contrast,
normal individuals usually shrug off Proteus and Serratia species. How different the out-
come of this interaction when the host is compromised!

For microbes exclusively adapted to humans, transmissibility is the key to continued
survival. For many organisms, this entails microbial persistence in the host and in the en-
vironment. A stable pathogen population must retain its viability outside of its preferred
niche and still be capable of infection when it next encounters a susceptible host. We are
still rather ignorant of the microbial factors at play that ensure their transmissibility from
host to host. These conditions are difficult to recapitulate experimentally. However, the
use of bacteria carrying sensitive reporter molecules will likely permit a better view of
transmissibility.

COROLLARIES OF MICROBIAL PATHOGENICITY

As noted, all parasitic microorganisms need to enter a host, find a unique niche, overcome
local defenses, replicate, and be transmitted to a new host. Other factors have become ap-
parent because of these pathogenic attributes. Some are more applicable to bacteria and
fungi than to viruses and the larger parasites. The general principles are likely to be true
for all pathogens.

1. Pathogenic microorganisms adapt to changes in the host’s biological and social
behavior. Imagine the profound changes in the host—parasite relationship that must
have occurred when humanoids began to live in communities and began to husband
animals. The older diseases such as tuberculosis remained, but the increase in popula-
tion density meant that “new” epidemic diseases could evolve. In recent times, we
have seen new diseases emerge. Diseases such as TSS, Legionnaires’ disease, and
nosocomial infections are a reflection, in part, of human progress. We need to remind
ourselves that we live in a balanced relationship with microorganisms on this planet.
Microorganisms will take advantage of any selective benefit that is made available to
them to replicate and to establish themselves in a new niche. The advent of the birth
control pill and the replacement of barrier contraception led to an enormous increase
in sexually transmitted diseases. As humans increasingly impinge on other forms of
life that have been largely isolated from human populations, there has been an in-
crease in “new” infectious diseases such as Lyme disease, and quite probably, AIDS.
As we have become more efficient at food production and mass global distribution,
there has been an increase, rather than a decrease, in food-borne infection and disease.
One need no longer go to an esoteric place in the world to acquire traveler’s diarrhea,
it can be readily acquired on imported food now at the corner food market!

2. Pathogens are clonal. Bacteria are haploid, as are viruses and some fungi. Conse-
quently, there cannot be a helter-skelter amalgam of genes brought about by promis-
cuous genetic exchange. If this were so, there would be no bacterial specialization and
all would possess a consensus chromosomal sequence. Thus, most bacteria (and



CHAPTER 10 Host -Parasite Relationships

TABLE 10-4
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Proportion of Certain Infectious Diseases Caused by Common Bacterial Clonal Types

NUMBER OF CLONAL

PERCENTAGE OF

ToTAL NUMBER OF TyPES COMMONLY DISEASE DUE
CLONAL TYPES ISOLATED FROM TO COMMON

SPECIES IDENTIFIED CASES OF DISEASE CLONAL TYPES
Bordetella pertussis 2 2 100
Haemophilus influenzae type b

North America 104 81

Europe 60 3 78
Legionella pneumophila

Global 50 5 52

Wadsworth VA Hospital 10 86
Shigella sonnei 1 1 100

Modified from Mandell GL, Bennett JE, Dolin R. Principles and Practice of Infectious Diseases, 5th ed. New York: Churchill Livingstone; 2002,

with permission.

viruses) have some degree of built-in reproductive isolation, except for members of
their own or very closely related species (members of the same gene pool). In this
way, diversity within the species through mutation can be maximized (usually by
transformation or transduction), while conserving useful gene sequences. The end re-
sult of husbanding of important genes during evolution is that at any given time in the
world, many bacterial and viral pathogens are representatives of a single or, more of-
ten, a relatively few clonal types that have become widespread for the (evolutionary)
moment. Thus, all the strains of the typhoid bacillus that have been studied since
humans learned to culture them belong to two basic clonal types (Table 10—4). When
microbes establish a unique niche, they protect their selective advantage.

However, the bacterial gene pool must be expanded. Indeed, how could microor-
ganisms have become pathogens in the first place or adapt to new potential niches?
Bacteria have remarkable ways of expanding their genetic diversity, but they do so in a
way that is consistent with their haploid lifestyle. From this corollary follows the next.

3. Pathogens often carry essential virulence determinants on mobile genetic elements.
It is now well established that many of the essential determinants of pathogenicity are
actually replicated as part of an extrachromosomal element or as additions to the
bacterial chromosome (Table 10-5). If haploid organisms must limit their genetic
interactions to preserve their individuality, it is not surprising that new genes with im-
portant new attributes are found on genetic elements that do not disrupt the organiza-
tion of the bacterial chromosome. The interchange of plasmids and bacterial viruses
among bacteria, coupled with transpositional (illegitimate) recombination between the
extrachromosomal element and the chromosome, provides a means for microorgan-
isms to exploit new genes in a haploid world. It is of some note that pathogenic deter-
minants not found associated with a plasmid or a phage are often seen as duplicated
genes or associated with transposon-like structures.

While it was clear for some time that mobile genetic elements played an essential role
in the evolution of pathogenicity, only recently, with the advent of new DNA sequencing
methods, have we learned that large blocks of genes found on the bacterial chromosome
are associated with pathogenicity. These blocks of genes have been given the name patho-
genicity islands (PAIs) to describe unique chromosomal regions found exclusively associ-
ated with virulence. It is now generally believed that parts of a plasmid associated with
virulence are likely PAIs as well. PAIs most often occupy large genomic areas of 10 to
200 or more kilobases. However, certain bacterial strains also carry insertions of smaller

Useful genes are preserved by
clonality

Virulence determinants are often
extrachromosomal and
transmissible

Multiple pathogenicity genes are
present in PAls
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TABLE 10-5

Examples of Plasmid and Phage-Encoded Virulence Determinants

ORGANISM

VIRULENCE FACTOR

BioLoGicAL FUNCTION

Plasmid-encoded

Enterotoxigenic
Escherichia coli
Salmonella spp.
Shigella spp. and
enteroinvasive E.coli
Yersinia spp.

Bacillus anthracis

Staphylococcus aureus

Clostridium tetani

Heat-labile, heat-stable
enterotoxins (LT, ST)

CFA/I and CFA/II

Serum resistance and intracellular
survival

Gene products involved in invasion

Adherence factors and gene products
involved in invasion

Edema factor, lethal factor, and
protective antigen

Exfoliative toxin

Tetanus neurotoxin

Activation of adenyl/guanylcyclase
in the small bowel, which leads to
diarrhea

Adherence/colonization factors

Invasion of reticuloendothelial
system

Induces internalization by intestinal
epithelial cells

Attachment/invasion

Edema factor has adenylcyclase
activity
Causes toxic epidermal necrolysis

Blocks the release of inhibitory

neurotransmitter; which leads to
muscle spasms

Phage-encoded

Corynebacterium diphtheriae Diphtheria toxin Inhibition of eukaryotic protein

synthesis

Streptococcus pyogenes Erythrogenic toxin Rash of scarlet fever

Clostridium botulinum Neurotoxin Blocks synaptic acetylcholine
release, which leads to flaccid
paralysis

Enterohemorrhagic E. coli

Shiga-like toxin Inhibition of eukaryotic protein

synthesis

Modified from Mandell GL, Bennett JE, Dolin R. Principles and Practice of Infectious Diseases, 5th ed. New York: Churchill Livingstone; 2002,
with permission.

pieces of DNA with the attributes of PAIs, but they are only 1 to 10 kilobases in size and
are referred to by some as pathogenicity islets. All of the available data are consistent
with the idea that horizontal gene transfer likely is mediated by phage or plasmids ac-
quired these large (and small) DNA sequences. However, the PAls described thus far are
not mobile in themselves. There is an eerie quality about the composition of many PAIs
in the sense that they have a very different guanine + cytosine content and codon usage
as compared to the rest of the genome. The fact PAls are so often associated with tRNA
genes suggests that gene transfer from a foreign species is the likely origin. (In many
prokaryotic and eukaryotic species, tRNA genes often act as the site of integration of for-
eign DNA.) Many PAIs have strikingly similar homologs in bacteria that are pathogenic
for plants and animals and range from obligate intracellular parasites such as Chlamydia
to free-living environmental opportunistic pathogens such as Pseudomonas aeruginosa.

In a bacterial genus that contains both pathogenic and nonpathogenic species, the at-
tributes of pathogenicity are encoded on sequences that do not have any counterpart in the
nonpathogen. It seems unlikely that pathogenicity arose as a result of long adaptation of
an initially nonpathogenic organism to a more parasitic, host-dependent lifestyle. It is
more likely that organisms inherited new gene sequences, often in a large block, that
provided them with the capacity to establish themselves more efficiently in a host or to
exploit some new niche within the host.

PAIs are organized blocks of
genes that appear to come from an
unrelated organism
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TABLE 10-6

Examples of Bacterial Virulence Regulatory Systems

REGULATORY ENVIRONMENTAL

ORGANISM GENE(S) STIMULI REGULATED FUNCTIONS
Escherichia coli drdX Temperature Pyelonephritis-associated pili
Sfur Iron concentration Shiga-like toxin, siderophores
Bordetella pertussis bvgAS Temperature, ionic conditions,  Pertussis toxin, filamentous hemagglutinin,
nicotinic acid adenylate cyclase, others
Vibrio cholerae toxR Temperature, osmolarity, Cholera toxin, pili, outer membrane
pH, amino acids proteins
Yersinia spp. ler loci Temperature, calcium Outer membrane proteins
virF Temperature Adherence, invasiveness
Shigella spp. virR Temperature Invasiveness
Salmonella pag genes pH Virulence, macrophage survival
typhimurium
Staphylococcus aureus — agr pH a-, B-hemolysins; toxic shock syndrome

toxin 1, protein A

Modified from Mandell GL, Bennett JE, Dolin R. Principles and Practice of Infectious Diseases, 5th ed. New York: Churchill Livingstone; 2002,

with permission.

4. Bacteria and other pathogens use elaborate means to modulate their free-living
life from their parasitic life. Bacteria, fungi, and larger parasites have evolved signal
transduction networks using environmental clues such as temperature, iron concentra-
tion, and calcium flux to turn on genes important for pathogenicity (Table 10-6). It
was puzzling to consider how a microorganism that makes potent toxins in the labora-
tory could possibly spare any host it infected. It became clearer when we learned that
toxin biosynthesis by the microbe is tightly regulated together with other genes to be
activated only in particular sets of circumstances. Only in selective circumstances are
genes involved in pathogenicity used and then often sparingly. The organism’s reac-
tion to the host need only be sufficient to establish itself and replicate.

CONCLUSION

Host-parasite interactions are wonderfully complex and have evolved in a manner that
has tended to produce a more balanced state of parasitism between well-established
species and the microorganisms with which they frequently come into contact. In this
chapter, the components of these interactions have been discussed separately, but it is im-
portant to recognize the dynamic and shifting nature of their role in determining the
course and outcome of an infection. As you review the microbial tactics for survival and
the ensuing host response to acute infection and its consequences, it is important to see
that systemic symptoms of many viral and bacterial infections—fever, malaise, and
anorexia—are the same because they reflect a basic innate host response to a foreign in-
truder. The diversity of mechanisms by which a host controls infection can be particularly
appreciated if one recognizes that they are all intimately interrelated. Many of the in-
fected patients you will aid during your career will not have inherited defects in their host
defense matrix, but they will have disease-associated deficiencies. Increasingly, cytotoxic
chemotherapy, radiotherapy, and other forms of medical intervention bring about physi-
cian-induced deficits in their innate and adaptive immune systems. For example, because
of their tumors or treatment, cancer patients often have a variety of interrelated defects
and mucosal disruptions increasing the risk of infection. The single most important of
these is neutropenia (usually defined as an absolute granulocyte count of 500/mm?® or
less). It is no wonder that the presenting symptom in tumors of the bowel may be sepsis

Regulatory systems sense
temperature and ions
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or bacterial endocarditis. During the natural progression of malignancy and as a conse-
quence of its current therapy, infection remains as the major cause of morbidity and mor-
tality.

The above examples suffice, but the significant point is the importance of normal de-
fense mechanisms. It is more important to preserve and augment the normal host defenses
of a patient in many circumstances than to use the newest “wonder drug.” We can also be
fully confident that an understanding of the molecular basis of microbial pathogenesis
will provide considerable information about the biology of the pathogens, the host-para-
site relationship, human (and other) host-specific defense mechanisms, and, ultimately,
ways to prevent infection and disease. Finally, from this brief overview of the properties
of pathogenic bacteria, it is important to never underestimate the capacity of these small
creatures to persist and survive in human society.

ADDITIONAL READING

Salyers AA, Whitt DD. Bacterial Pathogenesis: A Molecular Approach. 2nd ed. Washington,
D.C.: American Society for Microbiology; 2002. This modern text beautifully discusses
topics from the clinical to the molecular level.
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CHAPTER 11

Sterilization and
Disinfection

KENNETH J. RYAN

|:r0m the time of debates about the germ theory of disease, killing microbes before they
reach patients has been a major strategy for preventing infection. In fact, Ignaz Semmel-
weiss successfully applied disinfection principles decades before bacteria were first iso-
lated (see Chapter 72). This chapter discusses the most important methods used for this
purpose in modern medical practice. Understanding how they work is of increasing im-
portance in an environment that includes immunocompromised patients, transplantation,
indwelling devices, and acquired immunodeficiency syndrome (AIDS).

DEFINITIONS

Death/killing as it relates to microbial organisms is defined in terms of how we detect
them in culture. Operationally, it is a loss of ability to multiply under any known condi-
tions. This is complicated by the fact that organisms that appear to be irreversibly inacti-
vated may sometimes recover when appropriately treated. For example, ultraviolet (UV)
irradiation of bacteria can result in the formation of thymine dimers in the DNA with loss
of ability to replicate. A period of exposure to visible light may then activate an enzyme
that breaks the dimers and restores viability by a process known as photoreactivation.
Mechanisms also exist for repair of the damage without light. Such considerations are of
great significance in the preparation of safe vaccines from inactivated virulent organisms.

Sterilization is complete killing, or removal, of all living organisms from a particular
location or material. It can be accomplished by incineration, nondestructive heat treat-
ment, certain gases, exposure to ionizing radiation, some liquid chemicals, and filtration.

Pasteurization is the use of heat at a temperature sufficient to inactivate important
pathogenic organisms in liquids such as water or milk but at a temperature below that
needed to ensure sterilization. For example, heating milk at a temperature of 74°C for 3 to
5 seconds or 62°C for 30 minutes kills the vegetative forms of most pathogenic bacteria
that may be present without altering its quality. Obviously, spores are not killed at these
temperatures.

Disinfection is the destruction of pathogenic microorganisms by processes that fail to
meet the criteria for sterilization. Pasteurization is a form of disinfection, but the term is
most commonly applied to the use of liquid chemical agents known as disinfectants,
which usually have some degree of selectivity. Bacterial spores, organisms with waxy
coats (eg, mycobacteria), and some viruses may show considerable resistance to the com-
mon disinfectants. Antiseptics are disinfectant agents that can be used on body surfaces
such as the skin or vaginal tract to reduce the numbers of normal flora and pathogenic

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.

Absence of growth does not
necessarily indicate sterility

Sterilization is killing of all living

forms

Pasteurization uses heat to kill
vegetative forms of bacteria

Disinfection uses chemical agents

to kill pathogens with varying
efficiency
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Spores are particularly resistant

Asepsis applies sterilization and
disinfection to create a protective
environment

Bacterial killing follows
exponential kinetics

Achieving sterility is a matter of
probability

FIGURE 11-1

Kinetics of bacterial killing.

A. Exponential killing is shown as
a function of population size and
time. B. Deviation from linearity,
as with a mixed population, ex-
tends the time.
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contaminants. They have lower toxicity than disinfectants used environmentally but are
usually less active in killing vegetative organisms. Sanitization is a less precise term with
a meaning somewhere between disinfection and cleanliness. It is used primarily in house-
keeping and food preparation contexts.

Asepsis describes processes designed to prevent microorganisms from reaching a pro-
tected environment. It is applied in many procedures used in the operating room, in the
preparation of therapeutic agents, and in technical manipulations in the microbiology lab-
oratory. An essential component of aseptic techniques is the sterilization of all materials
and equipment used. Asepsis is more fully discussed in Chapter 72.

MICROBIALKILLING

Killing of bacteria by heat, radiation, or chemicals is usually exponential with time; that
is, a fixed proportion of survivors are killed during each time increment. Thus, if 90% of a
population of bacteria are killed during each 5 minutes of exposure to a weak solution of
a disinfectant, a starting population of 10%mL is reduced to 10%mL after 5 minutes, to
10%/mL after 15 minutes, and theoretically to 1 organism (10°)/mL after 30 minutes. Ex-
ponential killing corresponds to a first-order reaction or a ‘“single-hit” hypothesis in
which the lethal change involves a single target in the organism, and the probability of
this change is constant with time. Thus, plots of the logarithm of the number of survivors
against time are linear (Fig 11-1A); however, the slope of the curve varies with the effec-
tiveness of the killing process, which is influenced by the nature of the organism, lethal
agent, concentration (in the case of disinfectants), and temperature. In general, the rate of
killing increases exponentially with arithmetic increases in temperature or in concentra-
tions of disinfectant.

An important consequence of exponential killing with most sterilization processes is
that sterility is not an absolute term, but must be expressed as a probability. Thus, to con-
tinue the example given previously, the chance of a single survivor in 1 mL is theoreti-
cally 107" after 35 minutes. If a chance of 107 were the maximum acceptable risk for a
single surviving organism in a 1-mL sample (eg, of a therapeutic agent), the procedure
would require continuation for a total of 75 minutes.
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A simple single-hit curve often does not express the kinetics of killing adequately. In
the case of some bacterial endospores, a brief period (activation) may elapse before expo-
nential killing by heat begins. If multiple targets are involved, the experimental curve will
deviate from linearity. More significant is the fact that microbial populations may include
a small proportion of more resistant mutants or of organisms in a physiologic state that
confers greater resistance to inactivation. In these cases, the later stages of the curve are
flattened (Fig 11-1B), and extrapolations from the exponential phase of killing may
seriously underestimate the time needed for a high probability of achieving complete
sterility. In practice, materials that come into contact with tissues are sterilized under con-
ditions that allow a very wide margin of safety, and the effectiveness of inactivation of or-
ganisms in vaccines is tested directly with large volumes and multiple samples before a
product is made available for use.

STERILIZATION

The availability of reliable methods of sterilization has made possible the major develop-
ments in surgery and intrusive medical techniques that have helped to revolutionize medi-
cine over the past century. Furthermore, sterilization procedures form the basis of many
food preservation procedures, particularly in the canning industry. The various modes of
sterilization described in the text are summarized in Table 11-1.

Heterogeneous microbial
subpopulations may extend the
killing kinetics

TABLE T1-1
Methods of Disinfection and Sterilization
ACTIVITY
METHOD LEVEL SPECTRUM USES/COMMENTS
Heat
Autoclave Sterilizing All General
Boiling High Most pathogens, General
some spores
Pasteurization Intermediate Vegetative bacteria Beverages, plastic hospital
equipment
Ethylene oxide gas Sterilizing All Potentially explosive;
aeration required
Radiation
Ultraviolet Sterilizing All Poor penetration
Tonizing Sterilizing All General, food
Chemicals
Alcohol Intermediate Vegetative bacteria,
fungi, some viruses
Hydrogen peroxide High Viruses, vegetative Contact lenses; inactivated
bacteria, fungi by organic matter
Chlorine High Viruses, vegetative Water; inactivated by
bacteria, fungi organic matter
Todophors Intermediate Viruses, vegetative Skin disinfection;
bacteria,” fungi inactivated by organic matter
Phenolics Intermediate Some viruses, vegetative Handwashing
bacteria, fungi
Glutaraldehyde High All Endoscopes, other equipment
Quaternary ammonium Low Most bacteria and fungi, General cleaning; inactivated
compounds lipophilic viruses by organic matter

“Variable results with Mycobacterium tuberculosis.
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Incineration is rapid and effective

Dry heat requires 160°C for
2 hours to kill

Moisture allows for rapid
denaturation of protein

Boiling water fails to kill bacterial
spores

Autoclave creates increased
temperature of steam under
pressure

Steam displaces air from the
autoclave

Killing rate increases
logarithmically with arithmetic
increase in temperature

Condensation and latent heat
increase effectiveness of autoclave

FIGURE 11-2
Simple form of downward dis-
placement autoclave.
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Heat

The simplest method of sterilization is to expose the surface to be sterilized to a naked
flame, as is done with the wire loop used in microbiology laboratories. It can be used
equally effectively for emergency sterilization of a knife blade or a needle. Of course, dis-
posable material is rapidly and effectively decontaminated by incineration. Carbonization
of organic material and destruction of microorganisms, including spores, occur after ex-
posure to dry heat of 160°C for 2 hours in a sterilizing oven. This method is applicable to
metals, glassware, and some heat-resistant oils and waxes that are immiscible in water
and cannot, therefore, be sterilized in the autoclave. A major use of the dry heat steriliz-
ing oven is in preparation of laboratory glassware.

Moist heat in the form of water or steam is far more rapid and effective in sterilization
than dry heat, because reactive water molecules denature protein irreversibly by disrupting
hydrogen bonds between peptide groups at relatively low temperatures. Most vegetative
bacteria of importance in human disease are killed within a few minutes at 70°C or less, al-
though many bacterial spores (see Chapter 2) can resist boiling for prolonged periods. For
applications requiring sterility the use of boiling water has been replaced by the autoclave,
which when properly used ensures sterility by killing all forms of microorganisms.

In effect, the autoclave is a sophisticated pressure cooker (Fig 11-2). In its sim-
plest form, it consists of a chamber in which the air can be replaced with pure saturated
steam under pressure. Air is removed either by evacuation of the chamber before filling
it with steam or by displacement through a valve at the bottom of the autoclave, which
remains open until all air has drained out. The latter, which is termed a downward dis-
placement autoclave, capitalizes on the heaviness of air compared with saturated
steam. When the air has been removed, the temperature in the chamber is proportional
to the pressure of the steam; autoclaves are usually operated at 121°C, which is
achieved with a pressure of 15 pounds per square inch. Under these conditions, spores
directly exposed are killed in less than 5 minutes, although the normal sterilization time
is 10 to 15 minutes to account for variation in the ability of steam to penetrate different
materials and to allow a wide margin of safety. The velocity of killing increases loga-
rithmically with arithmetic increases in temperature, so a steam temperature of 121°C
is vastly more effective than 100°C. For example, the spores of Clostridium botulinum,
the cause of botulism, may survive 5 hours of boiling, but can be killed in 4 minutes at
121°C in the autoclave.

The use of saturated steam in the autoclave has other advantages. Latent heat equiva-
lent to 539 cal/g condensed steam is immediately liberated on condensation on the cooler
surfaces of the load to be sterilized. The temperature of the load is thus raised very rapidly
to that of the steam. Condensation also permits rapid steam penetration of porous materials
such as surgical drapes by producing a relative negative pressure at the surface, which al-
lows more steam to enter immediately. Autoclaves can thus be used for sterilizing any
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materials that are not damaged by heat and moisture, such as heat-stable liquids, swabs,
most instruments, culture media, and rubber gloves.

It is essential that those who use autoclaves understand the principles involved.
Their effectiveness depends on absence of air, pure saturated steam, and access of
steam to the material to be sterilized. Pressure per se plays no role in sterilization other
than to ensure the increased temperature of the steam. Failure can result from attempt-
ing to sterilize the interior of materials that are impermeable to steam or the contents of
sealed containers. Under these conditions, a dry heat temperature of 121°C is obtained,
which may be insufficient to kill even vegetative organisms. Large volumes of liquids
require longer sterilization times than normal loads, because their temperature must
reach 121°C before timing begins. When sealed containers of liquids are sterilized, it is
essential that the autoclave cool without being opened or evacuated; otherwise, the con-
tainers may explode as the external pressure falls in relation to that within.

“Flash” autoclaves, which are widely used in operating rooms, often use saturated
steam at a temperature of 134°C for 3 minutes. Air and steam are removed mechanically
before and after the sterilization cycle so that metal instruments may be available rapidly.
Quality control of autoclaves depends primarily on ensuring that the appropriate tempera-
ture for the pressure used is achieved and that packing and timing are correct. Biological
and chemical indicators of the correct conditions are available and are inserted from time
to time in the loads.

Gas

A number of articles, particularly certain plastics and lensed instruments that are damaged
or destroyed by autoclaving, can be sterilized with gases. Ethylene oxide is an inflamma-
ble and potentially explosive gas. It is an alkylating agent that inactivates microorganisms
by replacing labile hydrogen atoms on hydroxyl, carboxy, or sulthydryl groups, particu-
larly of guanine and adenine in DNA. Ethylene oxide sterilizers resemble autoclaves and
expose the load to 10% ethylene oxide in carbon dioxide at 50 to 60°C under controlled
conditions of humidity. Exposure times are usually about 4 to 6 hours and must be fol-
lowed by a prolonged period of aeration to allow the gas to diffuse out of substances that
have absorbed it. Aeration is essential, because absorbed gas can cause damage to tissues
or skin. Ethylene oxide is a mutagen, and special precautions are now taken to ensure that
it is properly vented outside of working spaces. Used under properly controlled conditions,
ethylene oxide is an effective sterilizing agent for heat-labile devices such as artificial heart
valves that cannot be treated at the temperature of the autoclave. Other alkylating such as
formaldehyde vapor can be used without pressure to decontaminate larger areas such as
rooms, and oxidizing agents (hydrogen peroxide, ozone) have selective use.

Ultraviolet Light and Ionizing Radiation

Ultraviolet (UV) light in the wavelength range 240 to 280 nm is absorbed by nucleic
acids and causes genetic damage, including the formation of the thymine dimers dis-
cussed previously. The practical value of UV sterilization is limited by its poor ability to
penetrate. Apart from the experimental use of UV light as a mutagen, its main application
has been in irradiation of air in the vicinity of critical hospital sites and as an aid in the
decontamination of laboratory facilities used for handling particularly hazardous organ-
isms. In these situations, single exposed organisms are rapidly inactivated. It must be re-
membered that UV light can cause skin and eye damage, and workers exposed to it must
be appropriately protected.

Ionizing radiation carries far greater energy than UV light. It, too, causes direct
damage to DNA and produces toxic free radicals and hydrogen peroxide from water
within the microbial cells. Cathode rays and gamma rays from cobalt-60 are widely used
in industrial processes, including the sterilization of many disposable surgical supplies
such as gloves, plastic syringes, specimen containers, some foodstuffs, and the like, be-
cause they can be packaged before exposure to the penetrating radiation. Ionizing irradi-
ation does not always result in the physical disintegration of killed microbes. As a result,
plasticware sterilized in this way may carry significant numbers of dead but stainable
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bacteria. This has occasionally caused confusion when it has involved containers used to
collect normally sterile body fluids such as cerebrospinal fluid. The dead bacterial bodies
may produce a “false-positive” Gram-stained smear and result in inappropriate adminis-
tration of antibiotics. Recent foodborne outbreaks (Escherichia coli) and bioterrorism
(anthrax) have increased the use of ionizing radiation.

DISINFECTION
Physical Methods
Filtration

Both live and dead microorganisms can be removed from liquids by positive- or negative-
pressure filtration. Membrane filters, usually composed of cellulose esters (eg, cellulose
acetate), are available commercially with pore sizes of 0.005 to 1 wm. For removal of
bacteria, a pore size of 0.2 um is effective because filters act not only mechanically but
by electrostatic adsorption of particles to their surface. Filtration is used for disinfection
of large volumes of fluid, especially those containing heat-labile components such as
serum. For microorganisms larger than the pore size filtration “sterilizes” these liquids. It
is not considered effective for removing viruses.

Pasteurization

Pasteurization involves exposure of liquids to temperatures in the range 55 to 75°C to re-
move all vegetative bacteria of significance in human disease. Spores are unaffected by
the pasteurization process. Pasteurization is used commercially to render milk safe and
extend its storage quality. With the outbreaks of infection due to contamination with en-
terohemorrhagic E. coli (see Chapter 21), this has been extended (reluctantly) to fruit
drinks. To the dismay of some of his compatriots, Pasteur proposed application of the
process to winemaking to prevent microbial spoilage and vinegarization. Pasteurization in
water at 70°C for 30 minutes has been effective and inexpensive when used to render in-
halation therapy equipment free of organisms that may otherwise multiply in mucus and
humidifying water.

Microwaves

The use of microwaves in the form of microwave ovens or specially designed units is an-
other method for disinfection. These systems are not under pressure, but they but can
achieve temperatures near boiling if moisture is present. In some situations, they are being
used as a practical alternative to incineration for disinfection of hospital waste. These pro-
cedures cannot be considered sterilization only because the most heat-resistant spores may
survive the process.

Chemical Methods

Given access and sufficient time, chemical disinfectants cause the death of pathogenic
vegetative bacteria. Most of these substances are general protoplasmic poisons and are
not currently used in the treatment of infections other than very superficial lesions, having
been replaced by antimicrobics (see Chapter 13). Some disinfectants such as the quater-
nary ammonium compounds, alcohol, and the iodophors reduce the superficial flora and
can eliminate contaminating pathogenic bacteria from the skin surface. Other agents such
as the phenolics are valuable only for treating inanimate surfaces or for rendering conta-
minated materials safe. All are bound and inactivated to varying degrees by protein and
dirt, and they lose considerable activity when applied to other than clean surfaces. Their
activity increases exponentially with increases in temperature, but the relationship be-
tween increases in concentration and killing effectiveness is complex and varies for each
compound. Optimal in-use concentrations have been established for all available disinfec-
tants. The major groups of compounds currently used are briefly discussed next.
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Chemical disinfectants are classified on the basis of their ability to sterilize. High-level
disinfectants kill all agents except the most resistant of bacterial spores. Intermediate-level
disinfectants kill all agents but not spores. Low-level disinfectants are active against most
vegetative bacteria and lipid-enveloped viruses.

Alcohol

The alcohols are protein denaturants that rapidly kill vegetative bacteria when applied as
aqueous solutions in the range 70 to 95% alcohol. They are inactive against bacterial
spores and many viruses. Solutions of 100% alcohol dehydrate organisms rapidly but fail
to kill, because the lethal process requires water molecules. Ethanol (70—-90%) and iso-
propyl alcohol (90—95%) are widely used as skin decontaminants before simple invasive
procedures such as venipuncture. Their effect is not instantaneous, and the traditional al-
cohol wipe, particularly when followed by a vein-probing finger, is more symbolic than
effective, because insufficient time is given for significant killing. Isopropyl alcohol has
largely replaced ethanol in hospital use because it is somewhat more active and is not
subject to diversion to housestaff parties.

Halogens

Iodine is an effective disinfectant that acts by iodinating or oxidizing essential compo-
nents of the microbial cell. Its original use was as a tincture of 2% iodine in 50% alcohol,
which kills more rapidly and effectively than alcohol alone. This preparation has the dis-
advantage of sometimes causing hypersensitivity reactions and of staining materials with
which it comes into contact. Tincture of iodine has now been largely replaced by prepara-
tions in which iodine is combined with carriers (povidone) or nonionic detergents. These
agents, termed iodophors, gradually release small amounts of iodine. They cause less
skin staining and dehydration than tinctures and are widely used in preparation of skin
before surgery. Although iodophors are less allergenic than inorganic iodine preparations,
they should not be used on patients with a history of iodine sensitivity.

Chlorine is a highly effective oxidizing agent, which accounts for its lethality to mi-
crobes. It exists as hypochlorous acid in aqueous solutions that dissociate to yield free chlo-
rine over a wide pH range, particularly under slightly acidic conditions. In concentrations of
less than one part per million, chlorine is lethal within seconds to most vegetative bacteria,
and it inactivates most viruses; this efficacy accounts for its use in rendering supplies of
drinking water safe and in chlorination of water in swimming pools. Chlorine reacts rapidly
with protein and many other organic compounds, and its activity is lost quickly in the pres-
ence of organic material. This property, combined with its toxicity, renders it ineffective on
body surfaces; however, it is the agent of choice for decontaminating surfaces and glassware
that have been contaminated with viruses or spores of pathogenic bacteria. For these pur-
poses it is usually applied as a 5% solution called hypochlorite.

The use of chlorination to disinfect water supplies has proved insufficient in some
hospitals because of the relative resistance of Legionella pneumophila to the usual con-
centrations of chlorine. Some institutions have been forced to augment chlorination with
systems that add copper and silver ions to the water.

Hydrogen Peroxide

Hydrogen peroxide is a powerful oxidizing agent that attacks membrane lipids and other
cell components. Although it acts rapidly against many bacteria and viruses, it kills bacte-
ria that produce catalase and spores less rapidly. Hydrogen peroxide has been useful in
disinfecting items such as contact lenses that are not susceptible to its corrosive effect.

Surface-Active Compounds

Surfactants are compounds with hydrophobic and hydrophilic groups that attach to and
solubilize various compounds or alter their properties. Anionic detergents such as soaps
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PART 1V Spread and Control of Infection

are highly effective cleansers but have little direct antibacterial effect, probably because
their charge is similar to that of most microorganisms. Cationic detergents, particularly
the quaternary ammonium compounds (“quats”) such as benzalkonium chloride, are
highly bactericidal in the absence of contaminating organic matter. Their hydrophobic
and lipophilic groups react with the lipid of the cell membrane of the bacteria, alter the
membrane’s surface properties and its permeability, and lead to loss of essential cell com-
ponents and death. These compounds have little toxicity to skin and mucous membranes
and, thus, have been used widely for their antibacterial effects in a concentration of 0.1%.
They are inactive against spores and most viruses. “Quats” in much higher concentrations
than those used in medicine (eg, 5—10%) can be used for sanitizing surfaces.

The greatest care is needed in the use of quats because they adsorb to most surfaces
with which they come into contact, such as cotton, cork, and even dust. As a result, their
concentration may be lowered to a point at which certain bacteria, particularly
Pseudomonas aeruginosa, can grow in the quat solutions and then cause serious infec-
tions. Many instances have been recorded of severe infections resulting from contamina-
tion of ophthalmic preparations or of solutions used for treating skin before transcutaneous
procedures. It should also be remembered that cationic detergents are totally neutralized by
anionic compounds. Thus, the antibacterial effect of quaternary ammonium compounds is
inactivated by soap. Because of these problems, quats have been replaced by other antisep-
tics and disinfectants for most purposes.

Phenolics

Phenol, one of the first effective disinfectants, was the primary agent employed by Lister
in his antiseptic surgical procedure, which preceded the development of aseptic surgery. It
is a potent protein denaturant and bactericidal agent. Substitutions in the ring structure of
phenol have substantially improved activity and have provided a range of phenols and
cresols that are the most effective environmental decontaminants available for use in hos-
pital hygiene. Concern about their release into the environment in hospital waste and
sewage has created some pressure to limit their use. This is another of the classic environ-
mental dilemmas of our society: a compound that reduces the risk of disease for one
group may raise it for another. Phenolics are less “quenched” by protein than are most
other disinfectants, have a detergent-like effect on the cell membrane, and are often for-
mulated with soaps to increase their cleansing property. They are too toxic to skin and
tissues to be used as antiseptics, although brief exposures can be tolerated. They are the
active ingredient in many mouthwash and sore throat preparations.

Two diphenyl compounds, hexachlorophene and chlorhexidine, have been extensively
used as skin disinfectants. Hexachlorophene is primarily bacteriostatic. Incorporated into
a soap, it builds up on the surface of skin epithelial cells over 1 to 2 days of use to pro-
duce a steady inhibitory effect on skin flora and Gram-positive contaminants, as long as
its use is continued. It was a major factor in controlling outbreaks of severe staphylococ-
cal infections in nurseries during the 1950s and 1960s, but cutaneous absorption was
found to produce neurotoxic effects in some premature infants. When it was applied in
excessive concentrations, similar problems occurred in older children. It is now a pre-
scription drug.

Chlorhexidine has replaced hexachlorophene as a routine hand and skin disinfectant
and for other topical applications. It has greater bactericidal activity than hexa-
chlorophene without its toxicity but shares with hexachlorophene the ability to bind to the
skin and produce a persistent antibacterial effect. It acts by altering membrane permeabil-
ity of both Gram-positive and -negative bacteria. It is cationic and, thus, its action is neu-
tralized by soaps and anionic detergents.

Glutaraldehyde and Formaldehyde

Glutaraldehyde and formaldehyde are alkylating agents highly lethal to essentially all mi-
croorganisms. Formaldehyde gas is irritative, allergenic, and unpleasant, properties that
limit its use as a solution or gas. Glutaraldehyde is an effective high-level disinfecting
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agent for apparatus that cannot be heat treated, such as some lensed instruments and
equipment for respiratory therapy. Formaldehyde vapor, an effective environmental de-
contaminant under conditions of high humidity, is sometimes used to decontaminate labo-
ratory rooms that have been accidentally and extensively contaminated with pathogenic
bacteria, including those such as the anthrax bacillus that form resistant spores. Such
rooms are sealed for processing and thoroughly aired before reoccupancy.

Some risk of infection exists in all health care settings. Hospitalized patients are par-
ticularly vulnerable and the hospital environment is complex. The proper matching of the
principles and procedures described here to general and specialized situations together
with aseptic practices can markedly reduce the risks. The building of such systems is gen-
erally referred to as infection control and is discussed further in Chapter 72.

ADDITIONAL READING

Block SS. Disinfection, Sterilization, and Preservation. 5th ed. Philadelphia: Lippincott
Williams & Wilkins; 2001. A standard reference source that contains detailed informa-
tion.

Widmer AF, Frei R. Decontamination, disinfection, and sterilization. In: Murray PR, ed:
Manual of Clinical Microbiology. Tth ed. Washington, DC: American Society for Micro-
biology; 1999. A good account of the practical use of disinfectants, including the meeting
of regulatory standards.
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CHAPTER 12

Epidemiology of
Infectious Diseases

W. LAWRENCE DREW

Epidemiology, the study of the distribution of determinants of disease and injury in
human populations, is a discipline that includes both infectious and noninfectious dis-
eases. Most epidemiologic studies of infectious diseases have concentrated on the factors
that influence acquisition and spread, because this knowledge is essential for developing
methods of prevention and control. Historically, epidemiologic studies and the application
of the knowledge gained from them have been central to the control of the great epidemic
diseases, such as cholera, plague, smallpox, yellow fever, and typhus.

An understanding of the principles of epidemiology and the spread of disease is es-
sential to all medical personnel, whether their work is with the individual patient or with
the community. Most infections must be evaluated in their epidemiologic setting; for ex-
ample, what infections, especially viral, are currently prevalent in the community? Has
the patient recently traveled to an area of special disease prevalence? Is there a possibility
of nosocomial infection from recent hospitalization? What is the risk to the patient’s fam-
ily, schoolmates, and work or social contacts?

The recent recognition of emerging infectious diseases has heightened appreciation of
the importance of epidemiologic information. A few examples of these newly identified
infections are cryptosporidiosis, hantavirus pulmonary syndrome and Escherichia coli
O157:H7 disease. In addition, some well-known pathogens have assumed new epidemio-
logic importance by virtue of acquired antimicrobial resistance (eg, penicillin-resistant
pneumococci, vancomycin-resistant enterococci, and multiresistant Mycobacterium tu-
berculosis).

Factors that increase the emergence or reemergence of various pathogens include:

e Population movements and the intrusion of humans and domestic animals into new
habitats, particularly tropical forests

* Deforestation, with development of new farmlands and exposure of farmers and do-
mestic animals to new arthropods and primary pathogens

o Irrigation, especially primitive irrigation systems, which fail to control arthropods and
enteric organisms

* Uncontrolled urbanization, with vector populations breeding in stagnant water

e Increased long-distance air travel, with contact or transport of arthropod vectors and
primary pathogens

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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PART 1V Spread and Control of Infection

SOURCES AND COMMUNICABILITY

Infectious diseases of humans may be caused by exclusively human pathogens, such as
Shigella; by environmental organisms, such as Legionella pneumophila; or by organisms
that have their primary reservoir in animals, such as Salmonella.

Noncommunicable infections are those that are not transmitted from human to hu-
man and include (1) infections derived from the patient’s normal flora, such as peritonitis
after rupture of the appendix; (2) infections caused by the ingestion of preformed toxins,
such as botulism; and (3) infections caused by certain organisms found in the environ-
ment, such as clostridial gas gangrene. Some zoonotic infections (diseases transmitted
from animals to humans) such as rabies and brucellosis are not transmitted between hu-
mans, but others such as plague may be at certain stages. Noncommunicable infections
may still occur as common-source outbreaks, such as food poisoning from an
enterotoxin-producing Staphylococcus aureus—contaminated chicken salad or multiple
cases of pneumonia from extensive dissemination of Legionella through an air-condition-
ing system. Because these diseases are not transmissible to others, they do not lead to
secondary spread.

Communicable infections require that an organism be able to leave the body in a
form that is directly infectious or is able to become so after development in a suitable en-
vironment. The respiratory spread of the influenza virus is an example of direct commu-
nicability. In contrast, the malarial parasite requires a developmental cycle in a biting
mosquito before it can infect another human. Communicable infections can be endemic,
which implies that the disease is present at a low but fairly constant level, or epidemic,
which involves a level of infection above that usually found in a community or popula-
tion. Communicable infections that are widespread in a region, sometimes worldwide,
and have high attack rates are termed pandemic.

INFECTION AND DISEASE

An important consideration in the study of the epidemiology of communicable organisms
is the distinction between infection and disease. Infection involves multiplication of the
organism in or on the host and may not be apparent, for example, during the incubation
period or latent when little or no replication is occurring (eg, with herpesviruses). Disease
represents a clinically apparent response by or injury to the host as a result of infection.
With many communicable microorganisms, infection is much more common than dis-
ease, and apparently healthy infected individuals play an important role in disease propa-
gation. Inapparent infections are termed subclinical, and the individual is sometimes
referred to as a carrier. The latter term is also applied to situations in which an infectious
agent establishes itself as part of a patient’s flora or causes low-grade chronic disease af-
ter an acute infection. For example, the clinically inapparent presence of S. aureus in the
anterior nares is termed carriage, as is a chronic gallbladder infection with Salmonella
serotype Typhi that can follow an attack of typhoid fever and result in fecal excretion of
the organism for years.

With some infectious diseases, such as measles, infection is invariably accompanied
by clinical manifestations of the disease itself. These manifestations facilitate epidemio-
logic control, because the existence and extent of infection in a community are readily
apparent. Organisms associated with long incubation periods or high frequencies of sub-
clinical infection such as human immunodeficiency virus (HIV) or hepatitis B virus may
propagate and spread in a population for long periods before the extent of the problem is
recognized. This makes epidemiologic control more difficult.

INCUBATION PERIOD AND COMMUNICABILITY

The incubation period is the time between exposure to the organism and appearance of
the first symptoms of the disease. Generally, organisms that multiply rapidly and produce
local infections, such as gonorrhea and influenza, are associated with short incubation pe-
riods (eg, 2—4 days). Diseases such as typhoid fever, which depend on hematogenous
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spread and multiplication of the organism in distant target organs to produce symptoms,
often have longer incubation periods (eg, 10 days to 3 weeks). Some diseases have even
more prolonged incubation periods because of slow passage of the infecting organism to
the target organ, as in rabies, or slow growth of the organism, as in tuberculosis. Incuba-
tion periods for one agent may also vary widely depending on route of acquisition and in-
fecting dose; for example, the incubation period of hepatitis B virus infection may vary
from a few weeks to several months.

Communicability of a disease in which the organism is shed in secretions may occur
primarily during the incubation period. In other infections, the disease course is short but
the organisms can be excreted from the host for extended periods. In yet other cases, the
symptoms are related to host immune response rather than the organism’s action, and thus
the disease process may extend far beyond the period in which the etiologic agent can be
isolated or spread. Some viruses can integrate into the host genome or survive by replicat-
ing very slowly in the presence of an immune response. Such dormancy or latency is ex-
emplified by the herpesviruses, and the organism may emerge long after the original
infection and potentially infect others.

The inherent infectivity and virulence of a microorganism are also important deter-
minants of attack rates of disease in a community. In general, organisms of high
infectivity spread more easily and those of greater virulence are more likely to cause
disease than subclinical infection. The infecting dose of an organism also varies with
different organisms and thus influences the chance of infection and development
of disease.

ROUTES OF TRANSMISSION

Various transmissible infections may be acquired from others by direct contact, by
aerosol transmission of infectious secretions, or indirectly through contaminated inani-
mate objects or materials. Some, such as malaria, involve an animate insect vector. These
routes of spread are often referred to as horizontal transmission, in contrast to vertical
transmission from mother to fetus. The major horizontal routes of transmission of infec-
tious diseases are summarized in Table 12—1 and discussed next.

Respiratory Spread

Many infections are transmitted by the respiratory route, often by aerosolization of respi-
ratory secretions with subsequent inhalation by others. The efficiency of this process de-
pends in part on the extent and method of propulsion of discharges from the mouth and
nose, the size of the aerosol droplets, and the resistance of the infectious agent to desicca-
tion and inactivation by ultraviolet light. In still air, a particle 100 wm in diameter
requires only seconds to fall the height of a room; a 10-um particle remains airborne for
about 20 minutes, smaller particles even longer. When inhaled, particles with a diameter
of 6 um or greater are usually trapped by the mucosa of the nasal turbinates, whereas par-
ticles of 0.6 to 5.0 wm attach to mucous sites at various levels along the upper and lower
respiratory tract and may initiate infection. These “droplet nuclei” are most important in
transmitting many respiratory pathogens (eg, M. tuberculosis). Respiratory secretions are
often transferred on hands or inanimate objects (fomites) and may reach the respiratory
tract of others in this way. For example, spread of the common cold may involve transfer
of infectious secretions from nose to hand by the infected individual, with transfer to
others by hand-to-hand contact and then from hand to nose by the unsuspecting victim.

Salivary Spread

Some infections, such as herpes simplex and infectious mononucleosis, can be transferred
directly by contact with infectious saliva through kissing. Transmission of infectious se-
cretions by direct contact with the nasal mucosa or conjunctiva often accounts for the
rapid dissemination of agents such as respiratory syncytial virus and adenovirus. The risk
of spread in these instances can be reduced by simple hygienic measures, such as hand-
washing.
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TABLE 12-1

PART IV

Spread and Control of Infection

Common Routes of Transmission”

ROUTE OF EXIT

ROUTE OF TRANSMISSION

EXAMPLE

Respiratory

Salivary

Gastrointestinal

Skin

Blood

Genital secretions

Urine

Eye
Zoonotic

Aerosol droplet inhalation

Nose or mouth — hand or object —
nose

Direct salivary transfer (eg, kissing)

Animal bite

Stool — hand — mouth and/or stool
— object — mouth

Stool — water or food — mouth

Skin discharge — air — respiratory
tract

Skin to skin
Transfusion or needle prick

Insect bite
Urethral or cervical secretions

Semen

Urine — hand — catheter

Conjunctival

Animal bite

Contact with carcasses
Arthropod

Influenza virus; tuberculosis

Common cold (rhinovirus)

Oral —labial herpes; infectious
mononucleosis, cytomegalovirus

Rabies

Enterovirus infection; hepatitis A

Salmonellosis; shigellosis

Varicella, poxvirus infection

Human papilloma virus (warts);
syphilis

Hepeatitis B; cytomegalovirus
infection; malaria; AIDS

Malaria; relapsing fever

Gonorrhea; herpes simplex;
Chlamydia infection

Cytomegalovirus infection

Hospital-acquired urinary tract
infection

Adenovirus
Rabies
Tularemia

Plague; Rocky Mountain spotted
fever; Lyme disease

“The examples cited are incomplete, and in some cases more than one route of transmission exists.

Reduced gastric hydrochloric acid
can facilitate enteric infections

Fecal - Oral Spread

Fecal—oral spread involves direct or finger-to-mouth spread, the use of human feces as a
fertilizer, or fecal contamination of food or water. Food handlers who are infected with an
organism transmissible by this route constitute a special hazard, especially when their
personal hygienic practices are inadequate. Some viruses disseminated by the fecal—oral
route infect and multiply in cells of the oropharynx and then disseminate to other body
sites to cause infection. However, organisms that are spread in this way commonly multi-
ply in the intestinal tract and may cause intestinal infections. They must therefore be able
to resist the acid in the stomach, the bile, and the gastric and small-intestinal enzymes.
Many bacteria and enveloped viruses are rapidly killed by these conditions, but members
of the Enterobacteriaceae and unenveloped viral intestinal pathogens (eg, enteroviruses)
are more likely to survive. Even with these organisms, the infecting dose in patients with
reduced or absent gastric hydrochloric acid is often much smaller than in those with nor-
mal stomach acidity.
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Skin-to-Skin Transfer

Skin-to-skin transfer occurs with a variety of infections in which the skin is the portal of
entry, such as the spirochete of syphilis (Treponema pallidum), strains of group A strepto-
cocci that cause impetigo, and the dermatophyte fungi that cause ringworm and athlete’s
foot. In most cases, an inapparent break in the epithelium is probably involved in infec-
tion. Other diseases may be spread through fomites such as shared towels and inade-
quately cleansed shower and bath floors. Skin-to-skin transfer usually occurs through
abrasions of the epidermis, which may be unnoticed.

Bloodborne Transmission

Bloodborne transmission through insect vectors requires a period of multiplication or al-
teration within an insect vector before the organism can infect another human host. Such
is the case with the mosquito and the malarial parasite. Direct transmission from human
to human through blood has become increasingly important in modern medicine because
of the use of blood transfusions and blood products and the increased self-administration
of illicit drugs by intravenous or subcutaneous routes, using shared nonsterile equipment.
Hepatitis B and C viruses as well as HIV were frequently transmitted in this way prior to
the institution of blood screening tests.

Genital Transmission

Disease transmission through the genital tract has emerged as one of the most common
infectious problems and reflects changing social and sexual mores. Spread can occur be-
tween sexual partners or from the mother to the infant at birth. A major factor in these in-
fections has been the persistence, high rates of asymptomatic carriage, and frequency of
recurrence of organisms such as Chlamydia trachomatis, cytomegalovirus (CMV), herpes
simplex virus, and Neisseria gonorrhoeae.

Eye-to-Eye Transmission

Infections of the conjunctiva may occur in epidemic or endemic form. Epidemics of ade-
novirus and Haemophilus conjunctivitis may occur and are highly contagious. The major
endemic disease is trachoma, caused by Chlamydia, which remains a frequent cause of
blindness in developing countries. These diseases may be spread by direct contact via oph-
thalmologic equipment or by secretions passed manually or through fomites such as towels.

Zoonotic Transmission

Zoonotic infections are those spread from animals, where they have their natural reser-
voir, to humans. Some zoonotic infections, such as rabies are directly contracted from the
bite of the infected animal, while other are transmitted by vectors, especially arthropods
(eg, ticks, mosquitoes). Many infections contracted by humans from animals are dead-
ended in humans, while others may be transferred between humans once the disease is es-
tablished in a population. Plague, for example, has a natural reservoir in rodents. Human
infections contracted from the bites of rodent fleas may produce pneumonia, which may
then spread to other humans by the respiratory droplet route.

Vertical Transmission

Certain diseases can spread from the mother to the fetus through the placental barrier.
This mode of transmission involves organisms such as rubella virus that can be present in
the mother’s bloodstream and may occur at different stages of pregnancy with different
organisms. Another form of transmission from mother to infant occurs by contact during
birth with organisms such as group B streptococci, C. trachomatis, and N. gonorrhoeae,
which colonize the vagina. Herpes simplex virus and CMV can spread by both vertical
methods as it may be present in blood or may colonize the cervix. CMV may also be
transmitted by breast milk, a third mechanism of vertical transmission.
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PART 1V Spread and Control of Infection

EPIDEMICS

The characterization of epidemics and their recognition in a community involve several
quantitative measures and some specific epidemiologic definitions. Infectivity, in epi-
demiologic terms, equates to attack rate and is measured as the frequency with which an
infection is transmitted when there is contact between the agent and a susceptible individ-
ual. The disease index of an infection can be expressed as the number of persons who de-
velop the disease divided by the total number infected. The virulence of an agent can be
estimated as the number of fatal or severe cases per the total number of cases. Incidence,
the number of new cases of a disease within a specified period, is described as a rate in
which the number of cases is the numerator and the number of people in the population
under surveillance is the denominator. This is usually normalized to reflect a percentage
of the population that is affected. Prevalence, which can also be described as a rate, is
primarily used to indicate the total number of cases existing in a population at risk at a
point in time.

The prerequisites for propagation of an epidemic from person to person are a suffi-
cient degree of infectivity to allow the organism to spread, sufficient virulence for an in-
creased incidence of disease to become apparent, and sufficient level of susceptibility in
the host population to permit transmission and amplification of the infecting organism.
Thus, the extent of an epidemic and its degree of severity are determined by complex in-
teractions between parasite and host. Host factors such as age, genetic predisposition, and
immune status can dramatically influence the manifestations of an infectious disease. To-
gether with differences in infecting dose, these factors are largely responsible for the wide
spectrum of disease manifestations that may be seen during an epidemic.

The effect of age can be quite dramatic. For example, in an epidemic of measles in an
isolated population in 1846, the attack rate for all ages averaged 75%; however, mortality
was 90 times higher in children less than 1 year of age (28%) than in those 1 to 40 years
of age (0.3%). Conversely, in one outbreak of poliomyelitis, the attack rate of paralytic
polio was 4% in children O to 4 years of age and 20 to 40% in those 5 to 50 years of age.
Sex may be a factor in disease manifestations; for example, the likelihood of becoming a
chronic carrier of hepatitis B is twice as high for males as for females.

Prior exposure of a population to an organism may alter immune status and the fre-
quency of acquisition, severity of clinical disease, and duration of an epidemic. For exam-
ple, measles is highly infectious and attacks most susceptible members of an exposed
population. However, infection gives solid lifelong immunity. Thus, in unimmunized pop-
ulations in which the disease is maintained in endemic form, epidemics occur at about
3-year intervals when a sufficient number of nonimmune hosts has been born to permit
rapid transmission between them. When a sufficient immune population is reestablished,
epidemic spread is blocked and the disease again becomes endemic. When immunity is
short-lived or incomplete, epidemics can continue for decades if the mode of transmission
is unchecked, which accounts for the present epidemic of gonorrhea.

Prolonged and extensive exposure to a pathogen during previous generations selects
for a higher degree of innate genetic immunity in a population. For example, extensive
exposure of Western urbanized populations to tuberculosis during the 18th and 19th cen-
turies conferred a degree of resistance greater than that among the progeny of rural or
geographically isolated populations. The disease spread rapidly and in severe form, for
example, when it was first encountered by Native Americans. An even more dramatic ex-
ample concerns the resistance to the most serious form of malaria that is conferred on
peoples of West African descent by the sickle-celled trait (see Chapter 52). These in-
stances are clear cases of natural selection, a process that accounts for many differences
in racial immunity.

Occasionally, an epidemic arises from an organism against which immunity is essen-
tially absent in a population and that is either of enhanced virulence or appears to be of
enhanced virulence because of the lack of immunity. When such an organism is highly in-
fectious, the disease it causes may become pandemic and worldwide. A prime example of
this situation is the appearance of a new major antigenic variant of influenza A virus
against which there is little if any cross-immunity from recent epidemics with other



CHAPTER 12 Epidemiology of Infectious Diseases

strains. The 1918—-1919 pandemic of influenza was responsible for more deaths than
World War I (about 20 million). Subsequent but less serious pandemics have occurred at
intervals because of the development of strains of influenza virus with major antigenic
shifts (see Chapter 32). Another example, acquired immunodeficiency syndrome (AIDS),
illustrates the same principles but also reflects changes in human ecologic and social be-
havior.

A major feature of serious epidemic diseases is their frequent association with
poverty, malnutrition, disaster, and war. The association is multifactorial and includes
overcrowding, contaminated food and water, an increase in arthropods that parasitize hu-
mans, and the reduced immunity that can accompany severe malnutrition or certain types
of chronic stress. Overcrowding and understaffing in day-care centers or institutes for the
mentally impaired can similarly be associated with epidemics of infections.

In recent years, increasing attention has been given to hospital (nosocomial) epi-
demics of infection. Hospitals are not immune to the epidemic diseases that occur in the
community; and outbreaks result from the association of infected patients or persons with
those who are unusually susceptible because of chronic disease, immunosuppressive ther-
apy, or the use of bladder, intratracheal, or intravascular catheters and tubes. Control
depends on the techniques of medical personnel, hospital hygiene, and effective surveil-
lance. This topic is considered in greater detail in Chapter 72.

CONTROL OF EPIDEMICS

The first principle of control is recognition of the existence of an epidemic. This recogni-
tion is sometimes immediate because of the high incidence of disease, but often the evi-
dence is obtained from ongoing surveillance activities, such as routine disease reports to
health departments and records of school and work absenteeism. The causative agent
must be identified and studies to determine route of transmission (eg, food poisoning)
must be initiated.

Measures must then be adopted to control the spread and development of further in-
fection. These methods include (1) blocking the route of transmission if possible (eg,
improved food hygiene or arthropod control); (2) identifying, treating, and, if necessary,
isolating infected individuals and carriers; (3) raising the level of immunity in the unin-
fected population by immunization; (4) making selective use of chemoprophylaxis for
subjects or populations at particular risk of infection, as in epidemics of meningococcal
infection; and (5) correcting conditions such as overcrowding or contaminated water sup-
plies that have led to the epidemic or facilitated transfer.

GENERAL PRINCIPLES OF IMMUNIZATION

Immunization is the most effective method to provide individual and community protec-
tion against many epidemic diseases. Immunization can be active, with stimulation of the
body’s immune mechanisms through administration of a vaccine, or passive, through ad-
ministration of plasma or globulin containing preformed antibody to the agent desired.
Active immunization with living attenuated organisms generally results in a subclinical or
mild illness that duplicates to a limited extent the disease to be prevented. Live vaccines
generally provide both local and durable humoral immunity. Killed or subunit vaccines
such as influenza vaccine and tetanus toxoid provide immunogenicity without infectivity.
They generally involve a larger amount of antigen than live vaccines and must be admin-
istered parenterally with two or more spaced injections and subsequent boosters to elicit
and maintain a satisfactory antibody level. Immunity usually develops more rapidly with
live vaccines, but serious overt disease from the vaccine itself can occur in patients whose
immune responses are suppressed. Live attenuated virus vaccines are generally con-
traindicated in pregnancy because of the risk of infection and damage to developing fetus.
Recent developments in molecular biology and protein chemistry have brought greater
sophistication to the identification and purification of specific immunizing antigens and
epitopes and to the preparation and purification of specific antibodies for passive protec-
tion. Thus, immunization is being applied to a broader range of infections.
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Prophylaxis or therapy of some infections can be accomplished or aided by passive
immunization. This procedure involves administration of preformed antibody obtained
from humans, derived from animals actively immunized to the agent, or produced by hy-
bridoma techniques. Animal antisera induce immune responses to their globulins that re-
sult in clearance of the passively transferred antibody within about 10 days and carry the
risk of hypersensitivity reactions such as serum sickness and anaphylaxis. Human anti-
bodies are less immunogenic and are detectable in the circulation for several weeks after
administration. Two types of human antibody preparations are generally available. Im-
mune serum globulin (gamma globulin) is the immunoglobulin G fraction of plasma from
a large group of donors that contains antibody to many infectious agents. Hyperimmune
globulins are purified antibody preparations from the blood of subjects with high titers of
antibody to a specific disease that have resulted from natural exposure or immunization;
hepatitis B immune globulin, rabies immune globulin, and human tetanus immune globu-
lin are examples. Details of the use of these globulins can be obtained from the chapters
that discuss the diseases in question. Passive antibody is most effective when given early
in the incubation period.
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CHAPTER 13

Antibacterial and
Antiviral Agents

KENNETH J. RYAN AND WV. LAWRENCE DRew

The ability to direct therapy specifically at a disease-causing infectious agent is unique
to the management of infectious diseases. Its initial success depends on exploiting differ-
ences between our own makeup and metabolism and that of the microorganism in ques-
tion. The mode of action of antimicrobials on bacteria and viruses is the focus of this
chapter. The continued success of antibacterial and antiviral agents depends on whether
the organisms to which the agent was originally directed develop resistance. Resistance to
antibacterial agents is the subject of Chapter 14. Specific information about pathogenic
organisms can be found in later chapters; a complete guide to the treatment of infectious
diseases is beyond the scope of this book.

Natural materials with some activity against microbes were used in folk medicine in
earlier times, such as the bark of the cinchona tree (containing quinine) in the treatment
of malaria. Rational approaches to chemotherapy began with Ehrlich’s development of
arsenical compounds for the treatment of syphilis early in the 20th century. Many years
then elapsed before the next major development, which was the discovery of the thera-
peutic effectiveness of a sulfonamide (prontosil rubrum) by Domagk in 1935. Peni-
cillin, which had been discovered in 1929 by Fleming, could not be adequately purified
at that time; however, this was accomplished later, and penicillin was produced in suffi-
cient quantities so that Florey and his colleagues could demonstrate its clinical effec-
tiveness in the early 1940s. The first antiviral agent, methisazone, was a derivative of
sulfonamides shown to be active against pox viruses. Numerous new antimicrobial
agents have been discovered or developed, and many have found their way into clinical
practice.

ANTIBACTERIAL THERAPY

GENERAL CONSIDERATIONS

Clinically effective antimicrobial agents all exhibit selective toxicity toward the para-
site rather than the host, a characteristic that differentiates them from the disinfectants
(see Chapter 11). In most cases, selective toxicity is explained by action on microbial
processes or structures that differ from those of mammalian cells. For example, some
agents act on bacterial cell wall synthesis, and others on functions of the 70 S bacterial

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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ribosome but not the 80 S eukaryotic ribosome. Some antimicrobial agents, such as
penicillin, are essentially nontoxic to the host, unless hypersensitivity has developed.
For others, such as the aminoglycosides, the effective therapeutic dose is relatively
close to the toxic dose; as a result, control of dosage and blood level must be much
more precise.

Definitions

* Antibiotic—antimicrobials of microbial origin, most of which are produced by fungi
or by bacteria of the genus Streptomyces.

e Antimicrobial, antimicrobic—any substance with sufficient antimicrobial activity
that it can be used in the treatment of infectious diseases.

e Bactericidal—an antimicrobial that not only inhibits growth but is lethal to bacteria.

e Bacteriostatic—an antimicrobial that inhibits growth but does not kill the organisms.

¢ Chemotherapeutic—a broad term that encompasses antibiotics, antimicrobials, and
drugs used in the treatment of cancer. In the context of infectious diseases, it implies
the agent is not an antibiotic.

e Minimal inhibitory concentration (MIC)—a laboratory term that defines the lowest
concentration (ug/mL) able to inhibit growth of the microorganism.

e Resistant—organisms that are not inhibited by clinically achievable concentrations of
a antimicrobial agent.

¢ Sensitive—term applied to microorganisms indicating that they will be inhibited by
concentrations of the antimicrobic that can be achieved clinically.

e Spectrum—an expression of the categories of microorganisms against which an an-
timicrobial is typically active. A narrow-spectrum agent has activity against only a
few organisms. A broad-spectrum agent has activity against organisms of diverse
types (eg, Gram-positive and Gram-negative bacteria).

e Susceptible—term applied to microorganisms indicating that they will be inhibited
by concentrations of the antimicrobic that can be achieved clinically.

Sources of Antimicrobial Agents

There are several sources of antimicrobial agents. The antibiotics are of biological origin
and probably play an important part in microbial ecology in the natural environment. Peni-
cillin, for example, is produced by several molds of the genus Penicillium, and the prototype
cephalosporin antibiotics were derived from other molds. The largest source of naturally
occurring antibiotics is the genus Streptomyces, the members of which are Gram-positive,
branching bacteria found in soils and freshwater sediments. Streptomycin, the tetracyclines,
chloramphenicol, erythromycin, and many other antibiotics were discovered by screening
large numbers of Streptomyces isolates from different parts of the world. Antibiotics are
mass produced by techniques derived from the procedures of the fermentation industry.

Chemically synthesized antimicrobial agents were initially discovered among com-
pounds synthesized for other purposes and tested for their therapeutic effectiveness in an-
imals. The sulfonamides, for example, were discovered as a result of routine screening
of aniline dyes. More recently, active compounds have been synthesized with structures
tailored to be effective inhibitors or competitors of known metabolic pathways. Trimetho-
prim, which inhibits dihydrofolate reductase, is an excellent example.

A third source of antimicrobial agents is molecular manipulation of previously dis-
covered antibiotics or chemotherapeutics to broaden their range and degree of activity
against microorganisms or to improve their pharmacologic characteristics. Examples in-
clude the development of penicillinase-resistant and broad-spectrum penicillins, as well
as a large range of aminoglycosides and cephalosporins of increasing activity, spectrum,
and resistance to inactivating enzymes.

Spectrum of Action

The spectrum of activity of each antimicrobic describes the genera and species against
which it is typically active. For the most common antimicrobics and bacteria, these are
shown in Table 13-1. Spectra overlap but are usually characteristic for each broad class of
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TABLE 13-1

Usual Susceptibility Patterns of Common Bacteria to Some Commonly Used Bacteriostatic
and Bactericidal Antimicrobial Agents
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Proportions of susceptible and resistant strains: Q , 100% susceptible G , 25% resistant ' , 100% resistant O , intermediate susceptibility.

Abbreviations: — = no present indication for therapy or insufficient data 1 = antimicrobic of choice for susceptible strains 2 = second-line agent
3 = c. trachomatis-sensitive, c. psittaci-resistant C = useful in combinations of a B-lactam and an aminoglycoside

antimicrobic. Some antibacterial antimicrobics are known as narrow-spectrum agents; for

example, benzyl penicillin is highly active against many Gram-positive and Gram-negative ~ Broad-spectrum agents inhibit
cocci but has little activity against enteric Gram-negative bacilli. Chloramphenicol,  both Gram-positive and Gram-
tetracycline, and the cephalosporins, on the other hand, are broad-spectrum agents that in- negative species

hibit a wide range of Gram-positive and Gram-negative bacteria, including some obligate
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intracellular organisms. When resistance develops in an initially sensitive genus or species,
that species is still considered within the spectrum even when the resistant subpopulation is
significant. For example, the spectrum of benzyl penicillin is considered to include Staphy-
lococcus aureus, although more than 80% of strains now are penicillin resistant.

SELECTED ANTIBACTERIAL ANTIMICROBICS

Various aspects of the major antimicrobics are now considered in more detail, with em-
phasis on their modes of action and spectrum. Resistance is mentioned here in the context
of spectrum, with mechanisms of resistance covered in Chapter 14. Details on specific an-
timicrobic use, dosage, and toxicity should be sought in one of the specialized texts or
handbooks written for that purpose.

Antimicrobics That Act on Cell Wall Synthesis

The peptidoglycan (murein sac) component of the bacterial cell wall gives it its shape and
rigidity. This giant molecule is formed by weaving the linear glycans N-acetylglucosamine
and N-acetylmuramic acid into a basket-like structure. Mature peptidoglycan is held together
by cross-linking of short peptide side chains hanging off the long glycan molecules. This
cross-linking process is the target of two of the most important groups of antimicrobics, the
B-lactams and the glycopeptides (vancomycin and teicoplanin) (Fig 13—1). Peptidoglycan is
unique to bacteria and its synthesis is described in more detail in Chapter 2.

B-Lactam Antimicrobics

The B-lactam antimicrobics comprise the penicillins, cephalosporins, carbapenems, and
monobactams. Their name derives from the presence of a 3-lactam ring in their structure;
this ring is essential for antibacterial activity. Penicillin, the first member of this class,
was derived from molds of the genus Penicillium, and later natural B-lactams were
derived from both molds and bacteria of the genus Streptomyces. Today it is possible to
synthesize (-lactams, but most are derived from semisynthetic processes involving the
chemical modification of the products of fermentation.

The B-lactam antimicrobics interfere with the transpeptidation reactions that seal the
peptide crosslinks between glycan chains. They do so by interference with the action of
the transpeptidase enzymes which carry out this cross-linking. These targets of all the
B-lactams are commonly called penicillin-binding proteins (PBPs), reflecting the stereo-
chemical nature of their interference, which was first described in experiments with peni-
cillin. Several distinct PBPs occur in any one strain, are usually species specific, and vary
in the avidity of their binding to different 3-lactam antimicrobics.

The B-lactams are classified by chemical structure (Fig 13—2). They may have one
B-lactam ring (monobactams), or a B-lactam ring fused to a five-member penem ring
(penicillins, carbapenems), or a six-member cephem ring (cephalosporins). Within these
major groups, differences in the side chain(s) attached to the single or double ring can have
a significant effect on the pharmacologic properties and spectrum of any [B-lactam. The
pharmacologic properties include resistance to gastric acid, which allows oral administra-
tion, and their pattern of distribution into body compartments (eg, blood, cerebrospinal
fluid, joints). The features that alter the spectrum include permeability into the bacterial
cell, affinity for PBPs, and vulnerability to the various bacterial mechanisms of resistance.

[B-Lactam antimicrobics are usually highly bactericidal, but only to growing bacteria syn-
thesizing new cell walls. Killing involves attenuation and disruption of the developing pepti-
doglycan “corset,” liberation or activation of autolytic enzymes that further disrupt weakened
areas of the wall, and finally osmotic lysis from passage of water through the cytoplasmic
membrane to the hypertonic interior of the cell. As might be anticipated, cell wall —deficient
organisms, such as Mycoplasma, are not susceptible to S-lactam antimicrobics.

Penicillins Penicillins differ primarily in their spectrum of activity against Gram-
negative bacteria and resistance to staphylococcal penicillinase. This penicillinase is one
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FIGURE 13-1

Action of antimicrobics on peptidoglycan synthesis. The glucan backbone and the amino acid side
chains of peptidoglycan are shown. The transpeptidase enzyme catalyzes the cross-linking of the
amino acid side chains. Penicillin and other S-lactams bind to the transpeptidase, preventing it from
carrying out its function. Vancomycin binds directly to the amino acids, preventing the binding of

transpeptidase.

of a family of bacterial enzymes called S-lactamases that inactivate $-lactam antimicro-
bics (see Chapter 14). Penicillin G is active primarily against Gram-positive organisms,
Gram-negative cocci, and some spirochetes, including the spirochete of syphilis. They
have little action against most Gram-negative bacilli, because the outer membrane prevents
passage of these antibiotics to their sites of action on cell wall synthesis. Penicillin G is
the least toxic and least expensive of all the penicillins. Its modification as penicillin V
confers acid stability, so it can be given orally.

The penicillinase-resistant penicillins (methicillin, nafcillin, oxacillin) also have nar-
row spectra, but are active against penicillinase-producing S. aureus. The broader spectrum
penicillins owe their expanded activity to the ability to traverse the outer membrane of some
Gram-negative bacteria. Some, such as ampicillin, have excellent activity against a range of
Gram-negative pathogens but not P. aeruginosa, an important opportunistic pathogen.

Resistance to staphylococcal and
Gram-negative 3-lactamases
determines spectrum

Penetration of outer membrane is
often limited

Broad-spectrum penicillins
penetrate the outer membrane of
some Gram-negative bacteria
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FIGURE 13-2

Basic structure of S-lactam antibi-
otics. a, Different side chains de-
termine degree of activity, spec-
trum, pharmacologic properties,
resistance to B-lactamases; b, 3-
lactam ring; c, thiazolidine ring;
¢’ dihydrothiazine ring; d, site of
action of B-lactamases; e, site of
action of amidase.
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Others, such as carbenicillin and ticarcillin, are active against Pseudomonas when given in
high dosage but are less active than ampicillin against some other Gram-negative organisms.
The penicillins with a Gram-negative spectrum are slightly less active than penicillin G
against Gram-positive organisms and are inactivated by staphylococcal penicillinase.

Cephalosporins The structure of the cephalosporins confers resistance to hydrolysis by
staphylococcal penicillinase and to the S-lactamases of groups of Gram-negative bacilli,
which vary with each cephalosporin. The cephalosporins are classified by generation—
first, second, third, or fourth. The “generation” term relates to historical breakthroughs in
expanding their spectrum through modification of the side chains. In general, a
cephalosporin of a higher generation has a wider spectrum, in some instances, more quan-
titative activity (lower minimum inhibitory concentration; MIC) against Gram-negative
bacteria. As the Gram-negative spectrum increases, these agents typically lose some of
their potency (higher MIC) against Gram-positive bacteria.

The first-generation cephalosporins cefazolin and cephalexin have a spectrum of ac-
tivity against Gram-positive organisms that resembles that of the penicillinase-resistant
penicillins, and in addition, they are active against some of the Enterobacteriaceae (see
Table 13—1). These agents continue to have therapeutic value because of their high activ-
ity against Gram-positive organisms and because a broader spectrum may be unnecessary.

Second-generation cephalosporins cefoxitin and cefaclor are resistant to S-lactamases
of some Gram-negative organisms that inactivate first-generation compounds. Of particular
importance is their expanded activity against Enterobacteriaceae species and against anaer-
obes such as Bacteroides fragilis.

Third-generation cephalosporins, such as ceftriaxone, cefotaxime, and ceftazidime,
have an even wider spectrum; they are active against Gram-negative organisms, often at
MICs that are 10- to 100-fold lower than first-generation compounds. Of these three
agents, only ceftazidime is consistently active against P. aeruginosa. The potency, broad
spectrum, and low toxicity of the third-generation cephalosporins have made them the
preferred agents in life-threatening infections in which the causative organism has not yet
been isolated. Selection depends on the clinical circumstances. For example, ceftriaxone
or cefotaxime is preferred for childhood meningitis because it has the highest activity
against the three major causes, Neisseria meningitidis, Streptococcus pneumoniae, and
Haemophilus influenzae. For a febrile bone marrow transplant patient, ceftazidime might
be chosen because of the prospect of P. aeruginosa involvement.

Fourth-generation cephalosporins have enhanced ability to cross the outer membrane
of Gram-negative bacteria as well as resistance to many Gram-negative (-lactamases.
Compounds such as cefepime have activity against an even wider spectrum of Enterobac-
teriaceae as well as P. aeruginosa. These cephalosporins retain the high affinity of third-
generation drugs and activity against Neisseria and H. influenzae.

Carbapenems The carbapenems imipenem and meropenem have the broadest spec-
trum of all B-lactam antibiotics. This fact appears to be due to the combination of easy
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penetration of Gram-negative and Gram-positive bacterial cells and high level of resis-
tance to (-lactamases. Both agents are active against streptococci, more active than
cephalosporins against staphylococci, and highly active against both 3-lactamase-positive
and -negative strains of gonococci and H. influenzae. In addition, they are as active as
third-generation cephalosporins against Gram-negative rods, and effective against obli-
gate anaerobes. Imipenem is rapidly hydrolyzed by a renal tubular dehydropeptidase-1;
therefore, it is administered together with an inhibitor of this enzyme (cilastatin), which
greatly improves its urine levels and other pharmacokinetic characteristics. Meropenem is
not significantly degraded by dehydropeptidase-1 and does not require coadministration
of cilastatin.

Monobactams Aztreonam, the first monobactam licensed in the United States, has a
spectrum limited to aerobic and facultatively anaerobic Gram-negative bacteria, includ-
ing Enterobacteriaceae, P. aeruginosa, Haemophilus, and Neisseria. Monobactams have
poor affinity for the PBPs of Gram-positive organisms and anaerobes and thus little
activity against them, but they are highly resistant to hydrolysis by [B-lactamases of
Gram-negative bacilli. Anaerobic superinfections and major distortions of the bowel
flora are less common with aztreonam therapy than with other broad-spectrum S-lactam
antimicrobics, presumably because aztreonam does not produce a general suppression of
gut anaerobes.

B-Lactamase Inhibitors A number of S-lactams with little or no antimicrobic activity
are capable of binding irreversibly to 3-lactamase enzymes and, in the process, rendering
them inactive. Three such compounds, clavulanic acid, sulbactam, and tazobactam, are
referred to as suicide inhibitors, because they must first be hydrolyzed by a B-lactamase
before becoming effective inactivators of the enzyme. They are highly effective against
staphylococcal penicillinases and broad-spectrum S-lactamases; however, their ability to
inhibit cephalosporinases is significantly less. Combinations of one of these inhibitors
with an appropriate 3-lactam antimicrobic protects the therapeutic agent from destruction
by many S-lactamases and significantly enhances its spectrum. Four such combinations
are now available in the United States: amoxicillin/clavulanate, ticarcillin/clavulanate, ampi-
cillin/sulbactam, and piperacillin/tazobactam. Bacteria that produce chromosomally encoded
inducible cephalosporinases are not susceptible to these combinations. Whether these combi-
nations offer therapeutic or economic advantages compared with the [-lactamase—stable
antibiotics now available remains to be determined.

Clinical Use The B-lactam antibiotics are usually the drugs of choice for infections by
susceptible organisms because of their low toxicity and bactericidal action. They have
also proved of great value in the prophylaxis of many infections. They are excreted by
the kidney and achieve very high urinary levels. Penicillins reach the cerebrospinal fluid
when the meninges are inflamed and are effective in the treatment of meningitis, but
first- and second-generation cephalosporins are not. In contrast, the third-generation
cephalosporins penetrate much better and have become the agents of choice in the
treatment of undiagnosed meningitis and meningitis caused by most Gram-negative
organisms.

Glycopeptide Antimicrobics

Two agents, vancomycin and teicoplanin, belong to this group. Each of these antimicro-
bics inhibit assembly of the linear peptidoglycan molecule by binding directly to the ter-
minal amino acids of the peptide side chains. The effect is the same as with B-lactams,
prevention of peptidoglycan cross-linking. Both agents are bactericidal, but are primarily
active only against Gram-positive bacteria. Their main use has been against multiresistant
Gram-positive infections including those caused by strains of staphylococci that are resis-
tant to the penicillinase-resistant penicillins and cephalosporins. Neither agent is
absorbed by mouth, although both have been used orally to treat Clostridium difficile in-
fections of the bowel (see Chapter 19).

199

Carbapenems are very broad
spectrum

Activity is primarily against
Gram-negatives

B-lactamase inhibitors are
B-lactams that bind -lactamases

Other B-lactams are enhanced in
the presence of -lactamase
inhibitors

Low toxicity favors use of all
B-lactams

Glycopeptide antimicrobics bind
directly to amino acid side chains



200

FIGURE 13-3

Action of antimicrobics on protein
synthesis. Aminoglycosides (A)
bind to multiple sites on both the
30S and 50S ribosomes in a man-
ner that prevents the tRNA from
forming initiation complexes.
Tetracyclines (T) act in a similar
manner, binding only to the 30S
ribosomes. Chloramphenicol (C)
blocks formation of the peptide
bond between the amino acids.
Erythromycin (E) and macrolides
block the translocation of tRNA
from the acceptor to the donor side
on the ribosome.
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All members of the aminoglycoside group of antimicrobics have a six-member aminocy-
clitol ring with attached amino sugars. The individual agents differ in terms of the exact
ring structure and the number and nature of the amino sugar residues. Aminoglycosides
are active against a wide range of bacteria, but only those organisms that are able to trans-
port them into the cell by a mechanism that involves oxidative phosphorylation. Thus,
they have little or no activity against strict anaerobes or facultative organisms that metab-
olize only fermentatively (eg, streptococci). It appears highly probable that aminoglyco-
side activity against facultative organisms is similarly reduced in vivo when the
oxidation—reduction potential is low.

Once inside bacterial cells, aminoglycosides inhibit protein synthesis by binding to
the bacterial ribosomes either directly or by involving other proteins. This binding desta-
bilizes the ribosomes, blocks initiation complexes, and thus prevents elongation of
polypeptide chains. The agents may also cause distortion of the site of attachment of
mRNA, mistranslation of codons, and failure to produce the correct amino acid sequence
in proteins. The first aminoglycoside, streptomycin, is bound to the 30S ribosomal sub-
unit, but the newer and more active aminoglycosides bind to multiple sites on both 30S
and 50S subunits. This gives the newer agents broader spectrum and less susceptibility to
resistance due to binding site mutation.

Eukaryotic ribosomes are resistant to aminoglycosides, and the antimicrobics are not
actively transported into eukaryotic cells. These properties account for their selective tox-
icity and also explain their ineffectiveness against intracellular bacteria such as Rickettsia
and Chlamydia.

Gentamicin and tobramycin are the major aminoglycosides; they have an extended
spectrum, which includes staphylococci; Enterobacteriaceae; and of particular impor-
tance, P. aeruginosa. Streptomycin and amikacin are now primarily used in combination
with other antimicrobics in the therapy of tuberculosis and other mycobacterial diseases.
Neomycin, the most toxic aminoglycoside, is used in topical preparations and as an oral
preparation before certain types of intestinal surgery, because it is poorly absorbed.

All of the aminoglycosides are toxic to the vestibular and auditory branches of the
eighth cranial nerve to varying degrees; this damage can lead to complete and irreversible
loss of hearing and balance. These agents may also be toxic to the kidneys. It is often
essential to monitor blood levels during therapy to ensure adequate yet nontoxic doses,
especially when renal impairment diminishes excretion of the drug. For example, blood
levels of gentamicin should be below 10 wg/mL to avoid nephrotoxicity, but many strains
of P. aeruginosa require 2 to 4 pg/mL for inhibition.



CHAPTER 13 Antibacterial and Antiviral Agents

The clinical value of the aminoglycosides is a consequence of their rapid bactericidal
effect, their broad spectrum, the slow development of resistance to the agents now most
often used, and their action against Pseudomonas strains that resist many other antimicro-
bics. They cause fewer disturbances of the normal flora than most other broad-spectrum
antimicrobics, probably because of their lack of activity against the predominantly anaer-
obic flora of the bowel, and because they are only used parenterally for systemic infec-
tions. The B-lactam antibiotics often act synergistically with the aminoglycosides, most
likely because their action on the cell wall facilitates aminoglycoside penetration into the
bacterial cell. This effect is most pronounced with organisms such as streptococci and en-
terococci, which lack the metabolic pathways required to transport aminoglycosides to
their interior.

Tetracyclines

Tetracyclines are composed of four fused benzene rings. Substitutions on these rings pro-
vide differences in pharmacologic features of the major members of the group, tetracy-
cline, minocycline, and doxycycline. The tetracyclines inhibit protein synthesis by binding
to the 30S ribosomal subunit at a point that blocks attachment of aminoacyl-tRNA to the
acceptor site on the mRNA ribosome complex. Unlike the aminoglycosides, their effect is
reversible; they are bacteriostatic rather than bactericidal.

The tetracyclines are broad-spectrum agents with a range of activity that encompasses
most common pathogenic species, including Gram-positive and Gram-negative rods and
cocci and both aerobes and anaerobes. They are active against cell wall—deficient organ-
isms, such as Mycoplasma and spheroplasts, and against some obligate intracellular
bacteria, including members of the genera Rickettsia and Chlamydia. Differences in spec-
trum of activity between members of the group are relatively minor. Acquired resistance
to one generally confers resistance to all.

The tetracyclines are absorbed orally. In practice, they are divided into those agents
that generate blood levels for only a few hours and those that are longer-acting (minocy-
cline and doxycycline), which can be administered less often. The tetracyclines are
chelated by divalent cations, and their absorption and activity are reduced. Thus, they
should not be taken with dairy products or many antacid preparations. Tetracyclines are
excreted in the bile and urine in active form.

The tetracyclines have a strong affinity for developing bone and teeth, to which they
give a yellowish color, and they are avoided in children up to 8 years of age. Common
complications of tetracycline therapy are gastrointestinal disturbance due to alteration
of the normal flora, predisposing to superinfection with tetracycline-resistant organisms
and vaginal or oral candidiasis (thrush) due to the opportunistic yeast Candida
albicans.

Chloramphenicol

Chloramphenicol has a simple nitrobenzene ring structure that can now be mass produced
by chemical synthesis. It influences protein synthesis by binding to the 50S ribosomal
subunit and blocking the action of peptidyl transferase, which prevents formation of the
peptide bond essential for extension of the peptide chain. Its action is reversible in most
susceptible species; thus, it is bacteriostatic. It has little effect on eukaryotic ribosomes,
which explains its selective toxicity.

A broad-spectrum antibiotic, chloramphenicol, like tetracycline, has a wide range of
activity against both aerobic and anaerobic species (see Table 13—1). Chloramphenicol is
readily adsorbed from the upper gastrointestinal tract and diffuses readily into most body
compartments, including the cerebrospinal fluid. It also permeates readily into mam-
malian cells and is active against obligate intracellular pathogens such as Rickettsia and
Chlamydia.

The major drawback to this inexpensive, broad-spectrum antimicrobial with almost
ideal pharmacologic features is a rare but serious toxicity. Between 1 in 50,000 and 1 in
200,000 patients treated with even low doses of chloramphenicol have an idiosyncratic
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reaction that results in aplastic anemia. The condition is irreversible and, before the advent
of bone marrow transplantation, it was universally fatal. In high doses, chloramphenicol
also causes a reversible depression of the bone marrow and, in neonates, abdominal, circu-
latory, and respiratory dysfunction. The inability of the immature infant liver to conjugate
and excrete chloramphenicol aggravates this latter condition.

Chloramphenicol use is now restricted to treatment of rickettsial or ehrlichial infec-
tions in which tetracyclines cannot be used because of hypersensitivity or pregnancy. Its
central nervous system (CNS) penetration and activity against anaerobes continue to lend
support to its use in brain abscess. In some developing countries, chloramphenicol use is
more extensive because of its low cost and proven efficacy in diseases such as typhoid
fever and bacterial meningitis.

Macrolides

The macrolides, erythromycin, azithromycin, and clarithromycin, differ in the exact
composition of a large 14- or 15-member ring structure. They affect protein synthesis at
the ribosomal level by binding to the 50S subunit and blocking the translocation reaction.
Their effect is primarily bacteriostatic. Macrolides, which are concentrated in phagocytes
and other cells, are effective against some intracellular pathogens.

Erythromycin, the first and still the most commonly used macrolide, has a spectrum
of activity that includes most of the pathogenic Gram-positive bacteria and some Gram-
negative organisms. The Gram-negative spectrum includes Neisseria, Bordetella, Campy-
lobacter, and Legionella, but not the Enterobacteriaceae. Erythromycin is also effective
against Chlamydia and Mycoplasma.

Bacteria that have developed resistance to erythromycin are usually resistant to the
newer macrolides azithromycin and clarithromycin as well. These newer agents have the
same spectrum as erythromycin, with some significant additions. Azithromycin has
quantitatively greater activity (lower MICs) against most of the same Gram-negative
bacteria. Clarithromycin is the most active of the three against both Gram-positive and
Gram-negative pathogens. Clarithromycin is also active against mycobacteria. In addi-
tion, both azithromycin and clarithromycin have demonstrated efficacy against Borrelia
burgdorferi, the causal agent of Lyme disease and the protozoan parasite Toxoplasma
gondii, which causes toxoplasmosis.

Clindamycin

Clindamycin is chemically unrelated to the macrolides but has a similar mode of action
and spectrum. It has greater activity than the macrolides against Gram-negative anaerobes,
including the important Bacteroides fragilis group. Although clindamycin is a perfectly
adequate substitute for a macrolide in many situations, its primary use is in instances
where anaerobes are or may be involved.

Oxazolidinones

Linezolid is the most widely used of a new class of antibiotics that act by binding to the
bacterial 50S ribosome. The exact mechanism is not known, but it does not involve pep-
tide elongation or termination of translation. Oxazolidinones are clinically useful in pneu-
monia and other soft tissue infections, particularly those caused by resistant strains of
staphylococci, pneumococci, and enterococci.

Streptogramins

Quinupristin and dalfopristin are used in a fixed combination known as quinupristin-
dalfopristin in a synergistic ratio. They inhibit protein synthesis by binding to different
sites on the 50S bacterial ribosome; quinupristin inhibits peptide chain elongation, and
dalfopristin interferes with peptidyl transferase. Their clinical use thus far has been lim-
ited to treatment of vancomycin-resistant enterococci.
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The quinolones have a nucleus of two fused six-member rings that when substituted with
fluorine become fluoroquinolones, which are now the dominant quinolones for treatment of
bacterial infections. Among the fluoroquinolones, ciprofloxacin, norfloxacin, and
ofloxacin, the addition of a piperazine ring and its methylation alter the activity and phar-
macologic properties of the individual compound. The primary target of all quinolones is
DNA topoisomerase (gyrase), the enzyme responsible for nicking, supercoiling, and sealing
bacterial DNA during replication. Bacterial topoisomerases have four subunits, one or more
of which are inhibited by the particular quinolone. The enhanced activity and lower fre-
quency of resistance seen with the fluoroquinolones is attributed to binding at multiple sites
on the enzyme. This greatly reduces the chance a single mutation can lead to resistance,
which was a problem with the first quinolone, nalidixic acid, a single-binding site agent.

The fluoroquinolones are highly active and bactericidal against a wide range of aer-
obes and facultative anaerobes. However, streptococci and Mycoplasma are only margin-
ally susceptible, and anaerobes are generally resistant. Ofloxacin has significant activity
against Chlamydia, whereas ciprofloxacin is particularly useful against P. aeruginosa.
Fluoroquinolones has several favorable pharmacologic properties in addition to their
broad spectrum. These include oral administration, low protein binding, good distribution
to all body compartments, penetration of phagocytes, and a prolonged serum half-life that
allows once- or twice-a-day dosing. Norfloxacin and ciprofloxacin are excreted by hepatic
and renal routes, resulting in high drug concentrations in the bile and urine. Ofloxacin is
excreted primarily by the kidney.

Folate Inhibitors

Agents that interfere with synthesis of folic acid by bacteria have selective toxicity be-
cause mammalian cells are unable to accomplish this feat and use preformed folate

203

FIGURE 13-4

Diagrammatic representation of
antimicrobials acting on nucleic
acids. Sulfonamides block the fo-
late precursors of DNA synthesis,
metronidazole inflicts breaks in
the DNA itself, rifampin inhibits
the synthesis of RNA from DNA
by inhibiting RNA polymerase,
and quinolones inhibit DNA topoi-
somerase and thus prevent the su-
percoiling required for the DNA to
“fit” inside the bacterial cell.

Fluorinated derivatives are now
dominant

Inhibition of topoisomerase blocks
supercoiling

Fluoroquinolones have a broad
spectrum, including Pseudomonas

Well distributed after oral
administration



204

Bacteria must synthesize folate
that humans acquire in their diet

Competition with PABA disrupts
nucleic acids

Major use is urinary tract
infections

Dihydrofolate reductase inhibition
is synergistic with sulfonamides

Activity against common bacteria
and some fungi

Action requires anaerobic
conditions

Blocking of RNA synthesis occurs
by binding to polymerase

PART 1V Spread and Control of Infection

from dietary sources. Folic acid is derived from para-aminobenzoic acid (PABA), glu-
tamate, and a pteridine unit. In its reduced form, it is an essential coenzyme for the
transport of one-carbon compounds in the synthesis of purines, thymidine, some
amino acids, and, thus, indirectly of nucleic acids and proteins. The major inhibitors
of the folate pathway are the sulfonamides, trimethoprim, para-aminosalicylic acid,
and the sulfones.

Sulfonamides Sulfonamides are structural analogs of PABA and compete with it for the
enzyme (dihydropteroate synthetase) that combines PABA and pteridine in the initial stage
of folate synthesis. This blockage has multiple effects on the bacterial cells; the most im-
portant of these is disruption of nucleic acid synthesis. The effect is bacteriostatic, and the
addition of PABA to a medium that contains sulfonamide neutralizes the inhibitory effect
and allows growth to resume.

When introduced in the 1940s, sulfonamides had a very broad spectrum (staphylo-
cocci, streptococci, many Gram-negative bacteria) but resistance developed quickly, and
this has restricted their use for systemic infections. Now their primary use is for uncompli-
cated urinary tract infections caused by members of the Enterobacteriaceae, particularly
Escherichia coli. Sulfonamides are convenient for this purpose because they are inexpen-
sive, well absorbed by the oral route, and excreted in high levels in the urine.

Trimethoprim-Sulfamethoxazole Trimethoprim acts on the folate synthesis pathway
but at a point after sulfonamides. It competitively inhibits the activity of bacterial
dihydrofolate reductase, which catalyzes the conversion of folate to its reduced active
coenzyme form. When combined with sulfamethoxazole, a sulfonamide, trimethoprim
leads to a two-stage blockade of the folate pathway, which often results in synergistic
bacteriostatic or bactericidal effects. This quality is exploited in therapeutic prepara-
tions that combine both agents in a fixed proportion designed to yield optimum
synergy.

Trimethoprim-sulfamethoxazole (TMP-SMX) has a much broader and stable spec-
trum than either of its components alone; this includes most of the common pathogens,
whether they are Gram-positive or Gram-negative, cocci or bacilli. Anaerobes and
P. aeruginosa are exceptions. It is also active against some uncommon agents such as
Nocardia. TMP-SMX is widely and effectively used in the treatment of urinary tract in-
fections, otitis media, sinusitis, prostatitis, and infectious diarrhea, and it the agent of
choice for pneumonia caused by Pneumocystis carinii, a fungus.

Metronidazole

Metronidazole is a nitroimidazole, a family of compounds with activity against bacteria,
fungi, and parasites. The antibacterial action requires reduction of the nitro group under
anaerobic conditions, which explains the limitation of its activity to bacteria that prefer
anaerobic or at least microaerophilic growth conditions. The reduction products act on the
cell at multiple points; the most lethal of these effects is induction of breaks in DNA
strands.

Metronidazole is active against a wide range of anaerobes, including Bacteroides
fragilis. Clinically, it is useful for any infection in which anaerobes may be involved. Be-
cause these infections are typically polymicrobial, a second antimicrobial (eg, 3-lactam)
is usually added to cover aerobic and facultative bacteria.

Rifampin

Rifampin binds to the B-subunit of DNA-dependent RNA polymerase, which prevents the
initiation of RNA synthesis. This agent is active against most Gram-positive bacteria and
selected Gram-negative organisms, including Neisseria and Haemophilus but not members
of the Enterobacteriaceae. The most clinically useful property of rifampin is its antimy-
cobacterial activity, which includes Mycobacterium tuberculosis and the other species that
most commonly infect humans. Because resistance by mutation of the polymerase readily
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occurs, rifampin is combined with other agents in the treatment of active infections. It is
used alone for chemoprophylaxis.

Antimicrobics Acting on the Outer and Cytoplasmic Membranes

The polypeptide antimicrobics polymyxin B and colistin have a cationic detergent-like
effect. They bind to the cell membranes of susceptible Gram-negative bacteria and alter
their permeability, resulting in loss of essential cytoplasmic components and bacterial
death. These agents react to a lesser extent with cell membranes of the host, resulting in
nephrotoxicity and neurotoxicity. Their spectrum is essentially Gram-negative; they act
against P. aeruginosa and other Gram-negative rods. Although these antimicrobics were
used for systemic treatment in the past, their use is now limited to topical applications.
They have an advantage; resistance to them rarely develops.

Other Agents

Several other effective antimicrobics are in use almost exclusively for a single infectious
agent or types of infections such as tuberculosis, urinary tract infections, and anaerobic infec-
tions. Where appropriate, these agents will be discussed in the relevant chapter. It is beyond
the scope and intent of this book to provide comprehensive coverage of all available agents.

ANTIVIRAL THERAPY

GENERAL CONSIDERATIONS

Viruses are comprised of either DNA or RNA, a protein coat (capsid) and, in many, a lipid
or lipoprotein envelope. The nucleic acid codes for enzymes involved in replication and for
several structural proteins. Viruses use molecules (eg, amino acids, purines, pyrimidines)
supplied by the cell and cellular structures (eg, ribosomes) for synthetic functions. Thus,
one of the challenges in the development of antiviral agents is identification of the steps in
viral replication that are unique to the virus and not used by the normal cell. Among the
unique viral events are attachment, penetration, uncoating, RNA-directed DNA synthesis
(reverse transcription), and assembly and release of the intact virion. Each of these steps
may have complex elements with the potential for inhibition. For example, assembly of
some virus particles requires a unique viral enzyme, protease, and this has led to the devel-
opment of protease inhibitors.

In some cases, antivirals do not selectively inhibit a unique replicative event but in-
hibit DNA polymerase. Inhibitors of this enzyme take advantage of the fact that the virus
is synthesizing nucleic acids more rapidly than the cell, so there is relatively greater inhi-
bition of viral than cellular DNA. In many acute viral infections, especially respiratory
ones, the bulk of viral replication has already occurred when symptoms are beginning to
appear. Initiating antiviral therapy at this stage is unlikely to make a major impact on the
illness. For these viruses, immuno- or chemoprophylaxis, rather than therapy, is a more
logical approach. However, many other viral infections are characterized by ongoing viral
replication and do benefit from viral inhibition, such as human immunodeficiency virus
(HIV) infection and chronic hepatitis B and C.

The principal antiviral agents in current use are discussed according to their modes of
action. Their features are summarized in Table 13-2.

SELECTED ANTIVIRAL AGENTS
Inhibitors of Attachment

Attachment to a cell receptor is a virus-specific event. Antibody can bind to extracellular
virus and prevent this attachment. However, although therapy with antibody is useful in
prophylaxis, it has been minimally effective in treatment.
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Spread and Control of Infection

Summary of Antiviral Agents

MECHANISM OF ACTION ANTIVIRAL AGENT VIRAL SPECTRUM*
Inhibition of viral
uncoating, penetration
Amantadine Flu A
Rimantadine Flu A
Neuraminidase inhibition
Oseltamivir Flu A, Flu B
Zanamivir Flu A, Flu B
Inhibition of viral DNA
polymerase
Acyclovir HSV, VZV
Famciclovir HSV, VZV
Penciclovir HSV
Valacyclovir HSV, VZV
Ganciclovir CMV, HSV, VZV
Foscarnet CMYV, resistant HSV
Cidofovir CMV
Trifluridine HSV, VZV
Inhibition of viral reverse
transcriptase
Zidovudine HIV
Dideoxyinosine HIV
Dideoxycytidine HIV
Stavudine HIV
Lamivudine HIV, HBV?
Nevirapine HIV
Delavirdine HIV
Efavirenz HIV
Inhibition of viral protease
Saquinavir HIV
Indinavir HIV
Ritonavir HIV
Nelfinavir HIV
Lopinavir HIV
Inhibition of viral protein
synthesis
Interferon « HBYV, HCV, HPV

Inhibition of viral RNA
polymerase

Antisense inhibition of viral
mRNA synthesis

Ribavirin

Fomivirsen

RSV, HCV,’ Lassa fever

CMV

“Flu A, influenza A; Flu B, influenza B; HSV, herpes simplex viruses; VZV, varicella-zoster virus;
CMY, cytomegalovirus; HIV, human immunodeficiency virus; HBV, hepatitis B virus; HCV, hepatitis
C virus; RSV, respiratory syncytial virus; HPV, human papillomavirus.

b Used in combination with interferon.
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Inhibitors of Cell Penetration and Uncoating

Rimantadine differs from amantadine by the substitution of a methyl group for a hydro-
gen ion. These two amines inhibit several early steps in viral replication, including viral
uncoating. They are extremely selective, with activity against only influenza A. In addi-
tion, they are effective in preventing influenza but are less useful in treatment of this viral
infection due in part to the brief period of viral replication.

Pharmacology and Toxicity

Both amantadine and rimantadine are available only as oral preparations. The pharmaco-
kinetics of the two agents is quite different. Amantadine is excreted by the kidney without
being metabolized and its dose must be decreased in patients with impaired renal func-
tion. In contrast, rimantadine is metabolized by the liver and then excreted in the kidney
and dosage adjustment for renal failure is not necessary.

Treatment

In healthy adults or children, amantadine and rimantadine show a slight but statistically sig-
nificant improvement in symptoms compared to placebos or antipyretics. It has been as-
sumed but not proved that these drugs are efficacious for treatment of influenza in elderly or
other high-risk patients who may have more severe influenza. Influenza A strains resistant to
these agents may appear rapidly in patients treated for clinical illness. Such strains can spread
to patients receiving the drug prophylactically and can impair its efficacy as a preventive.

Prophylaxis

The acyclics amantadine and rimantadine are approximately 70% effective in preventing
influenza A illness when given daily during influenza outbreaks. Although illness is pre-
vented or diminished, patients may still develop evidence of infection (ie, antibody), which
is desirable because this antibody may provide some protection against future influenza A
infection. These agents may be given alone or with vaccine. In the latter case, they may be
given only until vaccine-induced antibody develops (eg, approximately 2 weeks) or they
may be continued if a vaccine response is expected to be poor or marginal.

Neuraminidase Inhibitors

Oseltamivir and zanamivir are new antivirals that selectively inhibit the neuraminidase
of influenza A and B viruses. The neuraminidase cleaves terminal sialic acid from glyco-
conjugates and plays a role in the release of virus from infected cells. Zanamivir was the
first approved neuraminidase inhibitor. It is given by oral inhalation using a specially de-
signed device. Oseltamivir phosphate is the oral prodrug of oseltamivir, a drug compara-
ble to zanamivir in antineuraminidase activity.

Treatment with either oseltamivir and zanamivir reduces influenza symptoms and
shortens the course of illness by 1 to 1.5 days. The activity of these compounds against
both influenza A and B offers an advantage over amantadine and rimantadine, which are
active only against influenza A.

Inhibitors of Nucleic Acid Synthesis

At present, most antiviral agents are nucleoside analogs that are active against virus-
specific nucleic acid polymerases or transcriptases and have much less activity against
analogous host enzymes. Some of these agents serve as nucleic acid chain terminators af-
ter incorporation into nucleic acids.

Idoxuridine and Trifluorothymidine

Idoxuridine (5-iodo-2’-deoxyuridine, IUdR) is a halogenated pyrimidine that blocks nu-
cleic acid synthesis by being incorporated into DNA in place of thymidine and producing
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a nonfunctional molecule (ie, by terminating synthesis of the nucleic acid chain). It is
phosphorylated by thymidine kinase to the active compound. Unfortunately, it inhibits
both viral and cellular DNA synthesis, and the resulting host toxicity precludes systemic
administration in humans. Idoxuridine can be used topically as effective treatment of her-
petic infection of the cornea (keratitis). Trifluorothymidine, a related pyrimidine analog,
is effective in treating herpetic corneal infections, including those that fail to respond to
IUdR. It has largely replaced idoxuridine.

Acyclovir

This antiviral agent differs from the nucleoside guanosine by having an acyclic
(hydroxyethoxymethyl) side chain. Acyclovir is unique in that it must be phosphory-
lated by thymidine kinase to be active, and this phosphorylation occurs only in cells
infected by certain herpesviruses. Therefore, the compound is essentially nontoxic,
because it is not phosphorylated or activated in uninfected host cells. Viral thymidine
kinase catalyzes the phosphorylation of acyclovir to a monophosphate. From that
point, host cell enzymes complete the progression to the diphosphate and finally the
triphosphate.

Activity of acyclovir against herpesviruses directly correlates with the capacity of the
virus to induce a thymidine kinase. Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2)
are the most active thymidine kinase inducers and are the most readily inhibited by acy-
clovir. Cytomegalovirus (CMV) induces little or no thymidine kinase and is not inhibited.
Varicella-zoster and Epstein-Barr viruses are between these two extremes in terms of both
thymidine kinase induction and acyclovir susceptibility.

Acyclovir triphosphate inhibits viral replication by competing with guanosine triphos-
phate and inhibiting the function of the virally encoded DNA polymerase. The selectivity
and minimal toxicity of acyclovir is aided by its 100-fold or greater affinity for viral DNA
polymerase than for cellular DNA polymerase. A second mechanism of viral inhibition
results from incorporation of acyclovir triphosphate into the growing viral DNA chain.
This causes termination of chain growth, because there is no 3’-hydroxy group on the
acyclovir molecule to provide attachment sites for additional nucleotides. Resistant
strains of HSV have been recovered from immunocompromised patients, including pa-
tients with acquired immunodeficiency syndrome (AIDS), and in most instances, resis-
tance results from mutations in the viral thymidine kinase gene, rendering it inactive in
phosphorylation. Resistance may also result from mutations in the viral DNA poly-
merase. Resistant virus has rarely, if ever, been recovered from immunocompetent pa-
tients, even after years of drug exposure.

Pharmacology and Toxicity Acyclovir is available in three forms: topical, oral, and pa-
renteral. Topical acyclovir is rarely used. The oral form has low bioavailability (approxi-
mately 10%) but achieves concentrations in blood that inhibit HSV and to a lesser extent
varicella-zoster virus (VZV). Intravenous acyclovir is used for serious HSV infection (eg,
congenital), encephalitis, and VZV infection in immunocompromised patients. Because
acyclovir is excreted by the kidney, the dosage must be reduced in patients with renal fail-
ure. CNS and renal toxicity have been reported in patients treated with prolonged high in-
travenous doses. Acyclovir is remarkably free of bone marrow toxicity, even in patients
with hematopoietic disorders.

Treatment and Prophylaxis Acyclovir is effective in the treatment of primary HSV mu-
cocutaneous infections or for severe recurrences in immunocompromised patients. The
agent is also useful in neonatal infectious herpes encephalitis, and it is also recommended
for VZV infection in immunocompromised patients and varicella in older children or
adults. Acyclovir is beneficial against herpes zoster in elderly patients or any patient with
eye involvement. In patients with frequent severe genital herpes, the oral form is effective
in preventing recurrences. Because it does not eliminate the virus from the host, it must
be taken daily to be effective. Acyclovir is minimally effective in the treatment of recur-
rent genital or labial herpes in otherwise healthy individuals.
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Valacyclovir, Famciclovir, and Penciclovir

Valacyclovir is a prodrug of acyclovir that is better absorbed and therefore can be used in
lower and less frequent dosage. Once absorbed, it becomes acyclovir. It is currently ap-
proved for use in HSV and VZV infections in immunocompetent adult patients. Dosage
adjustment is necessary in patients with impaired renal function.

Famciclovir is similar to acyclovir in its structure and requirement for phosphoryla-
tion but differs slightly in its mode of action. After absorption, the agent is converted to
penciclovir, the active moiety, which is also a competitive inhibitor of a guanosine
triphosphate. However, it does not irreversibly terminate DNA replication. Famciclovir is
currently approved for treatment of HSV and VZV infections. Penciclovir, itself, is ap-
proved for topical treatment of recurrent herpes labialis.

Ganciclovir

Ganciclovir (DHPG), a nucleoside analog of guanosine, differs from acyclovir by a single
carboxyl side chain. This structural change confers approximately 50 times more activity
against CMV. Acyclovir has low activity against CMV, because it is not well phosphory-
lated in CM V-infected cells due to the absence of the gene for thymidine kinase in CMV.
However, ganciclovir is active against CMV and does not require thymidine kinase for
phosphorylation. Instead, another viral-encoded phosphorylating enzyme (UL97) is pre-
sent in CM V-infected cells that is capable of phosphorylating ganciclovir and converting
it to the monophosphate. Then cellular enzymes convert it to the active compound, ganci-
clovir triphosphate, which inhibits the viral DNA polymerase.

Oral ganciclovir is available but is inferior to the intravenous form. Oral valganciclovir,
a prodrug of ganciclovir, has improved bioavailability and is equivalent to the intravenous
form. Toxicity frequently limits therapy. Neutropenia, which is usually reversible, may oc-
cur early but often develops during later therapy. Discontinuation of therapy is necessary in
patients whose neutrophils do not increase during dosage reduction or in response to cy-
tokines. Thrombocytopenia (platelet count <20,000/mm?) occurs in approximately 15% of
patients.

Clinical Use Administration of ganciclovir is indicated for the treatment of active CMV
infection in immunocompromised patients, but other herpesviruses (particularly HSV-1,
HSV-2, and VZV) are also susceptible. Because AIDS patients with severe CMV infec-
tion frequently have concurrent illnesses caused by other herpesviruses, treatment with
ganciclovir may benefit associated HSV and VZV infections.

Resistance  After several months of continuous ganciclovir therapy for treatment of
CMYV, between 5 and 10% of AIDS patients excrete resistant strains of CMV. In virtually
all isolates, there is a mutation in the phosphorylating gene, and in a lesser number there
may also be a mutation in the viral DNA polymerase. The great majority of these strains
remains sensitive to foscarnet, which may be used as alternate therapy. If only a UL97
mutation is present, the strains remain susceptible to cidofovir; however, most of the
strains with a ganciclovir-induced mutation in DNA polymerase are cross-resistant to
cidofovir. Many clinicians tend to assume that when a patient with CMV retinitis has
progression of the disease during treatment, viral resistance has developed. Progression
of CMYV disease during treatment is probably the result of many factors, only one of
which is the susceptibility of the CMV strain to the drug. Blood and tissue concentra-
tions of ganciclovir, penetration of ganciclovir into the retinal tissue, and the host im-
mune response probably play important roles in determining when clinical progression
of CMV disease occurs. Ganciclovir resistance is beginning to be noted in transplant re-
cipients, especially those requiring prolonged treatment.

Inhibitor of Viral RNA Synthesis: Ribavirin

Ribavirin is another analog of the nucleoside guanosine. Unlike acyclovir, which replaces
the ribose moiety with an hydroxymethyl acyclic side chain, ribavirin differs from guanosine
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in that the base ring is incomplete and open. Like other purine nucleoside analogs, ribavirin
must be phosphorylated to mono-, di-, and triphosphate forms. It is active against a broad
range of viruses in vitro, but its in vivo activity is limited. The mechanism of the antiviral ef-
fect of ribavirin is not as clear as that of acyclovir. The triphosphate is an inhibitor of RNA
polymerase and it also depletes cellular stores of guanine by inhibiting inosine monophos-
phate dehydrogenase, an enzyme important in the synthetic pathway of guanosine. Still an-
other mode of action is by decreasing synthesis of the mRNA 5’ cap because of interference
with both guanylation and methylation of the nucleic acid base.

Aerosol administration enables ribavirin to reach concentrations in respiratory secre-
tions up to ten times greater than necessary to inhibit viral replication and substantially
higher than those achieved with oral administration. Problems encountered with
aerosolized ribavirin include precipitation of the agent in tubing used for administration
and exposure of health care personnel.

Ribavirin is somewhat beneficial if given early by aerosol to infants who are infected
with respiratory syncytial virus. Oral and intravenous forms have been used for patients
with Lassa fever, although studies have been limited. In a recent trial of hantavirus treat-
ment, ribavirin was ineffective. The oral form has limited activity against hepatitis C as
monotherapy but provides additional benefit when combined with interferon alpha. A re-
versible anemia has been associated with oral administration of ribavirin.

Inhibitors of HIV
Nucleoside Reverse Transcriptase Inhibitors

Azidothymidine Azidothymidine (AZT), a nucleoside analog of thymidine, inhibits the
reverse transcriptase of HIV. As with other nucleosides, AZT must be phosphorylated,;
host cell enzymes carry out the process. The basis for the relatively selective therapeutic
effect of AZT is that HIV reverse transcriptase is more than 100 times more sen-
sitive to AZT than is host cell DNA polymerase. Nonetheless, toxicity frequently
occurs.

AZT was the first useful treatment for HIV infection but now is recommended for use
only in combination with other inhibitors of HIV replication (eg, lamivudine and protease
inhibitors). Toxicity includes malaise, nausea, and bone marrow toxicity. All hematopoi-
etic components may be depressed but usually reverse with discontinuation of the drug or
dose reduction. Resistance is associated with one or more mutations in the HIV reverse
transcriptase gene.

Didanosine and Zalcitabine Didanosine (ddI, dideoxyinosine) and zalcitabine (ddC,
dideoxycytidine) are nucleoside analogs that inhibit HIV replication. Following intracel-
lular phosphorylation by host enzymes to their active triphosphate form, they block viral
replication by inhibiting viral reverse transcriptase, like zidovudine. Serious adverse ef-
fects of treatment include peripheral neuropathy with either ddI or ddC, and pancreatitis
with ddI; both conditions are dose related. Dose reduction is required for impaired renal
function. As with other anti-HIV drugs, these agents should be used only in combination
with one or two other anti-HIV drugs to limit the development of resistance and to en-
hance antiviral effect.

Stavudine Stavudine (D4T) is another nucleoside analog that inhibits HIV replication.
DAT is phosphorylated by cellular enzymes to an active triphosphate form that interferes
with viral reverse transcriptase, and it also terminates the growth of the chain of viral nu-
cleic acid. D4T is well absorbed and has a high bioavailability. Adverse effects include
headache, nausea and vomiting, asthenia, confusion, and elevated serum transaminase
and creatinine kinase. A painful sensory peripheral neuropathy that appears to be dose re-
lated has also been noted. Dose reduction is required for impaired renal function. D4T
should be used only in combination with other anti-HIV agents.

Lamivudine Lamivudine (3TC), another reverse transcriptase inhibitor, is a compara-
tively safe and usually well-tolerated agent and is used in combination with AZT or other
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nucleoside analogs. AZT and 3TC have a unique interaction; 3TC suppresses the develop-
ment and persistence of AZT resistance mutations. When combined with interferon alpha,
3TC is also useful for treating hepatitis B.

Non-Nucleoside Reverse Transcriptase
Inhibitors (NNRTIs)

Compounds that are not nucleoside analogs also inhibit HIV reverse transcriptase. Several
compounds, e.g., nevirapine, delavirdine, and efavirenz, have been evaluated alone or in
combination with other nucleosides. These compounds are very active against HIV-1, do
not require cellular enzymes to be phosphorylated, and bind to essentially the same site on
reverse transcriptase. They are active against both AZT-resistant and AZT-sensitive iso-
lates. In addition, most of these compounds do not inhibit human DNA polymerase and are
not cytotoxic at concentrations required for effective antiviral activity; therefore, they are
relatively nontoxic. Unfortunately, drug resistance readily emerges with even single pas-
sage of virus in the presence of drug in vitro and in vivo. Thus, NNRTIs should only be
used in combination regimens with other drugs active against HIV.

Protease Inhibitors

The newest agents that inhibit HIV are the protease inhibitors. These agents block the action
of the viral-encoded enzyme protease, which cleaves polyproteins to produce structural pro-
teins. Inhibition of this enzyme leads to blockage of viral assembly and release. The pro-
tease inhibitors are potent suppressors of HIV replication in vitro and in vivo, particularly
when combined with other antiretroviral agents.

In late 1995, saquinavir was the first protease inhibitor to receive approval. Ritonavir,
indinavir, and nelfinavir are other potent protease inhibitors that have since been released.
These drugs may cause hepatotoxicity and all agents inhibit P450, resulting in important
drug interactions. Because drug resistance develops to all protease inhibitors, they should
not be used alone without other anti-HIV drugs.

Nucleotide Analogs: Cidofovir

In recent years a new series of antiviral compounds, the nucleotide analogs, have been de-
veloped. The best known example of this class of compounds is cidofovir. This com-
pound mimics a monophosphorylated nucleotide by having a phosphonate group attached
to the molecule. This appears to the cell as a nucleoside monophosphate, or nucleotide,
and cellular enzymes then add two phosphate groups to generate the active compound. In
this form, the drug inhibits both viral and cellular nucleic acid polymerases but selectivity
is provided by its higher affinity for the viral enzyme.

Nucleotide analogs do not require phosphorylation, or activation, by a viral-encoded
enzyme and remain active against viruses that are resistant due to mutations in codons for
these enzymes. Resistance can develop with mutations in the viral DNA polymerase,
UL54. An additional feature of cidofovir is a very prolonged half-life, due to slow clear-
ance by the kidneys.

Cidofovir is approved for intravenous therapy of CMV retinitis, and maintenance
treatment may be given as infrequently as every 2 weeks. Nephrotoxicity is a serious
complication of cidofovir treatment, and patients must be monitored carefully for evi-
dence of renal impairment.

Other Antiviral Agents
Foscarnet

Foscarnet, also known as phosphonoformate, is a pyrophosphate analog that inhibits viral
DNA polymerase by blocking the pyrophosphate-binding site of the viral DNA poly-
merase and preventing cleavage of pyrophosphate from deoxyadenosine triphosphate. This
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action is relatively selective; CMV DNA polymerase is inhibited at concentrations less
than 1% of that required to inhibit cellular DNA polymerase. Unlike such nucleosides as
acyclovir and ganciclovir, foscarnet does not require phosphorylation to be an active in-
hibitor of viral DNA polymerases. This biochemical fact becomes especially important
with regard to viral resistance, because the principal mode of viral resistance to nucleoside
analogs is a mutation that eliminates phosphorylation of the drug in virus-infected cells.
Thus, foscarnet can usually be used to treat patients with ganciclovir-resistant CMV and
acyclovir-resistant HSV. Excretion is entirely renal without a hepatic component, and
dosage must be decreased in patients with impaired renal function.

Interferons

Interferons are host cell-encoded proteins synthesized in response to double-stranded
RNA that circulate to protect uninfected cells by inhibiting viral protein synthesis. Ironi-
cally, interferons harvested in tissue culture were the first antiviral agents, but their clinical
activity was disappointing. Recombinant DNA techniques now allow relatively inexpen-
sive large-scale production of interferons by bacteria and yeasts.

Interferon alpha is beneficial in the treatment of chronic active hepatitis B and C in-
fection, although its efficacy is often transient. Combinations of interferon alpha with
3TC, famciclovir, and other nucleosides are being evaluated for treatment of hepatitis B.
Interferon alpha is given for 6 to 12 months to treat chronic hepatitis C disease, and com-
bination with ribavirin usually produces improved results. Topical interferon application
is beneficial in the treatment of human papilloma virus infections. Interferons cause
symptomatic systemic toxicity, (eg, fever, malaise), partly because of their effect on host
cell protein synthesis.

Fomivirsen

Fomivirsen, the first antisense compound to be approved for use in human infection, is a
synthetic oligonucleotide, complementary to and presumably inhibiting a coding se-
quence in CMV messenger RNA (mRNA). The major immediate early transcriptional
unit of CMV encodes several proteins responsible for regulation of viral gene expression.
Presumably, fomivirsen inhibits production of these proteins. In this agent, oligonu-
cleotide phosphorothioate linkages replace the usual nucleases. Fomivirsen, which ex-
hibits greater antiviral activity than ganciclovir on a molar basis, is approved for the local
(intravitreal) therapy of CMV retinitis in patients who have failed other therapies.

ANTIVIRAL RESISTANCE

Viral genomes and their replication, as well as the mechanisms of action of the available an-
tiviral agents, have been intensively studied. Accordingly, an understanding of resistance to
antiviral drugs has evolved; investigation of resistance mechanisms has shed light on the
function of specific viral genes. For example, it has become clear that a common mecha-
nism of resistance to nucleosides (eg, acyclovir, ganciclovir) by herpesviruses are mutations
in the viral-induced enzyme responsible for phosphorylating the nucleoside. For herpes
simplex virus, this is thymidine kinase, and for CMYV, this gene is designated UL97.

Genetic alterations (ie, mutations or deletions) are the basis for antiviral resistance.
The likelihood of resistant mutants results from at least four functions:

1. Rate of viral replication. Herpesviruses, especially CMV and VZV do not replicate
as rapidly as HIV and hepatitis B and C. Higher rates of replication are associated
with higher rates of spontaneous mutations.

2. Selective pressure of the drug. The selective pressure increases the probability of
mutations to the point that virus replication is substantially reduced.

3. Rate of viral mutations. In addition to viral replication, the rate of mutations differs
among different viruses. In general, single-stranded RNA viruses (eg, HIV, influenza)
have more rapid rates of mutation than double-stranded DNA viruses (eg, herpesviruses).
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4. Rates of mutation in differing viral genes. For example, within the herpesviruses,
the genes for phosphorylating nucleosides (eg, UL97) are more susceptible to muta-
tion than the viral DNA polymerase.

Resistance to antivirals may be detected in several ways:

Phenotypic. This is the traditional method of growing virus in tissue culture in
medium containing increasing concentrations of an antiviral agent. The concentra-
tion of the agent that reduces viral replication by 50% is the end point; it is
referred to as the inhibitory concentration (ICsy). The ICs, of resistant virus is
higher than that of susceptible virus. The degree of viral replication is obtained by
counting viral plaques (ie, equivalent to viral “colonies”) or by measuring viral
antigen or nucleic acid concentration. Unfortunately, phenotypic assays are very
time-consuming, requiring days to weeks for completion. ICs, values increase as
the percent of the viral population with the mutation increases.

Genotypic. When the exact mutation or deletion responsible for antiviral resis-
tance is known, it is possible to sequence the viral gene or detect it with restriction
enzyme patterns. These tests are rapid but require knowledge of the expected mu-
tation, and they do not provide quantitation of the percent of the viral population
harboring the mutation. If only 1 or 5% of the population has the mutation, this
result may not be clinically significant when compared to a virus population that
is 90% mutated.

Viral quantitation in response to treatment. Various methods of quantitating
virus (eg, culture, polymerase chain reaction, antigen assay) provide a means of
assessing the decline of viral titer in response to treatment with an antiviral agent.
These assays are rapid and do not require knowledge of the expected mutation. If
no decline occurs despite adequate dosage and compliance, viral resistance may
be responsible. Likewise, if viral titer initially decreases but subsequently recurs
and/or increases, then resistance may have developed.

ADDITIONAL READING
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CHAPTER 14

Antimicrobial
Resistance

KENNETH J. RYAN

-|_he continuing success of antimicrobial therapy depends on keeping ahead of the ability
of the microorganisms to develop resistance to antimicrobics. At times, resistance seems to
occur at a rate equal to that of the development of new antimicrobics. The nature of resis-
tance and the mechanisms bacteria use to achieve it are the subject of this chapter. The
ways in which resistance affect medical practice and the way in which laboratory tests are
used to guide clinicians through the uncertainties of modern treatment are also considered.

SUSCEPTIBILITY AND RESISTANCE

Deciding whether any bacterium should be considered susceptible or resistant to any an-
timicrobic involves an integrated assessment of in vitro activity, pharmacologic character-
istics, and clinical evaluation. Any agent approved for clinical use has demonstrated in
vitro its potential to inhibit the growth of some target group of bacteria at concentrations
that can be achieved with acceptable risks of toxicity. That is, the minimal inhibitory con-
centration (MIC) can be comfortably exceeded by doses tolerated by the patient. Use of
the antimicrobic in animal models and then human infections must have also demon-
strated a therapeutic response. Because the influence of antimicrobics on the natural his-
tory of different categories of infection (eg, pneumonia, meningitis, diarrhea) varies,
extensive clinical trials must include both a range of bacterial species and infected sites.
These studies are important to determine whether what should work actually does work
and, if so, to define the parameters of success and failure.

Once these factors are established, the routine selection of therapy can be based on
known or expected characteristics of organisms and pharmacologic features of antimicro-
bics. With regard to organisms, use of the term susceptible (sensitive) implies that their
MIC is at a concentration attainable in the blood or other appropriate body fluid (eg,
urine) using the usually recommended doses. Resistant, the converse of susceptible, im-
plies that the MIC is not exceeded by normally attainable levels. As in all biological sys-
tems, the MIC of some organisms lies in between the susceptible and resistant levels.
Borderline strains are called intermediate, moderately sensitive, or moderately resis-
tant, depending on the exact values and conventions of the reporting system. Antimicro-
bics may be used to treat these organisms but at increased doses, perhaps to reach body
compartments where pathogens are concentrated. For example, nontoxic antimicrobics
such as the penicillins and cephalosporins can be administered in massive doses and
may thereby inhibit some pathogens that would normally be considered resistant in vitro.

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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Furthermore, in urinary infections, urine levels of some antimicrobics may be very high,
and organisms that are seemingly resistant in vitro may be eliminated.

Important pharmacologic characteristics of antimicrobics include dosage as well as
the routes and frequency of administration. Other characteristics include whether the
agents are absorbed from the upper gastrointestinal tract, whether they are excreted and
concentrated in active form in the urine, whether they can pass into cells, whether and
how rapidly they are metabolized, and the duration of effective antimicrobial levels in
blood and tissues. Most agents are bound to some extent to serum albumin, and the pro-
tein-bound form is usually unavailable for antimicrobial action. The amount of free to
bound antibiotic can be expressed as an equilibrium constant, which varies for different
antibiotics. In general, high degrees of binding lead to more prolonged but lower serum
levels of an active antimicrobic after a single dose.

LABORATORY CONTROL OF ANTIMICROBIAL THERAPY

A unique feature of laboratory testing in microbiology is that the susceptibility of the iso-
late of an individual patient can be tested against a battery of potential antimicrobics.
These tests are built around the common theme of placing the organism in the presence of
varying concentrations of the antimicrobic in order to determine the MIC. The methods
used are standardized, including a measured inoculum of the bacteria and the growth con-
ditions (eg, medium, incubation, time).

In selecting therapy, the results of laboratory tests cannot be considered by them-
selves, but must be examined with information about the clinical pharmacology of the
agent, the cause of the disease, the site of infection, and the pathology of the lesion.
These factors must all be taken into account when selecting the appropriate antimicrobic
from those to which the organism has been reported as susceptible. If the agent cannot
reach the site of infection, it will be ineffective. For example, the agent must reach the
subarachnoid space and cerebrospinal fluid in the case of meningitis. Similarly, therapy
may be ineffective for an infection that has resulted in abscess formation unless the ab-
scess is surgically drained. In some instances (eg, bacterial endocarditis, agranulocytosis),
it is necessary to use a bactericidal agent. Previous clinical experience is also critical. In
typhoid fever, for instance, chloramphenicol is effective and aminoglycosides are not,
even though the typhoid bacillus may be susceptible to both in vitro. This finding appears
to result from the failure of aminoglycosides to achieve adequate concentrations inside in-
fected cells.

Dilution Tests

Dilution tests determine the MIC directly by using serial dilutions of the antimicrobic in
broth that span a clinically significant range of concentrations. The dilutions are prepared
in tubes or microdilution wells, and by convention, they are doubled using a base of
1 pg/mL (0.25, 0.5, 1, 2, 4, 8, and so on). The bacterial inoculum is adjusted to a concen-
tration of 10° to 10° bacteria/mL and added to the broth. After incubation overnight (or
other defined time), the tubes are examined for turbidity produced by bacterial growth.
The first tube in which visible growth is absent (clear) is the MIC for that organism
(Fig 14-1).

FIGURE 14-1
Broth dilution susceptibility test. The stippled tubes

ug/mL 8 4 2
represent turbidity produced by bacterial growth. The L MIC = 2 ug/mL

MIC is 1.0 pg/mL.
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Diffusion tests. A. Disk diffusion. The diameter of the zone of growth inhibition around a disk of

x ed antimicrobial content is inversely proportional to the minimum inhibitory concentration
(MIC) for that antimicrobic. The larger the zone, the lower the MIC. B. The E test. A strip
containing a gradient of antimicrobial content creates an elliptical zone of inhibition. The
conditions are empirically adjusted so that the MIC is marked where the growth intersects the strip.

Diffusion Tests

In diffusion testing, the inoculum is seeded onto the surface of an agar plate, and lIter
paper disks containing de ned amounts of antimicrobics are applied. While the plates are
incubating, the antimicrobic diffuses into the medium to produce a circular gradient
around the disk. After incubation overnight, the size of the zone of growth inhibition
around the disk (Fig 14—2A) can be used as an indirect measure of the MIC of the organ-
ism. It is also in uenced by the growth rate of the organism, the diffusibility of the
antimicrobic, and some technical factors. In the United States, a standardized diffusion
procedure accounts for these factors and includes recommendations for interpretation.
The diameters of the zones of inhibition obtained with the various antibiotics are con-
verted to “susceptible,” “moderately susceptible,” and “resistant” categories by referring
to a table. This method is convenient and e xible for rapidly growing aerobic and faculta-
tive bacteria such as the Enterobacteriaceae, Pseudomonas, and staphylococci. Another
diffusion procedure uses gradient strips to produce elliptical zones that can be directly
correlated with the MIC. This method, the E test (Fig 14—2B), can also be applied to
slow-growing, fastidious, and anaerobic bacteria.

Automated Tests

Instruments are now available that carry out rapid, automated variants of the broth dilu-
tion test. In these systems the bacteria are incubated with the antimicrobic in specialized
modules that are read automatically every 15 to 30 minutes. The multiple readings and
the increased sensitivity of determining endpoints by turbidimetric or uorometric analy-
sis makes it possible to generate MICs in as little as 4 hours. In laboratories with suf -
cient volume, these methods are no more expensive than manual methods, and the rapid
results have enhanced potential to in uence clinical outcome, particularly when inter-
faced with computerized hospital information systems.

Molecular Testing

The molecular techniques of nucleic acid hybridization, sequencing, and ampli cation
(see Chapter 15) have been applied to the detection and study of resistance. The basic
strategy is to detect the resistance gene rather than measure the phenotypic expression of
resistance. These methods offer the prospect of automation and rapid results, but as with
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most molecular methods, are not yet practical for routine use. Their application will also
have to take consideration of the fact that they will be limited to known genes and that
phenotypic expression is the “bottom line.”

Bactericidal Testing

The above methods do not distinguish between inhibitory and bactericidal activity. To do
so requires quantitative subculture of the clear tubes in the broth dilution test and compar-
ison of the number of viable bacteria at the beginning and end of the test. The least
amount required to kill a predetermined portion of the inoculum (usually 99.9%) is called
the minimal bactericidal concentration (MBC). Direct bactericidal testing is important
in the initial characterization and clinical evaluation of antimicrobics but is rarely needed
in individual cases. Most of the antimicrobics used for acute and life-threatening infec-
tions (eg, B-lactams, aminoglycosides) act by bactericidal mechanisms.

Antimicrobial Assays

For antimicrobics with toxicity near the therapeutic range, monitoring the concentration
in the serum or other appropriate body fluid is sometimes necessary. Therapeutic monitor-
ing may also be required when the patient’s pharmacologic handling of the agent is
unpredictable, as in renal failure. A variety of biologic, immunoassay, and chemical pro-
cedures have been developed for this purpose.

BACTERIAL RESISTANCE TO ANTIMICROBICS

The seemingly perfect nature of antimicrobics, originally hailed as “wonder drugs,” has
been steadily eroded by the appearance of strains resistant to their action. This resistance
may be inherent to the organism or appear in a previously susceptible species by mutation
or the acquisition of new genes. The mechanisms by which bacteria develop resistance
and how this resistance is spread are of great interest for the continued use of current
agents and to develop strategies for the development of new antimicrobics. The following
sections discuss the biochemical mechanisms of resistance, how resistance is genetically
controlled, and how resistant strains survive and spread in our society. How these features
relate to the antimicrobic groups is summarized in Table 14—1 and further discussed in
the chapters on specific bacteria (see Chapters 16 to 32).

Antimicrobial resistance has survival value for the organism, and its expression in the
medical setting requires that virulence be retained despite the change that mediates resis-
tance. There are no direct connections between resistance and virulence. Resistant bacte-
ria may have increased opportunities to produce disease, but the disease is the same as
that produced by the susceptible bacteria’s counterpart.

Mechanisms of Resistance

The major mechanisms of bacterial resistance are (1) accumulation barriers to an antimi-
crobic due to impermeability or active efflux; (2) alterations of an antimicrobic target,
which render it insusceptible; and (3) inactivation of an antimicrobic by an enzyme pro-
duced by the microorganism. Changes in metabolic pathways can also translate into resis-
tance in a few antimicrobic —organism combinations.

Accumulation Barriers (Fig 14-3)

An effective antimicrobic must enter the bacterial cell and achieve concentrations suffi-
cient to act on its target. The cell wall, particularly the outer membrane, of Gram-negative
bacteria presents a formidable barrier for access to the interior of the cell. Outer mem-
brane protein porin channels may allow penetration depending on the size, charge, degree
of hydrophobicity, or general molecular configuration of the molecule. This is a major
reason for inherent resistance to antimicrobics, but these transport characteristics may
change even in typically susceptible species due to mutations in the porin proteins.



TABLE 14-1

Features of Bacterial Resistance to Antimicrobial Agents

MECHANISM?

EMERGING RESISTANCE?

ANTIMICROBIC ALTERED ACCUMULATION (AA) ALTERED TARGET (AT) ENzymatic INacTIVATION (EI) (ORGANISM/ANTIMICROBIC/MECHANISM)
B-lactams Variable outer Mutant and new [B-lactamases Staphylococus aureus/penicillin/EI
membrane© PBPs S. aureus/methicillin/AT
penetration Streptococcus pneumoniae/penicillin/AT
Haemophilus in uenzae /ampicillin/AT, EI
Neisseria gonorrhoeae/penicillin/AT, EI
Pseudomonas aeruginosalceftazidime/AA
Klebsiella, Enterobacter/third-generation
cephalosporins/EI
Glycopeptides - Amino acid - Enterococcus/vancomycin/AT
substitution S. aureus/vancomycin (rare)
Aminoglycosides Oxidative transport Ribosomal binding Adenylases, acetylases, Klebsiella, Enterobacter/gentamicin/EIl
required site mutations phosphorylases P. aeruginosal/gentamicin/AA
Macrolides, Minimal outer Methylation of Phosphotransferase, Bacteroides fragilis/clindamycin/AT
clindamycin membrane* rRNA esterase S. aureus/erythromycin/AT
penetration, efflux
pump
Chloramphenicol - - Acetyltransferase Salmonella/chloramphenicol /EI
Tetracycline Efflux pump New protein protects =
ribosome site
Fluoroquinolones  Efflux pump, Mutant Escherichia coli/ciprofloxacin/AT
permeability mutation topoisomerase - P. aeruginosalciprofloxacin/AT
Rifampin - Mutant RNA - Mycobacterium tuberculosis %rifampin/AT
polymerase Neisseria meningitidis/rifampin/AT
Folate New dihydropteroate - Enterobacteriaceae/sulfonamides/AT
inhibitors — synthetase, altered

dihydrofolate
reductase

“Only primary mechanisms of resistance are listed.
b A highly selective list of resistance emergence that has altered or threatens a major clinical use of the agent.
¢ Outer membrane of Gram-negative bacteria.

4See Chapter 28.

Abbreviations: PBP, penicillin-binding protein.
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FIGURE 14-3

Diagrammatic representation of accumulation barrier resistance. A, B, C, and D molecules are
external to the cell wall. A molecules pass through and remain inside the cell, B molecules are unable
to pass because they cannot fit through any of the channels, C molecules pass through but are pushed
back out by an efflux pump, and D molecules must be pulled through the wall by an active process.

For example, strains of Pseudomonas aeruginosa commonly develop resistance to
imipenem due to loss of the outer membrane protein most important in its penetration.

As mentioned above, some antimicrobics must be actively transported into the cell.
Bacteria such as streptococci, enterococci, and anaerobes, which lack the necessary ox-
idative pathways for transport of aminoglycosides, are resistant. Conversely, some antimi-
crobics are actively transported out of the cell. A number of bacterial species have
energy-dependent efflux mechanisms that pump either tetracyclines or fluoroquinolones
from the cell.

Altered Target (Fig 14—4)

Once in the cell, antimicrobics act by binding and inactivating their target, which is
typically a crucial enzyme or ribosomal site. If the target is altered in a way that decreases
its affinity for the antimicrobic, the inhibitory effect will be proportionately decreased.
Substitution of a single amino acid at a certain location in a protein can alter its binding
to the antimicrobic without affecting its function in the bacterial cell.

If an alteration at a single site of the target does not render it susceptible to the
antimicrobic, mutation to resistance can occur in a single step, even during therapy. This
occurred with the early aminoglycosides (streptomycin), which bound to a single riboso-
mal site, and the first quinolone (nalidixic acid), which attached to only one of the four
topoisomerase subunits. Newer agents in each class bind at multiple sites on their target,
making mutation to resistance statistically improbable.

One of the most important examples of altered target involves the B-lactam family
and the peptidoglycan transpeptidase penicillin-binding proteins (PBPs) on which they
act. In widely divergent Gram-positive and Gram-negative species, changes in one or
more of these proteins have been correlated with decreased susceptibility to multiple
B-lactams. These alterations were initially detected as changes in electrophoretic migra-
tion of one or more PBPs using radiolabeled penicillin (hence the origin of the term
PBP). These changes have now been traced to point mutations, substitutions of amino
acid sequences, and even synthesis of a new enzyme.
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Because the altered binding is not absolute, decreases in susceptibility are incremental
and often small. Wild-type pneumococci and gonococci are inhibited by 0.06 pug/mL of
penicillin, while those with altered PBPs have MICs of 0.1 to 8.0 wg/mL. At the lower
end, these MICs still appear to be within therapeutic range but are associated with treat-
ment failures, even when dosage is increased. Altered PBPs generally affect all B-lac-
tams. Although the exact MICs vary, a strain with a 10-fold decrease in susceptibility to
penicillin has decreased susceptibility to cephalosporins to about the same degree.

PBP alterations are the prime reason for emergence of penicillin-resistant pneumo-
cocci and methicillin-resistant Staphylococcus aureus (MRSA). They are one of multiple
mechanisms of resistance for a variety of other bacteria including enterococci, gono-
cocci, Haemophilus in uenzae, and many other Gram-positive and Gram-negative
species.

Alteration of the target does not require mutation and can occur by the action of a new
enzyme produced by the bacteria. Vancomycin-resistant enterococci have enzyme sys-
tems that substitute an amino acid in the terminal position of the peptidoglycan side chain
(alanyl lysine for alanyl alanine). Vancomycin does not bind to the alternate amino acid,
and these strains are resistant. Resistance to sulfonamides and trimethoprim occurs by ac-
quisition of new enzymes with low affinity for these agents but still allows bacterial cells
to carry out their respective functions in the folate synthesis pathway.

Clindamycin resistance involves an enzyme that methylates ribosomal RNA, prevent-
ing attachment. This modification also confers resistance to erythromycin and other
macrolides, because they share binding sites. Interestingly, induction with erythromycin
leads to clindamycin resistance, although the reverse is unusual.

Enzymatic Inactivation (Fig 14-5)

Enzymatic inactivation of the invading antimicrobic is the most powerful and robust of
the resistance mechanisms. Literally hundreds of distinct enzymes produced by resistant
bacteria may inactivate the antimicrobic in the cell, in the periplasmic space, or outside
the cell. They may act on the antimicrobic molecule by disrupting its structure or by cat-
alyzing a reaction that chemically modifies it.

B-Lactamases [3-Lactamase is a general term referring to any one of hundreds of bac-
terial enzymes able to break open the (-lactam ring and inactivate various members
of the B-lactam group. The first was discovered when penicillin-resistant strains of
S. aureus emerged and were found to inactivate penicillin in vitro. The enzyme was
called penicillinase, but with expansion of the B-lactam family and concomitant resis-
tance, it has become clear that the situation is quite complex. Each B-lactamase is a dis-
tinct enzyme with its own physical characteristics and substrate profile. For example, the
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FIGURE 14-4

Altered target resistance. (For a
diagrammatic representation of
peptidoglycan synthesis, see
Figure 13—1.) A normal transpep-
tidase is inactivated by penicillin,
but penicillin no longer attaches to
those with altered binding sites.
The transpeptidase is still able to
carry out its cross-linking function
so the B-lactam is no longer
effective. Here, vancomycin is no
longer able to bind to its usual site,
because another amino acid with
a different shape has been
substituted.
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FIGURE 14-5

Enzymatic inactivation resistance. (For a diagrammatic representation of peptidoglycan synthesis,
see Figure 13—1.) The bacterium is producing a 3-lactamase enzyme, which destroys penicillin by
breaking open the -lactam ring. If the penicillin can reach the transpeptidase, it can still inactivate
it; the more S-lactamase produced, the higher the level of resistance.

original staphylococcal penicillinase is also active against ampicillin but not against me-
thicillin or any cephalosporin. B-Lactamases produced by Escherichia coli may add
cephalosporinase activity but vary in their potency against individual first-, second-,
third-, and fourth-generation cephalosporins. Some (-lactamases are bound by clavu-
lanic acid, and others are not.

To keep track of the B-lactamase identifiers (eg, TEM-1, TEM-2, OXA, SVH), clas-
sification schemes have been created based on molecular structure, substrate profile,
and inducibility (ie, whether enzymes are inducible or produced constitutively). A con-
sideration of B-lactamase classification is beyond the scope of this book, but some dis-
cussion of the major types is useful. Gram-positive 3-lactamases are exoenzymes with
little activity against cephalosporins or the antistaphylococcal penicillins (methicillin,
oxacillin). They are bound by B-lactamase inhibitors such as clavulanic acid. Gram-
negative enzymes act in the periplasmic space and may have penicillinase and/or
cephalosporinase activity. They may or may not be inhibited by clavulanic acid. Many
of the Gram-negative (-lactamases are constitutively produced at very low levels but
can be induced to high levels by exposure to a 3-lactam agent. A newer class, called ex-
tended-spectrum (-lactamases (ESBLs) because their range includes multiple
cephalosporins, is particularly worrisome. The laboratory detection of ESBLs is com-
plex because they are inducible enzymes, and the conditions for induction may not be
met in the susceptibility test.

Bacteria that produce [B-lactamases typically demonstrate high-level resistance with
MICs far outside the therapeutic range. Even weak B-lactamase producers are considered
resistant because the outcome of susceptibility tests (and presumably infected sites) is
strongly influenced by the number of bacteria present. Rapid direct tests for B-lactamase
can provide this information in a few minutes.



CHAPTER 14 Antimicrobial Resistance

Modifying Enzymes The most common cause of acquired bacterial resistance to amino-
glycosides is through production of one or more of over 50 enzymes that acetylate,
adenylate, or phosphorylate hydroxyl or amino groups on the aminoglycoside molecule.
The modifications take place in the cytosol or in close association with the cytoplasmic
membrane. The resistance conveyed by these actions is usually high level; the chemically
modified aminoglycoside no longer binds to the ribosome. As with the B-lactamases, the
aminoglycoside-modifying enzymes represent a large and diverse group of bacterial pro-
teins, each with its characteristic properties and substrate profile. Inactivating enzymes
have been described for a number of other antimicrobics. Most of these act by chemically
modifying the antimicrobic molecule in a manner similar to the aminoglycoside-modify-
ing enzymes. The most clinically significant enzymes convey resistance to erythromycin
(esterase, phosphotransferase) and chloramphenicol (acetyltransferase).

Genetics of Resistance
Intrinsic Resistance

For any antimicrobic, there are bacterial species that are typically within its spectrum and
those which are not. The resistance of the latter group is referred to as intrinsic or chromo-
somal to reflect its inherent nature. The resistant species have features such as permeability
barriers, a lack of susceptibility of the cell wall, or ribosomal targets that make them inher-
ently insusceptible. Some species constitutively produce low levels of inactivating enzymes,
particularly the B-lactamases of Gram-negative bacteria. The chromosomal genes encoding
these (-lactamases may be under repressor control and subject to induction by certain
[B-lactam antimicrobics. This leads to increased production of S-lactamase, which usually
results in resistance not only to the inducer but other -lactams to which the organism
would otherwise be susceptible. Many of the ESBLs operate in this manner.

Acquired Resistance

When an initially susceptible species develops resistance, such acquired resistance can be
mutational or derived from another organism by the acquisition of new genes using one
of the mechanisms of genetic exchange described in Chapter 4. Of these, conjugation and
transposition are the most important and often work in tandem.

Mutational Resistance Acquired resistance may occur when there is a crucial mutation
in the target of the antimicrobic or in proteins related to access to the target (ie, perme-
ability). Mutations in regulatory proteins can also lead to resistance. Mutations take place
at a regular but low frequency and are expressed only if they are not associated with other
effects that are disadvantageous to the bacterial cell. Mutational resistance can emerge in
a single step or evolve slowly requiring multiple mutations before clinically significant
resistance is achieved. Single-step mutational resistance is most likely when the antimi-
crobic binds to a single site on its target. Resistance can also emerge rapidly when it is re-
lated to gene regulation, such as mutational derepression of a chromosomally encoded
cephalosporinase. A slow, progressive resistance evolving over years, even decades, is
typical for B-lactam resistance related to altered PBPs.

Plasmids and Conjugation The transfer of plasmids by conjugation was the first dis-
covered mechanism for acquisition of new resistance genes, and it continues to be the
most important. Resistance genes on plasmids (R plasmids) can determine resistance to
one antimicrobic or to several that act by different mechanisms. After conjugation, the re-
sistance genes may remain on a recircularized plasmid or less often become integrated
into the chromosome by recombination. Of course, resistance is not the only concern of
plasmids. A single cell may contain more than one distinct plasmid and/or multiple copies
of the same plasmid. Although most resistance mechanisms have been linked to plasmids
in one species or another, plasmid distribution among the bacterial pathogens is by no
means uniform. The compatibility systems that maintain plasmids from one bacteria cell
generation to the next are complex. Some species of bacteria are more likely than others
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to contain plasmids at all. For example, Neisseria gonorrhoeae typically has multiple
plasmids, whereas closely related Neisseria meningitidis rarely has any.

Plasmids are most likely to be transferred to another strain if they are conjugative, that
is, if the resistance plasmid also contains the genes mediating conjugation. Another factor
in the spread of plasmids is their host range. Some plasmids can be transferred only to
closely related strains; others can be transferred to a broad range of species in and beyond
their own genus. A conjugative plasmid with a broad host range has great potential to
spread any resistance genes it carries.

Transposons and Transposition Transposons containing resistance genes can move
from plasmid to plasmid or between plasmid and chromosome. Many of the resistance
genes carried on plasmids are transposon insertions which can be carried along with the
rest of the plasmid genome to another strain by conjugation. Once there, the transposon is
free to remain in the original plasmid, insert in a new plasmid, insert in the chromosome,
or any combination of these (Fig 14—6). Theoretically, plasmids can accomplish the same
events by recombination, but the nature of the transposition process is such that it is much
more likely to result in the transfer of an intact gene. Transposons also have a variable
host range which in general is even broader than plasmids. Together, conjugation and
transposition provide extremely efficient means for spreading resistance genes.

Other Genetic Mechanisms Although the transfer of resistance genes by transduction
has been demonstrated in the laboratory, its association to clinically significant resistance
has been uncommon. Transduction of imipenem resistance by wild-type bacteriophages
carried by P. aeruginosa to other strains of the same bacteria is a recent example. Because
of the high specificity of bacteriophages, transduction is typically limited to bacteria of
the same species. Transformation is the most common way genes are manipulated in the
laboratory, but detecting its occurrence in the clinical situation is particularly difficult.
Plasmids are readily isolated and characterized, and transposons have flanking insertion
sequences to flag their presence, but there is little to mark the uptake of naked DNA. Mol-
ecular epidemiologic studies suggest that the spread of PBP mutations in Streptococcus
pneumoniae is due to transformation, and there may be many more examples awaiting
discovery.
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Epidemiology of Resistance

The laws of evolution dictate that sooner or later microorganisms will develop resistance
to any antimicrobic to which they are exposed. Since the start of the “antibiotic era,” each
new antimicrobic has tended to go through a remarkably similar sequence. When an agent
is first introduced, its spectrum of activity seems almost completely predictable; some
species are naturally resistant, and others are susceptible, with few exceptions. With clini-
cal use, resistant strains of previously susceptible species begin to appear and become in-
creasingly common.

In some situations, resistance develops rapidly; in other cases it takes years, even
decades. For example, when penicillin was first introduced in 1944, all strains of S. au-
reus appeared to be fully susceptible to this antimicrobic. By 1950, less than one third of
isolates remained susceptible. Currently, that figure has now declined below 15%. On the
other hand, the discovery of Haemophilus in uenzae strains resistant to ampicillin did not
occur until ampicillin had been used heavily for more than a decade. Penicillin was the
primary treatment for pneumonia and meningitis caused by S. pneumoniae for 30 years
before resistance emerged. Enteric Gram-negative rods rapidly developed resistance to
antimicrobics such as ampicillin, cephalosporins, tetracycline, chloramphenicol, and
aminoglycosides, with many strains becoming resistant to as many as 15 agents. Fortu-
nately, these developments have not been universal. The spirochete of syphilis and the
group A streptococcus have thus far retained their susceptibility to penicillin.

Origin of Resistant Strains

Resistant strains may exist prior to the introduction of an antimicrobic but at a frequency
so small they are unlikely to be detected. For example, penicillinase-producing S. aureus
have been found in culture collections that proceeded the development and use of this an-
tibiotic. Under the selective pressure provided by use of any antimicrobic, preexisting re-
sistant clones are likely to increase and, if they are virulent, spread.

The origin of plasmid-carried determinants of resistance remains somewhat obscure.
Some may have played a role in nature by protecting the organism from antimicrobics
produced by another organism or even for protection of the cell from its own antibiotic.
Plasmids and transposons carrying resistance genes have little, if any, adverse influence
on the capacity of most organisms to survive, infect, and spread.

Enhancement and Spread of Resistance

The central factors involved in the increasing incidence of resistance are the selective ef-
fect of the use of antimicrobics, the spread of infection in human populations, and the
ability of plasmids to cross species and even generic lines. Therapeutic or prophylactic
use of antimicrobics, particularly those with a broad spectrum of activity, produces a rela-
tive ecologic vacuum in sites with a normal flora or on lesions prone to infection and al-
lows resistant organisms to colonize or infect with less competition from others. Treat-
ment with a single antimicrobic may select for strains that are also resistant to many other
agents. Thus, chemotherapy can both enhance the opportunity for acquiring resistant
strains from other sources and increase their numbers in the body. The amplifying effect
of antimicrobial therapy on resistance is also apparent with the transfer of resistance plas-
mids to previously susceptible strains. This effect has been most clearly demonstrated in
the lower intestinal tract, where the antimicrobic may reduce the flora and also produce
an increased oxidation—reduction potential that favors plasmid transfer.

As an example, consider a male patient harboring a strain of E. coli carrying a plas-
mid with genes encoding resistance to tetracycline, ampicillin, chloramphenicol, and the
sulfonamides as a very small part of his facultative intestinal flora. He develops an infec-
tion with Shigella dysenteriae that is susceptible to all of these antimicrobics and is
treated with tetracycline. Most of the normal flora and the Shigella are inhibited, but the
resistant E. coli increases because its multiplication is not impeded and competition is
removed. Plasmid transfer occurs between the resistant E. coli and some surviving
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Shigella, which then multiply, causing a relapse of the disease with a strain that is now
multiresistant. Any endemic or epidemic spread of dysentery from this patient to others
will now be with the multiresistant Shigella strain, and its ability to infect will be en-
hanced if the recipient is on prophylaxis or therapy with any of the four antimicrobics to
which it is resistant.

The use of antimicrobics added to animal feeds for their growth-promoting effects
represents a major source of resistant strains. Cattle or poultry that consume feed supple-
mented with antimicrobics rapidly develop a resistant enteric flora that spreads through-
out the herd. Resistance is largely plasmid determined and has been shown capable of
spreading to the flora of those living in close proximity to cattle-rearing farms. The links
to human disease have been established, particularly for bacteria where these animals are
the direct reservoir for human infection. For example, the techniques of molecular epi-
demiology have allowed the tracing of resistance plasmids involved in outbreaks of Sal-
monella gastroenteritis from the contaminated food back to the food processing plant and
then to the originating farm. As a consequence, many countries have banned or controlled
addition to animal feeds of antimicrobics that are useful for systemic therapy in humans.
The United States has not yet taken any action because of opposition by business forces
in the animal husbandry industry that fear lost profits.

Control of Resistance

In the past, numerous examples in the literature showed that the extent of resistance in a
hospital directly reflects the extent of usage of an antimicrobic, and that withdrawal or
control can lead to rapid reduction of the incidence of resistance. Although this is more
difficult to demonstrate in the community setting, experience and our understanding of
the mechanisms and spread of resistance indicate that certain principles can help keep the
problem under control:

1. Use antimicrobics conservatively and specifically in therapy.

2. Use an adequate dosage and duration of therapy to eliminate the infecting organism
and reduce the risk of selecting resistant variants.

3. Select antimicrobics according to the proved or anticipated known susceptibility of
the infecting strain whenever possible.

4. Use narrow-spectrum rather than broad-spectrum antimicrobics when the specific eti-
ology of an infection is known, if possible.

5. Use antimicrobic combinations when they are known to prevent emergence of resis-
tant mutants.

6. Use antimicrobics prophylactically only in situations in which it has been proven
valuable and for the shortest possible time to avoid selection of a resistant flora.

7. Avoid environmental contamination with antimicrobics.

8. Rigidly apply careful, aseptic and handwashing procedures to help prevent spread of
resistant organisms.

9. Use containment isolation procedures for patients infected with resistant organisms
that pose a threat to others, and use protective precautions for those who are highly
susceptible.

10. Epidemiologically monitor resistant organisms or resistance determinants in an
institution and apply enhanced control measures if a problem develops.
11. Restrict the use of therapeutically valuable antimicrobics for nonmedical purposes.

Selection and Administration of Antibacterial Antimicrobics

This topic is largely beyond the scope of this book, but a few principles merit emphasis.
Most bacterial infections are now potentially curable by chemotherapy alone or its use as
an adjunct to surgical or other treatment. However, the plethora of antimicrobics available
to physicians makes selection of the most appropriate agent(s) particularly challenging.
Although the clinical indications for use vary widely, they usually fit into one of three
categories: empiric, specific, or prophylactic.



CHAPTER 14 Antimicrobial Resistance

Empiric Therapy

The first decisions on selection of antimicrobic(s) are based on the physician’s assessment
of the probable microbial etiology of the patient’s infection. The variables involved are
the subject of much of this book and include the site of infection (eg, throat, lung, urine)
and epidemiologic factors such as age, season, geography, and predisposing conditions. A
mental list of probable etiologies must then be matched with their probable antimicrobial
susceptibilities as shown in Table 13—1. Specific local “batting averages” for each antimi-
crobic against the common organisms are available from hospital laboratories and
infection control committees. Many astute clinicians carry statistics concerning bacterial
effectiveness in a pocket.

This process may be as simple as selecting penicillin to treat a patient with suspected
group A streptococcal pharyngitis, or as complex as resorting to a cocktail of broad-spec-
trum antibacterial, antifungal, and antiviral agents to treat a febrile patient who has had a
bone marrow transplant. In general, the risks of broad-spectrum treatment (superinfec-
tion, overgrowth) become more tolerable as the severity of the infection increases. When
the risk of not “covering” an improbable pathogen is death, it is difficult to be selective.
This treatment selection based on clinical criteria alone must be coupled with appropri-
ated diagnostic steps (see Chapter 15) to determine the etiology, so the empiric therapy
can be converted to specific therapy as quickly as possible.

Specific Therapy

Specific antimicrobial therapy is directed at the known agent of infection, usually a single
species. It is unique to infectious diseases and is made possible by isolation and identifi-
cation of the microorganism from the patient. In the case of bacterial diseases, it can even
be made specific to the patient’s own isolate by the use of antimicrobial susceptibility
tests. The ideal goal of specific therapy is to attack the infecting organism and
nothing else—to be the mythical “silver bullet.” As the results of Gram smears, cultures,
and susceptibility tests are gathered from the laboratory, unnecessary antimicrobics can
be discontinued and the spectrum of therapy narrowed as much as possible. For example,
a patient with suspect staphylococcal or streptococcal infection might be empirically
started on a cephalosporin to cover both possibilities. The isolation of a S. aureus suscep-
tible to a cephalosporin and oxacillin but resistant to penicillin requires reassessment of
that regimen. Even though the cephalosporin is active, the oxacillin is the better choice,
because its narrower spectrum carries less risk of complications for the patient and re-
duces the selective pressure for emergence of resistance.

In general, the best specific therapy is a single antimicrobic, but there are exceptions.
Two or more antimicrobics acting by different mechanisms may be combined to reduce
the possibility that mutations to resistance can be expressed. This is particularly true for
chronic infections such as tuberculosis, in which the microbial load is high and the treat-
ment period is long. For example, if a lesion contains 10° organisms, and the frequency of
resistant mutants is 107°, the chance of relapse by selection of a resistant mutant is signif-
icant. Adding a second drug with the same mutation rate but a different mechanism re-
quires a double mutant for expression of the resistance in the patient. Because the chance
of this event is to 107!2, the addition of a second antimicrobic should prevent develop-
ment of resistance during therapy.

Another indication for antimicrobial combinations is the desire to achieve a greatly
enhanced biologic effect called synergism. For example, relatively low concentrations of
a fB-lactam and an aminoglycoside may be bactericidal for Enterococcus faecalis when
combined, but neither agent is lethal at clinically achievable levels. This occurs because
inhibition of cell wall synthesis by penicillin allows passage of the aminoglycoside to its
ribosomal target in the cell. Unfortunately, combinations may also be antagonistic. This
happens when the action of one antimicrobic partially prevents the second from express-
ing its activity. Examples include certain combinations of bacteriostatic antimicrobics
with a B-lactam antimicrobic, such as penicillin. Penicillin exerts its bacterial effect only
on dividing cells, and inhibition of growth by a bacteriostatic antimicrobic may prevent
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the lethal activity of penicillin. Although specific therapy is the ideal, it is not always pos-
sible. Any degree of uncertainty about the etiologic diagnosis will broaden the therapeutic
coverage, and in some instances an etiologic diagnosis may not even be attempted. Em-
pirical treatment of acute otitis media usually stands, because reaching the middle ear to
culture the specific etiology is judged to carry more risk and discomfort for the patient.

Prophylaxis

The use of antimicrobics to prevent infection is a tempting but potentially hazardous en-
deavor. The risk for the individual patient is infection with a different, more resistant or-
ganism. The risks for the population are in increasing the pressure for the selection and
spread of resistance. After many years of experience, the indications for antimicrobial
prophylaxis have now been narrowed to a limited number of situations in which antimi-
crobics have been shown to decrease transmission during a period of high risk. Prophy-
laxis can reduce the risk of endogenous infection associated with certain surgical and
dental procedures if given during the procedure (a few hours at most). The transmission
of highly infectious bacteria to close contacts can also be reduced by prophylaxis. This
has been effective for some pathogens spread by the respiratory route, such as the etio-
logic agents of meningitis, whooping cough, and plague. One of the outstanding suc-
cesses of antimicrobial prophylaxis is the reduction of group B streptococcal sepsis and
meningitis in neonates. In this instance, prophylactic penicillin is administered during la-
bor to mothers with demonstrated vaginal group B streptococcal colonization.
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CHAPTER 15

Principles of
Laboratory Diagnosis
of Infectious Diseases

KENNETH J. RYAN AND C. GEORGE RAY

The diagnosis of a microbial infection begins with an assessment of clinical and epi-
demiologic features, leading to the formulation of a diagnostic hypothesis. Anatomic lo-
calization of the infection with the aid of physical and radiologic findings (for example,
right lower lobe pneumonia, subphrenic abscess) is usually included. This clinical diag-
nosis suggests a number of possible etiologic agents based on knowledge of infectious
syndromes and their courses (see Chapters 59 through 72). The specific cause is then
established by the application of methods described in this chapter. A combination of
science and art on the part of both the clinician and laboratory worker is required: The
clinician must select the appropriate tests and specimens to be processed and, where ap-
propriate, suggest the suspected etiologic agents to the laboratory. The laboratory worker
must use those methods that will demonstrate the probable agents, and be prepared to ex-
plore other possibilities suggested by the clinical situation or findings of the laboratory
examinations. The best results are obtained when communication between the clinic and
laboratory is maximal.

The general approaches to laboratory diagnosis vary with different microorganisms
and infectious diseases. However, the types of methods are usually some combination
of direct microscopic examinations, culture, antigen detection, and antibody detection
(serology). Newer approaches involving direct detection of genomic components are
also important, although few have become practical enough for routine use. In this
chapter, these principles will be considered, with emphasis on their application to the
diagnosis of diseases caused by bacteria and viruses. Most of the approaches to be de-
scribed can also be applied, with certain variations, to the diagnosis of diseases caused
by fungi and parasites. All of these begin with some kind of specimen collected from
the patient.

THE SPECIMEN

The primary connection between the clinical encounter and diagnostic laboratory is the
specimen submitted for processing. If it is not appropriately chosen and/or collected, no
degree of laboratory skill will rectify the error. Failure at the level of specimen collection
is the most common reason for failure to establish an etiologic diagnosis, or worse, for
suggesting a wrong diagnosis. In the case of bacterial infections, the primary problem lies
in distinguishing resident or contaminating normal floral organisms from those causing
the infection. The three specimen categories illustrated in Figure 15—1 and discussed be-
low are covered more specifically in Chapters 59 to 72.
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FIGURE 15-1

Specimens for the diagnosis of infection. A. Direct specimen. The pathogen (@) is localized in an
otherwise sterile site, and a barrier such as the skin must be passed to sample it. This may be done
surgically or by needle aspiration as shown. The specimen collected contains only the pathogen.
Examples: deep abscess, cerebrospinal fluid. B. Indirect sample. The pathogen is localized as in A
but must pass through a site containing normal flora (*) in order to be collected. The specimen
contains the pathogen but is contaminated with the nonpathogenic flora. The degree of contamina-
tion is often related to the skill with which the normal floral site was “bypassed” in specimen col-
lection. Examples: expectorated sputum, voided urine. C. Sample from site with normal flora. The
pathogen and nonpathogenic flora are mixed at the site of infection. Both are collected and the non-
pathogen is either inhibited by the use of selective culture methods or discounted in interpretation
of culture results. Examples: throat, stool.

Direct Tissue or Fluid Samples

Direct specimens (Fig 15—1A) are collected from normally sterile tissues (lung, liver)
and body fluids (cerebrospinal fluid, blood). The methods range from needle aspiration of
an abscess to surgical biopsy. In general, such collections require the direct involvement
of a physician and may carry some risk for the patient. The results are always useful, be-
cause positive findings are diagnostic and negative findings can exclude infection at the
suspected site.

Indirect Samples

Indirect samples (Fig 15—1B) are specimens of inflammatory exudates (expectorated spu-
tum, voided urine) that have passed through sites known to be colonized with normal
flora. The site of origin is usually sterile in healthy persons; however, some assessment of
the probability of contamination with normal flora during collection is necessary before
these specimens can be reliably interpreted. This assessment requires knowledge of the
potential contaminating flora (see Chapter 9) as well as the probable pathogens to be
sought. Indirect samples are usually more convenient for both physician and patient, but
carry a higher risk of misinterpretation. For some specimens, such as expectorated spu-
tum, guidelines to assess specimen quality have been developed by correlation of clinical
and microbiologic findings (see Chapter 64).
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Samples from Normal Flora Sites

Frequently the primary site of infection is in an area known to be colonized with many
organisms (pharynx and large intestine) (Fig 15—1C). In such instances, examinations are
selectively made for organisms known to cause infection that are not normally found at
the infected site. For example, Salmonella, Shigella, and Campylobacter may be specifi-
cally sought in a stool specimen because they are known to cause diarrhea. It is neither
practical nor relevant to describe the other stool flora.

Specimens for Viral Diagnosis

The selection of specimens for viral diagnosis is easier because there is essentially little
normal viral flora to confuse interpretation. This allows selection guided by knowledge of
which sites are most likely to yield the suspected etiologic agent. For example, en-
teroviruses are the most common viruses involved in acute infection of the central ner-
vous system. Specimens that might be expected to yield these agents on culture include
throat, stool, and cerebrospinal fluid.

Specimen Collection and Transport

The sterile swab is the most convenient and most commonly used tool for specimen col-
lection; however, it provides the poorest conditions for survival and can only absorb a
small volume of inflammatory exudate. The worst possible specimen is a dried-out swab;
the best is a collection of 5 to 10 mL or more of the infected fluid or tissue. The volume is
important because infecting organisms present in small numbers may not be detected in a
small sample.

Specimens should be transported to the laboratory as soon after collection as possi-
ble, because some microorganisms survive only briefly outside the body. For example,
unless special transport media are used, isolation rates of the organism that causes
gonorrhea (Neisseria gonorrhoeae) are decreased when processing is delayed beyond a
few minutes. Likewise, many respiratory viruses survive poorly outside the body. On
the other hand, some bacteria survive well and may even multiply after the specimen is
collected. The growth of enteric Gram-negative rods in specimens awaiting culture
may in fact compromise specimen interpretation and interfere with the isolation of
more fastidious organisms. Significant changes are associated with delays of more than
3 to 4 hours.

Various transport media have been developed to minimize the effects of the delay be-
tween specimen collection and laboratory processing. In general, they are buffered fluid
or semisolid media containing minimal nutrients and are designed to prevent drying,
maintain a neutral pH, and minimize bacterial growth. Other features may be required to
meet special requirements, such as an oxygen-free atmosphere for obligate anaerobes.

DIRECT EXAMINATION

Of the infectious agents discussed in this book, only some of the parasites are large
enough to be seen with the naked eye. Bacteria can be seen clearly with the light micro-
scope when appropriate methods are used; individual viruses can be seen only with the
electron microscope, although aggregates of viral particles in cells (viral inclusions) may
be seen by light microscopy. Various stains are used to visualize and differentiate mi-
croorganisms in smears and histologic sections.

Light Microscopy

Direct examination of stained or unstained preparations by light (bright field) mi-
croscopy (Fig 15-2A) is particularly useful for detection of bacteria. Even the smallest
bacteria (0.15 wm wide) can be visualized, although some require special lighting tech-
niques. As the resolution limit of the light microscope is near 0.2 wm, the optics must be
ideal if organisms are to be seen clearly by direct microscopy. These conditions may be
achieved with a 100X oil immersion objective, a 5 to 10X eyepiece, and optimal lighting.
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retain complexes when
decolorized

FIGURE 15-2

Bright-field, darkfield, and fluorescence microscopy. A. Bright-field illumination properly aligned.
The purpose is to focus light directly on the preparation for optimal visualization against a bright
background. B. In darkfield illumination, a black background is created by blocking the central
light. Peripheral light is focused so that it will be collected by the objective only when it is reflected
from the surfaces of particles (eg, bacteria). The microscopic field shows bright halos around some
bacteria and reveals a spirochete too thin to be seen with bright-field illumination. C. Fluorescence
microscopy is similar to darkfield microscopy, except the light source is ultraviolet and the organ-
isms are stained with fluorescent compounds. The incident light generates light of a different wave-
length, which is seen as a halo (colored in this illustration) around only the organism tagged with
fluorescent compounds. For the most common fluorescent compound, the light is green.

Unstained bacteria are too transparent to see directly, although their presence can be indi-
cated by the voids they create when suspended in particulate matter such as India ink.

Bacteria may be stained by a wide variety of dyes, including methylene blue, crystal
violet, carbol-fuchsin (red), and safranin (red). The two most important methods, the
Gram and acid-fast techniques, employ staining, decolorization, and counterstaining in a
manner that helps to classify as well as stain the organism.

The Gram Stain

The differential staining procedure described in 1884 by the Danish physician Hans
Christian Gram has proved one of the most useful in microbiology and medicine. The
procedure (Fig 15-3) involves the application of a solution of iodine in potassium iodide
to cells previously stained with an acridine dye such as crystal violet. This treatment
produces a mordanting action in which purple insoluble complexes are formed with ri-
bonuclear protein in the cell. The difference between Gram-positive and Gram-negative
bacteria is in the permeability of the cell wall to these complexes on treatment with mix-
tures of acetone and alcohol solvents. This extracts the purple iodine—dye complexes
from Gram-negative cells, whereas Gram-positive bacteria retain them. An intact cell wall
is necessary for a positive reaction, and Gram-positive bacteria may fail to retain the stain
if the organisms are old, dead, or damaged by antimicrobial agents. No similar conditions
cause a Gram-negative organism to appear Gram positive. The stain is completed by the
addition of red counterstain such as safranin, which is taken up by bacteria that have been
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A. Gram stain B. Acid-fast stain
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decolorized. Thus, cells stained purple are Gram positive, and those stained red are Gram
negative. As indicated in Chapter 2, Gram positivity and negativity correspond to major
structural differences in the cell wall.

When the Gram stain is applied to clinical specimens, the purple or red bacteria are
seen against a Gram-negative (red) background of leukocytes, exudate, and debris. Re-
tention of the purple dye in tissue or fluid elements, such as the nuclei of polymorphonu-
clear leukocytes, is an indication that the smear has been inadequately decolorized. In
smears of uneven thickness, judgments on the Gram reaction can be made only in well-
decolorized areas.

In many bacterial infections, the etiologic agents are readily seen on stained Gram
smears of pus or fluids. This information, combined with the clinical findings, may guide
the management of infection before culture results are available. Interpretation requires
considerable experience and knowledge of probable causes, of their morphology and
Gram reaction, and of any organisms normally present in health at the infected site.

The Acid-Fast Stain

Acid fastness is a property of the mycobacteria (eg, Mycobacterium tuberculosis) and re-
lated organisms. Acid-fast organisms generally stain very poorly with dyes, including
those used in the Gram stain. However, they can be stained by prolonged application of
more concentrated dyes, and staining is facilitated by heat treatment. Their unique feature
is that once stained, acid-fast bacteria resist decolorization by concentrations of mineral
acids and ethanol that remove the same dyes from other bacteria. This combination of
weak initial staining and strong retention once stained is probably related to the high lipid
content of the mycobacterial cell wall. Acid-fast stains are completed with a counterstain
to provide a contrasting background for viewing the stained bacteria (see Fig 15-3).

In the acid-fast procedure, the slide is flooded with carbol-fuchsin (red) and decol-
orized with hydrochloric acid in alcohol. When counterstained with methylene blue, acid-
fast organisms appear red against a blue background. A variant is the fluorochrome
stain, which uses a fluorescent dye, (auramine, or an auramine —rhodamine mixture) fol-
lowed by decolorization with acid—alcohol. Acid-fast organisms retain the fluorescent
stain, which allows their visualization by fluorescence microscopy.
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FIGURE 15-3

The Gram and acid-fast stains.
Four bacteria and a PMN are
shown at each stage. All are ini-
tially stained purple by the crystal
violet and iodine of the Gram stain
(A1) and red by the carbol fuchsin
of the acid-fast stain (B1). Follow-
ing decolorization, Gram-positive
and acid-fast organisms retain
their original stain. Others are un-
stained (A2, B2). The safranin of
the Gram counterstain stains the
Gram-negative bacteria and makes
the background red (A3), and the
methylene blue leaves a blue back-
ground for the contrasting red
acid-fast bacillus (B3).
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Darkfield and Fluorescence Microscopy

Some bacteria, such as Treponema pallidum, the cause of syphilis, are too thin to be visu-
alized with the usual bright-field illumination. They can be seen by use of the dark-field
technique. With this method, a condenser focuses light diagonally on the specimen in
such a way that only light reflected from particulate matter such as bacteria reaches the
eyepiece (Fig 15-2B). The angles of incident and reflected light are such that the organ-
isms are surrounded by a bright halo against a black background. This type of illumina-
tion is also used in other microscopic techniques, in which a high light contrast is desired,
and for observation of fluorescence. Fluorescent compounds, when excited by incident
light of one wavelength, emit light of a longer wavelength and thus a different color.
When the fluorescent compound is conjugated with an antibody as a probe for detection
of a specific antigen, the technique is called immunofluorescence, or fluorescent anti-
body microscopy. The appearance is the same as in darkfield microscopy except that the
halo is the emitted color of the fluorescent compound (Fig 15—2C). For improved safety,
most modern fluorescence microscopy systems direct the incident light through the objec-
tive from above (epifluorescence).

Electron Microscopy

Electron microscopy demonstrates structures by transmission of an electron beam and has
10 to 1000 times the resolving power of light microscopic methods. For practical reasons
its diagnostic application is limited to virology, where due to the resolution possible at
high magnification it offers results not possible by any other method. Using negative
staining techniques, direct examination of fluids and tissues from affected body sites en-
ables visualization of viral particles. In some instances, electron microscopy has been the
primary means of discovery of viruses that do not grow in the usual cell culture systems.

CULTURE

Growth and identification of the infecting agent in vitro is usually the most sensitive and
specific means of diagnosis and is thus the method most commonly used. Most bacteria
and fungi can be grown in a variety of artificial media, but strict intracellular microorgan-
isms (eg, Chlamydia, Rickettsia, and human and animal viruses) can be isolated only in
cultures of living eukaryotic cells.

Isolation and Identification of Bacteria

Almost all medically important bacteria can be cultivated outside the host in artificial cul-
ture media. A single bacterium placed in the proper culture conditions will multiply to
quantities sufficient to be seen by the naked eye. Bacteriologic media are soup-like
recipes prepared from digests of animal or vegetable protein supplemented with nutrients
such as glucose, yeast extract, serum, or blood, to meet the metabolic requirements of the
organism. Their chemical composition is complex, and their success depends on match-
ing the nutritional requirements of most heterotrophic living things.

Growth in media prepared in the fluid state (broths) is apparent when bacterial numbers
are sufficient to produce turbidity or macroscopic clumps. Turbidity results from reflection
of transmitted light by the bacteria; depending on the size of the organism, more than 10°
bacteria per milliliter of broth are usually required. Most bacteria grow diffusely, but strictly
aerobic bacteria may grow as a film on the surface of the broth, and other bacteria grow as a
sediment. The addition of a gelling agent to a broth medium allows its preparation in solid
form as plates in Petri dishes. The universal gelling agent for diagnostic bacteriology is
agar, a polysaccharide extracted from certain types of seaweed. Agar has the convenient
property of becoming liquid at about 95°C but not returning to the solid state as a gel until
cooled to less than 50°C. This allows the addition of a heat-labile substance, such as blood,
to the medium before it sets. At the temperatures used in the diagnostic laboratory (37°C or
lower), broth—agar exists as a smooth, solid, nutrient gel. This medium, usually termed
“agar,” may be qualified with a description of any supplement (eg, blood agar).
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Separation of bacteria may be accomplished by using a sterile wire loop to spread a
small sample over the surface of an agar plate in a structured pattern called plate streak-
ing. Bacteria that are well separated from others grow as isolated colonies, often reaching
2 to 3 mm in diameter after overnight incubation. For diagnostic work, growth of bacteria
on solid media has advantages over the use of broth cultures. It allows isolation of bacte-
ria in pure culture (Fig 15—4), because a colony well separated from others can be as-
sumed to arise from a single organism or an organism cluster (colony-forming unit).
Colonies vary greatly in size, shape, texture, color, and other features. For example,
colonies of organisms possessing large polysaccharide capsules are usually mucoid; those
of organisms that fail to separate after division are frequently granular. Colonies from dif-
ferent species or genera often differ substantially, whereas those derived from the same
strain are usually consistent. Differences in colonial morphology are very useful for sep-
arating bacteria in mixtures and as clues to their identity. Some examples of colonial mor-
phology are shown in Figure 15-5.
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FIGURE 15-4

Bacteriologic plate streaking. Plate streaking is essentially a dilution procedure. A. The specimen is
placed on the plate with a swab, loop, or pipette, and evenly spread over approximately one fourth
of the plate surface with a sterilized bacteriologic loop. B. The loop is flamed to remove residual
bacteria. A secondary streak is made, overlapping the primary streak initially but finishing indepen-
dently. C. The process is repeated in a tertiary streak. D. and E. Two plates streaked in a similar
manner. D. Only a few bacteria grew. E. A large number of bacteria grew. However, isolated
colonies were produced for further study in each case.
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FIGURE 15-5

Bacterial colonial morphology. The colonies formed on agar plates by three different Gram-nega-
tive bacilli are shown at the same magnification. Each is typical for its species but variations are
common. A. Escherichia coli colonies are flat with an irregular scalloped edge. B. Klebsiella pneu-
moniae colonies with a smooth entire edge and a raised glistening surface. C. Pseudomonas aerugi-
nosa colonies with an irregular reflective surface, suggesting hammered metal.

New methods that do not depend on visual changes in the growth medium or colony
formation are also used to detect bacterial growth in culture. These techniques include op-
tical, chemical, and electrical changes in the medium, produced by the growing numbers
of bacterial cells or their metabolic products. Many of these methods are more sensitive
than classical techniques and thus can detect growth hours, or even days, earlier than clas-
sical methods. Some have also been engineered for instrumentation and automation. For
example, one fully automated system that detects bacterial metabolism fluorometrically
can complete a bacterial identification and antimicrobial susceptibility test in 2 to 4 hours.

Bacteriologic Media

Over the past 100 years, countless media have been developed by bacteriologists to aid in
the isolation and identification of medically important bacteria. Only a few have found
their way into routine use in clinical laboratories. These may be classified as nutrient, se-
lective, or indicator media.

Nutrient Media The nutrient component of a medium is designed to satisfy the growth re-
quirements of bacteria to permit isolation and propagation. For medical purposes, the ideal
medium would allow rapid growth of all bacteria. No such medium exists; however, several
suffice for good growth of most medically important bacteria. These media are prepared
with enzymatic or acid digests of animal or plant products such as muscle, milk, or beans.



CHAPTER 15 Principles of Laboratory Diagnosis

The digest reduces the native protein to a mixture of polypeptides and amino acids that also
includes trace metals, coenzymes, and various undefined growth factors. For example, one
common broth contains a pancreatic digest of casein (milk curd) and a papaic digest of soy-
bean meal. To this nutrient base, salts, vitamins, or body fluids such as serum may be added
to provide pathogens with the conditions needed for optimum growth.

Selective Media Selective media are used when specific pathogenic organisms are
sought in sites with an extensive normal flora (eg, N. gonorrhoeae in specimens from the
uterine cervix or rectum). In these cases, other bacteria may overgrow the suspected etio-
logic species in simple nutrient media, either because the pathogen grows more slowly or
because it is present in much smaller numbers. Selective media usually contain dyes,
other chemical additives, or antimicrobics at concentrations designed to inhibit contami-
nating flora but not the suspected pathogen.

Indicator Media Indicator media contain substances designed to demonstrate biochemi-
cal or other features characteristic of specific pathogens or organism groups. The addition
to the medium of one or more carbohydrates and a pH indicator is frequently used. A
color change in a colony indicates the presence of acid products and thus of fermentation
or oxidation of the carbohydrate by the organism. Other indicator media may enhance the
production of a pigment or other changes useful for early recognition of certain bacteria.
The addition of red blood cells (RBCs) to plates allows the hemolysis produced by some
organisms to be used as a differential feature (see Chapter 16). In practice, nutrient, selec-
tive, and indicator properties are often combined to various degrees in the same medium.
It is possible to include an indicator system in a highly nutrient medium and also make it
selective by adding appropriate antimicrobics. Some examples of culture media com-
monly used in diagnostic bacteriology are listed in Appendix 15—1, and more details of
their constitution and application are provided in Appendix 15-2.

Atmospheric Conditions

Aerobic  Once inoculated, cultures of most aerobic bacteria are placed in an incubator
with temperature maintained at 35 to 37°C. Slightly higher or lower temperatures are
used occasionally to selectively favor a certain organism or organism group. Most bacte-
ria that are not obligate anaerobes will grow in air; however, CO, is required by some and
enhances the growth of others. Incubators that maintain a 2 to 5% concentration of CO,
in air are frequently used for primary isolation, because this level is not harmful to any
bacteria and improves isolation of some. A simpler method is the candle jar, in which a
lighted candle is allowed to burn to extinction in a sealed jar containing plates. This
method adds 1 to 2% CO, to the atmosphere.

Anaerobic Strictly anaerobic bacteria will not grow under the conditions described pre-
viously, and many will die if exposed to atmospheric oxygen or high oxidation—reduction
potentials. Most medically important anaerobes will grow in the depths of liquid or semi-
solid media containing any of a variety of reducing agents, such as cysteine, thioglycol-
late, ascorbic acid, or even iron filings. An anaerobic environment for incubation of plates
can be achieved by replacing air with a gas mixture containing hydrogen, CO,, and nitro-
gen and allowing the hydrogen to react with residual oxygen on a catalyst to form water.
A convenient commercial system accomplishes this chemically in a packet to which wa-
ter is added before the jar is sealed. Specimens suspected to contain significant anaerobes
should be processed under conditions designed to minimize exposure to atmospheric oxy-
gen at all stages.

Clinical Bacteriology Systems

Routine laboratory systems for processing specimens from various sites are needed be-
cause no single medium or atmosphere is ideal for all bacteria. Combinations of broth
and solid-plated media and aerobic, CO,, and anaerobic incubation must be matched to
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TABLE 15-1

Routine Use of Gram Smear and Isolation Systems for Selected Clinical Specimens®

SPECIMEN
MEDIUM CEREBROSPINAL  WOUND, GENITAL,
(INCUBATION) BLoobp FLuip Pus CeErvix THrROAT SpuruM URINE STOOL
Gram smear X X X X X
Soybean—casein X X X
digest broth (CO,)

Selenite F broth (air) X

Blood agar (CO,) X X X X X

Blood agar (anaerobic) X 5

MacConkey agar (air) X X X X X

Chocolate agar (CO,) X X X X

Martin—Lewis agar (CO,) X

Hektoen agar (air) X

Campylobacter agar X

(CO,, 42°C)¢

“The added sensitivty of a nutrient broth is used only when contamination by normal flora is unlikely. Exact media and isolation systems may vary

between laboratories.

b Anaerobic incubation used to enhance hemolysis by S-hemolytic streptococci.
“Incubation in a reduced oxygen atmosphere.

Extent of identification is linked to
medical relevance

Growth under various conditions
has differential value

Biochemical reactions analyzed by
tables and computers give
identification probability

the organisms expected at any particular site or clinical circumstance. Examples of such
routines are shown in Table 15—1. In general, it is not practical to routinely include spe-
cialized media for isolation of rare organisms such as Corynebacterium diphtheriae. For
detection of these and other uncommon organisms, the laboratory must be specifically in-
formed of their possible presence by the physician. Appropriate media and special proce-
dures can then be included.

Bacterial Identification

Once growth is detected in any medium, the process of identification begins. Identifica-
tion involves the use of methods to obtain pure cultures from single colonies, followed
by tests designed to characterize and identify the isolate. The exact tests and their se-
quences vary with different groups of organisms, and the taxonomic level (genus,
species, subspecies, and so on) of identification needed varies according to the medical
usefulness of the information. In some cases, only a general description or the exclusion
of particular organisms is important. For example, a report of “mixed oral flora” in a
sputum specimen or “no N. gonorrhoeae” in a cervical specimen may provide all of the
information needed.

Features Used to Classify Bacteria

CULTURAL CHARACTERISTICS Cultural characteristics include the demonstration of
properties such as unique nutritional requirements, pigment production, and the ability to
grow in the presence of certain substances (sodium chloride, bile) or on certain media
(MacConkey, nutrient agar). Demonstration of the ability to grow at a particular
temperature or to cause hemolysis on blood agar plates is also used.

BrocHEMICAL CHARACTERISTICS The ability to attack various substrates or to produce
particular metabolic products has broad application to the identification of bacteria. The
most common properties examined are listed in Appendix 15-3. Biochemical and
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cultural tests for bacterial identification are analyzed by reference to tables that show the
reaction patterns characteristic for individual species. In fact, advances in computer
analysis have now been applied to identification of many bacterial and fungal groups.
These systems use the same biochemical principles along with computerized databases to
determine the most probable identification from the observed test pattern.

ToXIN PRODUCTION AND PATHOGENICITY Direct evidence of virulence in laboratory
animals is rarely needed to confirm a clinical diagnosis. In some diseases caused by
production of a specific toxin, the toxin may be detected in vitro through cell cultures or
immunologic methods. Neutralization of the toxic effect with specific antitoxin is the
usual approach to identify the toxin.

ANTIGENIC STRUCTURE As discussed in Chapter 2, bacteria possess many antigens,
such as capsular polysaccharides, flagellar proteins, and several cell wall components.
Serology involves the use of antibodies of known specificity to detect antigens present on
whole bacteria or free in bacterial extracts (soluble antigens). The methods used for
demonstrating antigen—antibody reactions are discussed in a later section.

GENOMIC STRUCTURE Nucleic acid sequence relatedness as determined by homology
comparisons have become a primary determinant of taxonomic decisions. They are
discussed later in the section on nucleic acid methods.

Isolation and Identification of Viruses
Cell and Organ Culture

Living cell cultures that can support their replication are the primary means of isolating
pathogenic viruses. The cells are derived from a tissue source by outgrowth of cells from
a tissue fragment (explant) or by dispersal with proteolytic agents such as trypsin. They
are allowed to grow in nutrient media on a glass or plastic surface until a confluent layer
one cell thick (monolayer) is achieved. In some circumstances, a tissue fragment with a
specialized function (eg, fetal trachea with ciliated epithelial cells) is cultivated in vitro
and used for viral detection. This procedure is known as organ culture.

Three basic types of cell culture monolayers are used in diagnostic virology. The
primary cell culture, in which all cells have a normal chromosome count (diploid), is de-
rived from the initial growth of cells from a tissue source. Redispersal and regrowth produces
a secondary cell culture, which usually retains characteristics similar to those of the primary
culture (diploid chromosome count and virus susceptibility). Monkey and human embryonic
kidney cell cultures are examples of commonly used primary and secondary cell cultures.

Further dispersal and regrowth of secondary cell cultures usually leads to one of two out-
comes: the cells eventually die, or they undergo spontaneous transformation, in which the
growth characteristics change, the chromosome count varies (haploid or heteroploid), and the
susceptibility to virus infection differs from that of the original. These cell cultures have char-
acteristics of “immortality”’; that is, they can be redispersed and regrown many times (serial
cell culture passage). They can also be derived from cancerous tissue cells or produced by ex-
posure to mutagenic agents in vitro. Such cultures are commonly called cell lines. A common
cell line in diagnostic use is the Hep-2, derived from a human epithelial carcinoma. A third
type of culture is often termed a cell strain. This culture consists of diploid cells, commonly
fibroblastic, that can be redispersed and regrown a finite number of times; usually 30 to 40
cell culture passages can be made before the strain dies out or spontaneously transforms. Hu-
man embryonic tonsil and lung fibroblasts are common cell strains in routine diagnostic use.

Detection of Viral Growth

Viral growth in susceptible cell cultures can be detected in several ways. The most com-
mon effect is seen with lytic or cytopathic viruses; as they replicate in cells, they produce
alterations in cellular morphology (or cell death) that can be observed directly by light
microscopy under low magnification (30X or 100X). This cytopathic effect (CPE)
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varies with different viruses in different cell cultures. For example, enteroviruses often
produce cell rounding, pleomorphism, and eventual cell death in various culture systems,
whereas measles and respiratory syncytial viruses cause fusion of cells to produce multin-
ucleated giant cells (syncytia). The microscopic appearance of some normal cell cultures
and the CPE produced in them by different viruses are illustrated in Figure 15-6.

Other viruses may be detected in cell culture by their ability to produce hemagglu-
tinins. These hemagglutinins may be present on the infected cell membranes, as well as
in the culture media, as a result of release of free, hemagglutinating virions from the cells.
Addition of erythrocytes to the infected cell culture results in their adherence to the cell
surfaces, a phenomenon known as hemadsorption. Another method of viral detection in
cell culture is by interference. In this situation, the virus that infects the susceptible cell
culture produces no CPE or hemagglutinin, but can be detected by “challenging” the cell
culture with a different virus that normally produces a characteristic CPE. The second, or
challenge, virus fails to infect the cell culture because of interference by the first virus,
which is thus detected. This method is obviously cumbersome, but has been applied to the
detection of rubella virus in certain cell cultures.

For some agents, such as Epstein—Barr virus (EBV) or human immunodeficiency virus
(HIV), even more novel approaches may be applied. Both EBV and HIV can replicate in
vitro in suspension cultures of normal human lymphocytes such as those derived from
neonatal cord blood. Their presence may be determined in several ways; for example,
EBV-infected B lymphocytes and HIV-infected T lymphocytes will express virus-specified
antigens and viral DNA or RNA, which can be detected with immunologic or genomic
probes. In addition, HIV reverse transcriptase can be detected in cell culture by specific as-
say methods. Immunologic and nucleic acid probes (see below) can also be used to detect
virus in clinical specimens or in situations where only incomplete, noninfective virus repli-
cation has occurred in vivo or in vitro. An example is the use of in situ cytohybridization,
whereby specific labeled nucleic acid probes are used to detect and localize papillomavirus
genomes in tissues where neither infectious virus nor its antigens can be detected.

In Vivo Isolation Methods

In vivo methods for isolation are also sometimes necessary. The embryonated hen’s egg is
still used for the initial isolation and propagation of influenza A virus. Virus-containing
material is inoculated on the appropriate egg membrane, and the egg is incubated to per-
mit viral replication and recognition. Animal inoculation is still used for detecting some
viruses. The usual animal host for viral isolation is the mouse; suckling mice in the first
48 hours of life are especially susceptible to many viruses. Evidence for viral replication
is based on the development of illness, manifested by such signs as paralysis, convul-
sions, poor feeding, or death. The nature of the infecting virus can be further elucidated
by histologic and immunofluorescent examination of tissues or by detection of specific
antibody responses. Many arboviruses and rabies virus are detected in this system.

Viral isolation from a suspect case involves a number of steps. First, the viruses be-
lieved most likely to be involved in the illness are considered, and appropriate specimens
are collected. Centrifugation or filtration and addition of antimicrobics are frequently re-
quired with respiratory or fecal specimens to remove organic matter, cellular debris, bacte-
ria, and fungi, which can interfere with viral isolation. The specimens are then inoculated
into the appropriate cell culture systems. The time between inoculation and initial detec-
tion of viral effects varies; however, for most viruses positive cultures are usually apparent
within 5 days of collection. With proper collection methods and application of the diagnos-
tic tools discussed later, many infections can even be detected within hours. On the other
hand, some viruses may require culture for a month or more before they can be detected.

Viral Identification

On isolation, a virus can usually be tentatively identified to the family or genus level by its
cultural characteristics (eg, type of CPE produced). Confirmation and further identification
may require enhancement of viral growth to produce adequate quantities for testing. This
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FIGURE 15-6

A. Normal monkey kidney cell culture monolayer. B. Enterovirus cytopathic effect in a monkey
kidney cell monolayer. Note cell lysis and monolayer destruction. C. Normal human diploid fibro-
blast cell monolayer. D. Cytomegalovirus cytopathic effect in human diploid cell monolayer. Note

rounded, swollen cells in a focal area. (A—D X 40.)
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FIGURE 15-7

Brain biopsy from a patient with
herpes simplex encephalitis. Arrows
indicate infected neuronal nuclei
with marginated chromatin and
typical intranuclear inclusions.

The cytoplasmic membranes are not
clearly seen in this preparation
(hematoxylin—eosin stain; X 400).

Neutralization of biologic effect
with specific antisera confirms
identification

Inclusions and giant cells suggest
viruses

FIGURE 15-8

Multinucleated epithelial cells
from a vesicle scraping of a patient
with chickenpox. Cell fusion of
this type can be seen with both
varicella-zoster and herpes simplex
infections (Wright’s stain; X 400).
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result may be achieved by inoculation of the original isolate into fresh culture systems
(viral passage) to amplify replication of the virus, as well as improve its adaptation to
growth in the in vitro system.

Neutralization and Serologic Detection Of the several ways to identify the isolate, the
most common is to neutralize its infectivity by mixing it with specific antibody to known
viruses before inoculation into cultures. The inhibition of the expected viral effects on the
cell culture such as CPE or hemagglutination is then evidence for that virus. As in bacte-
riology, demonstration of specific viral antigens is a useful way to identify many agents.
Immunofluorescence and enzyme immunoassay (EIA) are the most common methods.

Cytology and Histology 1In some instances, viruses will produce specific cytologic
changes in infected host tissues that aid in diagnosis. Examples include specific intranu-
clear inclusions (herpes, Fig 15—7); cytoplasmic inclusions; and cell fusion, which results
in multinucleated epithelial giant cells (chickenpox, Fig 15-8). Although such findings
are useful when seen, their overall diagnostic sensitivity and specificity are usually con-
siderably less than those of the other methods discussed.
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Electron Microscopy When virions are present in sufficient numbers, they may be further
characterized by specific agglutination of viral particles on mixture with type-specific anti-
serum. This technique, immune electron microscopy, can be used to identify viral antigens
specifically or to detect antibody in serum using viral particles of known antigenicity.

Some viruses (eg, human rotaviruses, hepatitis A and B viruses) grow poorly or not at
all in the laboratory culture systems currently available. However, they can be efficiently
detected by immunologic or molecular methods, to be described later in this chapter.

IMMUNOLOGIC SYSTEMS

Diagnostic microbiology makes great use of the specificity of the binding between antigen
and antibody. Antisera of known specificity are used to detect their homologous antigen in
cultures, or more recently, directly in body fluids. Conversely, known antigen preparations
are used to detect circulating antibodies as evidence of a current or previous infection with
that agent. Many methods are in use to demonstrate the antigen—antibody binding. The
greatly improved specificity of monoclonal antibodies has had a major impact on the
quality of methods where they have been applied. Before discussing their application to di-
agnosis, the principles involved in the most important methods will now be discussed.

Methods for Detecting an Antigen—Antibody Reaction
Precipitation

When antigen and antibody combine in the proper proportions, a visible precipitate is
formed (Fig 15-9A). Optimum antigen—antibody ratios can be produced by allowing
one to diffuse into the other, most commonly through an agar matrix (immunodiffusion).
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Immune electron microscopy
shows agglutinated viral particles

Not all viruses grow in culture

Antisera detect viral antigens

Viral antigens detect immune
response

Both the speed and the sensitivity
of immunodiffusion are improved
by CIE

@ Antigen
3~ Antibody

Precipitate

A. Immunodiffusion

Mix} | e

B. Agglutination

¥ Antigen suspension
& Antibody suspension

FIGURE 15-9

Immunodiffusion and agglutination. A. In immunodiffusion the antigen and antibody diffuse
through a support matrix (eg, agarose). Where they reach optimal proportions a precipitin line is
formed by the antigen—antibody complex. B. In agglutination the antigen—antibody reaction can be
seen because one is on the surface of a relatively large particle. In the figure, the antigen is bound to
the particle, but the reaction could be reversed.
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Antigen—antibody precipitates
demonstrated by immunodiffusion
and CIE

RBCs and latex particles coated
with antigen or antibody enhance
demonstration

Simple mixing on slide causes
agglutination

Bacterium, virus, or toxin are
mixed with antibody prior to
addition to test system

FIGURE 15-10
Identification of a virus isolate
(cytopathic virus) as “Virus B.”
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In the immunodiffusion procedure, wells are cut in the agar and filled with antigen and
antibody. One or more precipitin lines may be formed between the antigen and antibody
wells; depending on the number of different antigen—antibody reactions occurring.
Counterimmunoelectrophoresis (CIE) is immunodiffusion carried out in an elec-
trophoretic field. The net effect is that antigen and antibody are rapidly brought together
in the space between the wells to form a precipitin line.

Agglutination

The amount of antigen or antibody necessary to produce a visible immunologic reaction can
be reduced if either is on the surface of a relatively large particle. This condition can be pro-
duced by fixing soluble antigens or antibody onto the surface of RBCs or microscopic latex
particles (Fig 15-9B). Whole bacteria are large enough to serve as the particle if the anti-
gen is present on the microbial surface. The relative proportions of antigen and antibody
thus become less critical, and antigen—antibody reactions are detectable by agglutination
when immune serum and particulate antigen, or particle-associated antibody and soluble
antigen, are mixed on a slide. The process is termed bacterial agglutination, passive hemag-
glutination, or latex agglutination depending on the nature of the sensitized particle.

Neutralization

Neutralization as commonly used takes some observable function of the agent, such as cy-
topathic effect of viruses or the action of a bacterial toxin, and neutralizes it. This is usu-
ally done by first reacting the agent with antibody, and then placing the antigen—antibody
mixture into the test system. The steps involved are illustrated in Figure 15-10. In viral
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neutralization, a single antibody molecule can bind to surface components of the extracel-
lular virus and interfere with one of the initial events of the viral multiplication cycle
(adsorption, penetration, or uncoating). Some bacterial and viral agents directly bind to
RBCs (hemagglutination). Neutralization of this reaction by antibody blocking of the re-
ceptor is called hemagglutination inhibition (Fig 15-11).

Complement Fixation

Complement fixation assays depend on two properties of complement. The first is fixation
(inactivation) of complement on formation of antigen—antibody complexes. The second
is the ability of bound complement to cause hemolysis of sheep (RBCs coated with anti-
sheep RBC antibody (sensitized RBCs). Complement fixation assays are performed in
two stages: The test system reacts the antigen and antibody in the presence of comple-
ment; the indicator system, which contains the sensitized RBCs, detects residual comple-
ment. Hemolysis indicates that complement was present in the indicator system and
therefore that antigen—antibody complexes were not formed in the test system. Primarily
used to detect and quantitate antibody, complement fixation is gradually being replaced
by simpler methods.

Labeling Methods

Detection of antigen—antibody binding may be enhanced by attaching a label to one (usu-
ally the antibody) and detecting the label after removal of unbound reagents. The label
may be a fluorescent dye (immunofluorescence), a radioisotope (radioimmunoassay, or
RIA), or an enzyme (enzyme immunoassay, or EIA). The presence or quantitation of
antigen—antibody binding is measured by fluorescence, radioactivity, or the chemical re-
action catalyzed by the enzyme.

Immunofluorescence The most common labeling method in diagnostic microbiology is
immunofluorescence (Fig 15-12), in which antibody labeled with a fluorescent dye, usu-
ally fluorescein isothiocyanate (FITC), is applied to a slide of material that may contain
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FIGURE 15-11
Hemagglutination inhibition for
antibody detection (used when
antigen agglutinates erythrocytes).

Action of complement on RBCs is
used as indicator system

Labeling antibody allows
detection of fluorescence,
radioactivity, or enzyme

Light halo enhances microscopic
visualization
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FIGURE 15-12

Labeling methods. A. In direct immunofluorescence the fluorescent compound is bound to the
specific antibody and can be visualized as shown in Figure 15-2C. B. Indirect immunofluorescence
has an extra step because the specific antibody is unlabeled. Its binding is detected by a second la-
beled antiglobulin antibody. C. A liquid phase immunoassay is shown. The antigen is “sandwiched”
between an antibody bound to the tube and the labeled antibody. If the label is radioactive this is
called radioimmunoassay (RIA), and if it is an enzyme it is called enzyme immunoassay (EIA).

Many variations are possible.
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the antigen sought. Under fluorescence microscopy, binding of the labeled antibody can be
detected as a bright green halo surrounding bacterium, or in the case of viruses, as a fluores-
cent clump or on an infected cell. The method is called “direct” if the FITC is conjugated
directly to the antibody with the desired specificity. In “indirect” immunofluorescence the
specific antibody is not labeled, but its binding to an antigen is detected in an additional step
using an FITC-labeled anti-immunoglobulin antibody that will bind to the specific antibody.
Choice between the two approaches involves purely technical considerations.

Radioimmunoassay (RIA) and Enzyme Immunoassay (EIA) The labels used in RIA
and EIA are more suitable for liquid phase assays and are particularly used in virology.
They are also used in direct and indirect methods and many other ingenious variations
such as the “sandwich” methods, so called because the antigen of interest is “trapped” be-
tween two antibodies (Fig 15—12C). These extremely sensitive techniques will be dis-
cussed further with regard to antibody detection.

Serologic Classification

For most important antigens of diagnostic significance, antisera are commercially avail-
able. The most common test methods for bacteria are agglutination and immunofluores-
cence; and for viruses, neutralization. In most cases these methods subclassify organisms
below the species level and thus are primarily of value for epidemiologic and research
purposes. The terms “serotype” or “serogroup” are used together with numbers, letters, or
Roman numerals with no apparent logic other than historical precedent. For a few genera
the most fundamental taxonomic differentiation is serologic. This is the case with the
streptococci (see Chapter 17), where an existing classification based on biochemical and
cultural characteristics was superseded because a serologic classification scheme devel-
oped by Rebecca Lancefield correlated better with disease.

Before these techniques can be applied to the diagnosis of specific infectious diseases,
considerable study of the causative agent(s) is required. Antigen—antibody systems may
vary in complexity from a single epitope to scores of epitopes on several macromolecular
antigens whose chemical nature may or may not be known. The cause of the original 1976
outbreak of Legionnaires’ disease (caused by Legionella pneumophila; see Chapter 26)
was proven through the development of immune reagents that detected the bacteria in tis-
sue and antibodies directed against the bacteria in the serum of patients. Now, more than
25 years later, there are more than a dozen serotypes and many additional species, each re-
quiring specific immunologic reagents for antigen or antibody detection for diagnosis.

Antibody Detection (Serology)

During infection— whether viral, bacterial, fungal, or parasitic—the host usually responds
with the formation of antibodies, which can be detected by modification of any of the meth-
ods used for antigen detection. The formation of antibodies and their time course depends
on the antigenic stimulation provided by the infection. The precise patterns vary depending
on the antigens used, classes of antibody detected, and method. An example of temporal
patterns of development and increase and decline in specific antiviral antibodies measured
by different tests is illustrated in Figure 15—13. These responses can be used to detect evi-
dence of recent or past infection. The test methods do not inherently indicate immunoglobu-
lin class but can be modified to do so, usually by pretreatment of the serum to remove IgG
to differentiate the IgM and IgG responses. Several basic principles must be emphasized:

1. In an acute infection, the antibodies usually appear early in the illness, and then rise
sharply over the next 10 to 21 days. Thus, a serum sample collected shortly after the
onset of illness (acute serum) and another collected 2 to 3 weeks later (convalescent
serum) can be compared quantitatively for changes in specific antibody content.

2. Antibodies can be quantitated by several means. The most common method is to di-
lute the serum serially in appropriate media and determine the maximal dilution that
will still yield detectable antibody in the test system (eg, serum dilutions of 1:4, 1:8,
and 1:16). The highest dilution that retains specific activity is called the antibody titer.
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Seroconversion or fourfold rise in
titer most conclusive

Single titers may be useful in
some circumstances

IgM responses indicate acute
infection

Experience with systems and
temporal relationships aids
interpretation

Western blot confirms specificity
of antibodies for protein
components of the agent (eg, HIV)

FIGURE 15-13

Examples of patterns of antibody
responses to an acute infection,
measured by three different
methods.
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3. The interpretation of significant antibody responses (evidence of specific, recent in-
fection) is most reliable when definite evidence of seroconversion is demonstrated;
that is, detectable specific antibody is absent from the acute serum (or preillness
serum, if available) but present in the convalescent serum. Alternatively, a fourfold or
greater increase in antibody titer supports a diagnosis of recent infection; for example,
an acute serum titer of 1:4 or less and a convalescent serum titer of 1:16 or greater
would be considered significant.

4. In instances in which the average antibody titers of a population to a specific agent are
known, a single convalescent antibody titer significantly greater than the expected
mean may be used as supportive or presumptive evidence of recent infection. How-
ever, this finding is considerably less valuable than those obtained by comparing re-
sponses of acute and convalescent serum samples. An alternative and somewhat more
complex method of serodiagnosis is to determine which major immunoglobulin sub-
class constitutes the major proportion of the specific antibodies. In primary infections,
the IgM-specific response is often dominant during the first days or weeks after onset
but is replaced progressively by IgG-specific antibodies; thus, by 1 to 6 months after
infection, the predominant antibodies belong to the IgG subclass. Consequently,
serum containing a high titer of antibodies of the IgM subclass would suggest a re-
cent, primary infection.

The immunologic methods used to identify bacterial or viral antigens are applied to
serologic diagnosis by simply reversing the detection system: that is, using a known rather
than an unknown antigen to detect the presence of an antibody. The methods of serologic
diagnosis to be used are selected on the basis of their convenience and applicability to the
antigen in question. As shown in Figure 15-13, the temporal relationships of antibody
response to infection vary according to the method used. Of the methods for measuring
antigen—antibody interaction discussed previously, those now used most frequently for
serologic diagnosis are agglutination, RIA, and EIA (see Figs 15-9 and 15-11).

Western Blot

The Western blot immunoassay is another technique that is now commonly employed to
detect and confirm the specificity of antibodies to a variety of epitopes. Its greatest use
has been in the diagnosis of HIV infections (see Chapter 42), in which virions are elec-
trophoresed in a polyacrylamide gel to separate the protein and glycoprotein components
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and then transferred onto nitrocellulose. This is then incubated with patient serum, and
antibody to the different viral components is detected by using an antihuman globulin
IgG antibody conjugated with an enzyme label.

Antigen Detection

Theoretically, any of the methods described for detecting antigen—antibody interactions
can be applied directly to clinical specimens. The most common of these is immunofluo-
rescence, in which antigen is detected on the surface of the organism or in cells present in
the infected secretion. The greatest success with this approach has been in respiratory in-
fections where a nasopharyngeal, throat washing, sputum, or bronchoalveolar lavage
specimen may contain bacteria or viral aggregates in sufficient amount to be seen micro-
scopically. Although the fluorescent tag makes it easier to find organisms, these methods
are generally not as sensitive as culture. With some genera and species, the immunofluo-
rescent detection of antigens in clinical material provides the most rapid means of diagno-
sis, as with Legionella and respiratory syncytial virus.

Another approach is to detect free antigen released by the organism into body fluids.
This offers the possibility of bypassing direct examination, culture, and identification
tests to achieve a diagnosis. Success requires a highly specific antibody, a sensitive detec-
tion method, and the presence of the homologous antigen in an accessible body fluid. The
latter is an important limitation, because not all organisms release free antigen in the
course of infection. At present, diagnosis by antigen detection is limited to some bacteria
and fungi with polysaccharide capsules (eg, Haemophilus influenzae), Chlamydia, and to
certain viruses. The techniques of agglutination with antibody bound to latex particles,
CIE, RIA, and EIA are used to detect free antigen in serum, urine, cerebrospinal fluid,
and joint fluid. Live organisms are not required for antigen detection, and these tests may
still be positive when the causative organism has been eliminated by antimicrobial ther-
apy. The procedures can yield results within an hour or two, sometimes within a few min-
utes. This feature is attractive for office practice, because it allows diagnostic decisions to
be made during the patient’s visit. A number of commercial products detect group A
streptococci in sore throats with over 90% sensitivity; however, because these tests are
less sensitive than culture, negative results must be confirmed by culture.

NUCLEIC ACID ANALYSIS

Analysis of the DNA or RNA of microorganisms is the basis of newer taxonomic studies and
increasingly applied to diagnostic and epidemiologic work. It is also possible to use cloned
or synthesized nucleic acid probes to detect genes or smaller nucleotide sequences specific
for a variety of bacterial, viral, and other infectious agents. As with antigen—antibody reac-
tions, a variety of methods have been developed for analysis of nucleic acids. Those relevant
to the study of infectious diseases are briefly summarized below. The student is referred to
textbooks of molecular biology for more complete coverage. DNA is a hardy molecule that
will withstand fairly harsh chemical treatment. RNA is more fragile, primarily because it is
readily digested by the RNAse enzymes commonly found in biologic systems. The extrac-
tion process for bacteria and fungi involves breaking open the cells, precipitating the protein,
and extracting the nucleic acid with ethanol. Viral procedures are similar except that much of
the separation and concentration may be accomplished by ultracentrifugation.

Methods of Nucleic Acid Analysis
Agarose Gel Electrophoresis

Nucleic acids may be separated in an electrophoretic field in an agarose (highly purified
agar) gel. The speed of migration depends on size, with the smaller molecules moving faster
and appearing at the bottom (end) of the gel. This method is able to separate DNA fragments
in the range of 0.1 to 50 kilobases, which is far below the size of bacterial genomes but in-
cludes some naturally occurring genetic elements such as bacterial plasmids (Fig 15-14). A
variant of agarose gel electrophoresis, pulsed field electrophoresis, alternates the orienta-
tion of electrical field in a fashion that allows resolution of much larger DNA fragments.
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FIGURE 15-14

Molecular diagnostic methods. Three bacterial strains of the same species are shown each with
chromosome and plasmid(s). A. The chromosomal DNA of each strain is isolated, digested with a
restriction endonuclease, and separated by agarose gel electrophoresis. An almost continuous range
of fragment sizes is generated for each strain, making them difficult to distinguish. B. The restric-
tion fragments in A are transferred to a membrane (Southern transfer) and hybridized with a probe.
The probe binds to a single fragment from each strain, but the larger size of the fragment from
strain 3 indicates variation in restriction sites and thus a genomic difference between it and strains 1
and 2. C. Plasmids from each strain are isolated and separated in the same manner as A. The results
show a plasmid of the same size from 1 and 2. Strain 3 has two plasmids each of a different size
than strains 1 and 2. D. The same plasmids are restriction digested prior to electrophoresis. The
plasmids from strains 1 and 2 show three fragments of identical size, proving they are identical. The
plasmids of strain 3 appear unrelated. E. The fragments in D are transferred and reacted with a
probe. The positive result with the largest of the strain 1 and 2 fragments confirms their relatedness.
The positive hybridization with one of the strain 3 fragments suggests that it contains at least some
DNA that is homologous to the plasmid from strains 1 and 2.

Restriction Endonuclease Digestion

Restriction endonucleases are enzymes that recognize specific nucleotide sequences in
DNA molecules and digest (cut) them at all sites at which the sequence appears. A large
number of these enzymes have been isolated from bacterial strains and are commercially
available together with information on the sequences they recognize. While the four- to
eight-base pair sequences recognized by these endonucleases are not unique to any one
organism, their spacing along the chromosome or other genomic structure may be. The

Restriction endonuclease digestion
refines electrophoretic analysis of
DNA
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DNA probe detection. A. Chromosomal and/or
plasmid DNA from three unknown strains is
fragmented, denatured, and bound to filters.

B. The probe () is a small DNA fragment
labeled with a radioactive or other marker. It is

Y allowed to react with the single-stranded test
DNAs on the filter and binds wherever homolo-
C gous sequences are found. C. Probe that has
O . O hybridized with test DNA is detected on the filter
by an appropriate test for the marker. Test strain
2 contains sequences homologous to the probe
and thus gives a positive reaction.

size of fragments generated by endonuclease digestion of DNA molecules may be com-
pared by agarose gel electrophoresis (Fig 15—15).

DNA Hybridization

If the DNA double helix is opened, leaving single-stranded (denatured) DNA, the nu-
cleotide bases are exposed and thus available to interact with other single-stranded nucleic
acid molecules. If complementary sequences of a second DNA molecule are brought into
physical contact with the first, they will hybridize to it, forming a new double-stranded mol-
ecule in that area. A variety of methods are in use that allow hybridization to take place be-
tween two or more nucleic acid molecules. The reaction mixtures vary from tiny probes to
the entire genome of an organism. Most immobilize the single-stranded target DNA on a
membrane to prevent it from rehybridizing with its own complementary strand, but liquid
phase assays have also been developed. A variant in which the DNA is separated by agarose
gel electrophoresis before binding to the membrane is called Southern hybridization.

Polymerase Chain Reaction

The polymerase chain reaction (PCR) is an amplification technique that allows the detec-
tion and selective replication of a targeted portion of the genome. The technique uses
special DNA polymerases that through alternate changes in test conditions such as
temperature can be manipulated to initiate replication in either the 3’ or 5" direction. The
specificity is provided by primers that recognize a pair of unique sites on the chromosome
so that the DNA between them can be replicated by repetitive cycling of the test condi-
tions. Because each newly synthesized fragment can serve as the template for its own
replication, the amount of DNA doubles exponentially with each cycle (Fig 15-16).
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Nucleic Acid Sequence Analysis

For some time, it has been possible to chemically determine the exact nucleotide se-
quence of genomic segments or cloned genes. Published sequences are systematically
entered into computer databases such as GenBank and are widely available for analysis
by computer software designed to solve a wide variety of problems. Conversely, given the
known sequence, short segments of DNA can be synthesized for use as probes or primers.
It is even possible to compare a sequenced gene or putative probe against all known se-
quences using the computer, an “experiment” that would be impossible in the laboratory.

Application of Nucleic Acid Methods to Infectious Diseases
Bacterial and Viral Genomic Sizing

The only intact genetic elements of infectious agents that are small enough to be directly
detected and sized by agarose gel electrophoresis are bacterial plasmids. Not all bacterial
species typically harbor plasmids, but those that do may carry one or a number of plas-
mids ranging in size from less than 1 to over 50 kilobases. This diversity makes the pres-
ence or absence, number, and sizes of plasmids of considerable value in differentiating
strains for epidemiologic purposes. Because plasmids are not stable components of the
bacterial genome, plasmid analysis also has the element of a timely “snapshot” of the
circumstances of a disease outbreak. The specificity of these results can be improved by
digesting the plasmids with restriction endonucleases prior to electrophoresis. Two plas-
mids of the same size from different strains may not be the same, but if an identical
pattern of fragments is generated from the digestion, they almost certainly are. These
principles are illustrated Figure 15—14 and their application to an outbreak is shown in
Figures 4—12 and 4-13.

Because of their larger size, the chromosomes of bacteria must be digested with
endonucleases to resolve them on gels. For viruses the outcome is much like that with
plasmids, depending on the genomic size and the endonuclease used. Digested bacterial
chromosomes can be compared in this manner, but the number of fragments is very large
and the patterns complex. The combined use of endonucleases, which make infrequent
cuts, and pulsed-field electrophoresis can produce a comparison comparable to that possi-
ble with plasmids. This approach is also used for analysis of the multiple chromosomes of
fungi and parasites.

FIGURE 15-16

Diagnostic applications of the polymerase chain reaction (PCR). A. A clinical specimen (eg, pus,
tissue) contains DNA from many sources as well as the chromosome of the organism of interest. If
the DNA strands are separated (denatured), the PCR primers can bind to their target sequences in
the specimen itself. B. Amplification of the target sequence by PCR. (1) The target sequence is
shown in its native state. (2) The DNA is denatured, allowing the primers to bind where they find
the homologous sequence. (3) In the presence of the special DNA polymerase, new DNA is synthe-
sized from both strands in the region between the primers. (4 to 6) Additional cycles are added by
temperature control of the polymerase with each new sequence acting as the template for another.
The DNA doubles with each cycle. After 25 to 30 cycles enough DNA is present to analyze diag-
nostically. C. Internal probe. The amplified target sequence is shown. A probe can be designed to
bind to a sequence located between (internal to) the primers. D. Analysis of PCR amplified DNA.
(1) The amplified sequence can be cloned into a plasmid vector. In this form, a variety of molecular
manipulations or sequencing may be carried out. (2) Direct hybridizations usually make use of an
internal probe. The example shows three specimens, each of which went through steps A and B.
Following amplification each was bound to a separate spot on a filter (dot blot). The filter is then
reacted with the internal probe to detect the PCR-amplified DNA. The result shows that only the
middle specimen contained the target sequence. (3) The amplified DNA may be detected directly by
agarose gel electrophoresis. The example shows detection of amplified fragments in two of three
lanes on the gel. (4) The sensitivity of detection may be increased by use of the internal probe
following Southern transfer. The example shows detection of a third fragment of the same size that
was not seen on the original gel because the amount of DNA was too small.
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DNA Probes

A “probe” is a fragment of DNA that has been cloned or otherwise recovered from a ge-
nomic or plasmid source. It may contain a gene of known function or simply sequences
empirically found to be useful for the application in question. In some cases, the probe is
synthesized as a single chain of nucleotides (oligonucleotide probe) from known se-
quence data. The probes are labeled with a radioisotope or other marker and used in hy-
bridization reactions either to detect the homologous sequences in unknown specimens
(see Fig 15—15) or to further refine gel electrophoresis findings (see Fig 15—14). In the
latter instance, Southern hybridizations are used to retain knowledge of the size of frag-
ments involved. For example, the information that the same gene is present in each of two
strains but in different size restriction fragments is evidence for a genomic difference be-
tween the two strains (Fig 15—14B).

The diagnostic use of DNA probes is to detect or identify microorganisms by hy-
bridization of the probe to homologous sequences in DNA extracted from the entire or-
ganism. A number of probes have been developed that will quickly and reliably identify
organisms already isolated in culture. The application of probes for detection of infec-
tious agents directly in clinical specimens such as blood, urine, and sputum is more diffi-
cult, because most of the systems developed to date are not as sensitive as culture and are
more expensive. However, this approach offers the potential for rapid diagnosis and the
detection of characteristics not possible by routine methods. For example, a bacterial
toxin gene probe can demonstrate both the presence of the related organism and its toxi-
genicity without the need for culture.

Applications of Polymerase Chain Reaction (PCR)

The amplification power of the PCR offers a solution for the sensitivity problems inherent
in the direct application of probes (Fig 15—16). Although the nucleic acid segment ampli-
fied by PCR can be seen directly on a gel, the greatest sensitivity and specificity are
achieved when probe hybridization is carried out following PCR. This approach has been
successful for a wide range of infectious agents and awaits only further resolution of
practical problems for wider use.

Another creative use of PCR has been in the study of infectious agents seen in tissue
but not grown in culture. PCR primers derived from sequences known to be highly con-
served among bacteria, such as ribosomal RNA, have been applied to tissue specimens.
The amplification produces enough DNA to clone and sequence. This sequence can then
be compared with sequences published for other organisms using computers. Thus, taxo-
nomic relationships can be inferred for an organism that has never been isolated.

Ribotyping

Ribotyping also makes use of the conserved nature of bacterial ribosomal RNA and of the
ability of RNA to hybridize to DNA under certain conditions. Labeled ribosomal RNA of
one organism can be hybridized with restriction endonuclease—digested chromosomal
DNA of another. In this case, ribosomal RNA is being used as a massive probe of restric-
tion fragments separated by electrophoresis. Hybridization to multiple fragments is com-
mon, but if the organisms are genetically different, the restriction fragments, which con-
tain the ribosomal RNA sequences, will vary in size. The pattern of bands produced by
epidemiologically related strains can then be compared side by side.

Genomic Analysis

DNA homology techniques hybridize the total genomic DNA of one organism to that of
another in a manner demonstrated in Figure 15—17. The relatedness of strains can be
expressed as a percent homology. Strains related at the species level should show homol-
ogy in the 60 to 90% range, whereas strains with increasing taxonomic divergence show
progressively less homology. These findings are now a major factor in decisions on the
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REFERENCE DNA TEST DNA

D ST ey

FIGURE 15-17

DNA -DNA homology. A. Double-stranded chromosomal DNA from a test strain is to be
compared with a reference strain of the same or another species. B. Both DNAs are fragmented and
denatured. The test DNA is labeled (_#") with a radioisotope or some other marker. C. The dena-
tured (single-stranded) reference DNA is bound to a support matrix such as a nitrocellulose or
nylon filter, thus leaving the nucleotide bases available for pairing. D. The labeled test DNA is
reacted with the material on the filter allowing homologous sequences to pair (hybridize) with the
reference DNA. Nonhomologous DNA is washed away, and the amount of bound label measured.
The percentage homology of the test to the reference DNA is determined from the ratio of bound to
unbound label.

taxonomic classification of all microorganisms, allowing species, genus, and higher taxo-
nomic groupings to be assessed by means that are not subject to the phenotypic variation
inherent with classical methods. Sequence analysis of mutations in genes related to the
action of drugs used in the treatment of AIDS can now be used to study and even predict
emergence of drug resistance.

SUMMARY

The application of some combination of the principles described in this chapter is appro-
priate to the diagnosis of any infectious disease. The usefulness of any individual method
differs among infectious agents due to biologic variation and uneven study. In general, for
agents that can be grown in vitro, culture remains the “gold standard” as both the most
sensitive and specific method. Molecular methods have the potential to replace culture
once they are more fully evaluated and cost effective.

ADDITIONAL READING

Cumulative Techniques and Procedures in Clinical Microbiology (CUMITECH). Washing-
ton, DC: American Society for Microbiology. CUMITECH is a series of 10- to 25-page
pamphlets, each of which covers important topics related to diagnostic microbiology
(eg, blood cultures, urinary tract infections, antimicrobial susceptibility testing). Each
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pamphlet is jointly written by at least three authors representing the clinical as well as the
laboratory viewpoint and includes clinical, specimen collection, isolation, and identifica-
tion recommendations for all agents pertinent to the topic.

Murray PR (ed). Manual of Clinical Microbiology, 7th ed. Washington, DC: American
Society for Microbiology; 1999. A widely used comprehensive text written for patholo-
gists and medical technologists includes clinical bacteriology, mycology, parasitology,
and virology.

Relman DA, Schmidt TM, MacDermott RP, Falkow S. Identification of the uncultured
bacillus of Whipple’s disease. N Engl J Med 1992;327:293-301. A wonderful example of
taxonomy using molecular methods alone.

APPENDIX 15-1. SOME MEDIA USED FOR ISOLATION OF

BACTERIAL PATHOGENS

MEDIUM

USES

General-purpose Media

Nutrient broths (eg, Soybean—Casein
digest broth)

Thioglycolate broth
Blood agar

Chocolate agar

Selective Media
MacConkey agar
Hektoen-enteric agar
Selenite F broth
Special-purpose Media

Lowenstein—Jensen medium,
Middlebrook agar

Martin—-Lewis medium

Fletcher medium (semisolid)
Tinsdale agar

Charcoal agar

Buffered charcoal-yeast extract agar
Campylobacter blood agar

Thiosulfate-citrate-bile-sucrose agar
(TCBS)

Most bacteria, particularly when used for
blood culture

Anaerobes, facultative bacteria

Most bacteria (demonstrates
hemolysis)

Most bacteria, including fastidious
species (eg, Haemophilus)

Nonfastidious Gram-negative rods
Salmonella and Shigella
Salmonella enrichment

Mycobacterium tuberculosis and other
mycobacteria (selective)

Neisseria gonorrhoeae and N.
meningitidis (selective)

Leptospira (nonselective)
Corynebacterium diphtheriae (selective)
Bordetella pertussis (selective)
Legionella species (nonselective)
Campylobacter jejuni (selective)

Vibrio cholerae and
V. parahaemolyticus (selective)

APPENDIX 15-2. CHARACTERISTICS OF COMMONLY
USED BACTERIOLOGIC MEDIA

1. Nutrient broths. Some form of nutrient broth is used for culture of all direct tissue or
fluid samples from sites that are normally sterile to obtain the maximum culture sensi-
tivity. Selective or indicator agents are omitted to prevent inhibition of more fastidi-
ous organisms.

2. Blood agar. The addition of defibrinated blood to a nutrient agar base enhances the
growth of some bacteria, such as streptococci. It often yields distinctive colonies and
provides an indicator system for hemolysis. Two major types of hemolysis are seen:
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B-hemolysis, a complete clearing of red cells from a zone surrounding the colony;
and a-hemolysis, which is incomplete (that is, intact red cells are still present in the
hemolytic zone), but shows a green color caused by hemoglobin breakdown products.
The net effect is a hazy green zone extending 1 to 2 mm beyond the colony. A third
type, «'-hemolysis, produces a hazy, incomplete hemolytic zone similar to that
caused by a-hemolysis, but without the green coloration.

3. Chocolate agar. If blood is added to molten nutrient agar at about 80°C and main-
tained at this temperature, the red cells are gently lysed, hemoglobin products are re-
leased, and the medium turns a chocolate brown color. The nutrients released permit
the growth of some fastidious organisms, such as Haemophilus influenzae, that fail to
grow on blood or nutrient agars. This quality is particularly pronounced when the
medium is further enriched with vitamin supplements. Given the same incubation
conditions, any organism that grows on blood agar will also grow on chocolate agar.

4. Martin-Lewis medium. A variant of chocolate agar, Martin—Lewis medium is a
solid medium selective for the pathogenic Neisseria (N. gonorrhoeae and N. meningi-
tidis). Growth of most other bacteria and fungi in the genital or respiratory flora is in-
hibited by the addition of antimicrobics. One formulation includes vancomycin, col-
istin, trimethoprim, and anisomycin.

5. MacConkey agar. MacConkey agar is both a selective and an indicator medium for
Gram-negative rods, particularly members of the family Enterobacteriaceae and the
genus Pseudomonas. In addition to a peptone base, the medium contains bile salts,
crystal violet, lactose, and neutral red as a pH indicator. The bile salts and crystal vio-
let inhibit Gram-positive bacteria and the more fastidious Gram-negative organisms,
such as Neisseria and Pasteurella. Gram-negative rods that grow and ferment lactose
produce a red (acid) colony, often with a distinctive colonial morphology.

6. Hektoen enteric agar. The Hektoen medium is one of many highly selective media
developed for the isolation of Salmonella and Shigella species from stool specimens.
It has both selective and indicator properties. The medium contains a mixture of bile,
thiosulfate, and citrate salts that inhibits not only Gram-positive bacteria, but mem-
bers of the Enterobacteriaceae other than Salmonella and Shigella that appear among
the normal flora of the colon. The inhibition is not absolute; recovery of Escherichia
coli is reduced 1000- to 10,000-fold relative to that on nonselective media, but there is
little effect on growth of Salmonella and Shigella. Carbohydrates and a pH indicator
are also included to help to differentiate colonies of Salmonella and Shigella from
those of other enteric Gram-negative rods.

7. Anaerobic media. In addition to meeting atmospheric requirements, isolation of
some strictly anaerobic bacteria on blood agar is enhanced by reducing agents such as
L-cysteine and by vitamin enrichment. Sodium thioglycolate, another reducing agent,
is often used in broth media. Plate media are made selective for anaerobes by the ad-
dition of aminoglycoside antibiotics, which are active against many aerobic and facul-
tative organisms but not against anaerobic bacteria. The use of selective media is par-
ticularly important with anaerobes because they grow slowly and are commonly
mixed with facultative bacteria in infections.

8. Highly selective media. Media specific to the isolation of almost every important
pathogen have been developed. Many will allow only a single species to grow from
specimens with a rich normal flora (eg, stool). The most common of these media are
listed in Appendix 15— 1; they are discussed in greater detail in following chapters.

APPENDIX 15-3. COMMON BIOCHEMICAL TESTS
FOR MICROBIAL IDENTIFICATION

1. Carbohydrate breakdown. The ability to produce acidic metabolic products, fer-
mentatively 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
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10.

11.

12.

13.

short-chain fatty acids produced by fermentation of glucose has proved useful in
classifying many anaerobic bacteria.

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

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.

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 patho-
genic staphylococci.

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.

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

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-B-D-galactoside (ONPG) breakdown. The ONPG test is related to
lactose fermentation. Organisms that possess the 3-galactoside necessary for lactose
fermentation but lack a permease necessary for lactose to enter the cell are ONPG
positive and lactose negative.

Oxidase production. The oxidase tests detect the ¢ 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.

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

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 pro-
duced; bacteria can thus be designated as positive, weakly positive, or negative.
Voges—Proskauer test. The Voges—Proskauer test detects acetylmethylcarbinol
(acetoin), an intermediate product in the butene glycol pathway of glucose fermentation.
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CHAPTER 16

Staphylococci

KENNETH J. RYAN

/\/\embers of the genus Staphylococcus (staphylococci) are Gram-positive cocci that
tend to be arranged in grape-like clusters. Worldwide, Staphylococcus aureus is one of
the most common and virulent causes of acute purulent infections. Other species are com-
mon in the skin flora but produce lower grade disease, typically in association with some
abridgment of the host defenses such as an indwelling catheter.

StapaYLOCCOCI: GROUP CHARACTERISTICS

Although staphylococci have a marked tendency to form clusters (from the Greek
staphyle, bunch of grapes), some single cells, pairs, and short chains are also seen.
Staphylococci have a typical Gram-positive cell wall structure. Like all medically impor-
tant cocci, they are nonflagellate, nonmotile, and non-spore-forming. Staphylococci grow
best aerobically but are facultatively anaerobic. In contrast to streptococci, staphylococci
produce catalase. More than one dozen species of staphylococci colonize humans; of
these, three are of major medical importance: S. aureus, S. epidermidis, and S. sapro-
phyticus (Table 16—1). The ability of S. aureus to form coagulase separates it from the
other, less virulent species.

Staphylococcus aureus

GIBACTERIOLOGY

MORPHOLOGY AND STRUCTURE

In growing cultures, the cells of S. aureus are uniformly Gram-positive and regular in
size, fitting together in clusters with the precision of pool balls. In older cultures, in re-
solving lesions, and in the presence of some antibiotics, the cells often become more vari-
able in size, and many lose their Gram positivity.

The cell wall of S. aureus consists of a typical Gram-positive peptidoglycan (see
Chapter 2) interspersed with molecules of a ribitol-teichoic acid, which is antigenic and

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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are catalase positive

Coagulase distinguishes S. aureus

from other species

261



262 PART V Pathogenic Bacteria

TABLE 16-1

Features of Human Staphylococci

PATHOGENIC FEATURES

CoMMON CATHETER ExoroxiN

SPECIES COAGULASE HABITAT COLONIZATION FURUNCLES ProDUCTION
S. aureus + Anterior nares, + + +0

perineum
S. epidermidis - Anterior nares, + — —

skin
S. saprophyticus® — Urinary tract I = =
Others = Various T = =

“Some strains produce surface slime.
b Including exfoliatin pyrogenic and toxin superantigens.
¢ Species statistically associated with urinary infection in young women.

relatively specific for S. aureus. In most strains, the peptidoglycan of the cell wall is over-
laid with surface proteins; one protein, protein A, is unique in that it binds the Fc portion

Protein A binds Fc portion of IgG of IgG molecules, leaving the antigen-reacting Fab portion directed externally. This phe-
nomenon has been exploited in test systems for detecting free antigens (see Chapter 15).
It probably contributes to the virulence of S. aureus by interfering with opsonization.

CHARACTERISTICS FOR IDENTIFICATION AND SUBTYPING

After overnight incubation on blood agar, S. aureus produces white colonies that tend to
turn a buff-golden color with time, which is the basis of the species epithet aureus (golden).
Most, but not all, strains show a rim of clear 8-hemolysis surrounding the colony.

The most important test used to distinguish S. aureus from other staphylococci is the
production of coagulase, which nonenzymatically binds to prothrombin, forming a com-
plex that initiates the polymerization of fibrin. It is demonstrated by incubating staphylo-
cocci in plasma; this produces a fibrin clot within hours. A dense emulsion of S. aureus
cells in water also clumps immediately on mixing with plasma due to direct binding of
fibrinogen to a factor on the cell surface. This is the basis of a quick laboratory test called
the slide clumping test, which has a high correlation with coagulase (95%). Commercial
agglutination tests that correlate well with the coagulase test are also used.

S. aureus isolates can be organized into broad groups, and individual strains can be
“fingerprinted” for epidemiologic purposes by using bacteriophage typing. This procedure
depends on differing susceptibilities of the organism to lysis by bacteriophages derived

Colonies are white or golden and
hemolytic

Coagulase produces a fibrin clot

Slide clumping factor correlates
with coagulase

Bacteriophage typing defines from lysogenic strains of S. aureus. Suspensions of the phages are dropped onto a plate
fingerprints for epidemiologic seeded with the staphylococcal strain to be tested, and the plates are incubated. Lysis in the
investigations area of a drop indicates susceptibility to that phage (Fig 16—1). The phage type is simply a

listing of the phages that gave a positive reaction (eg, 52/52A/80/81). Phage typing is a
specialized procedure performed only in a few reference laboratories.

TOXINS AND BIOLOGICALLY ACTIVE EXTRACELLULAR ENZYMES
a-Toxin

a-Toxin is a protein secreted by almost all strains of S. aureus but not by coagulase-
negative staphylococci. It lyses cytoplasmic membranes by direct insertion into the lipid
bilayer to form transmembrane pores (Fig 16—2). The resultant egress of vital molecules
leads to cell death. This action is similar to other biologically active cytolysins such as
streptolysin O (see Chapter 17), complement, and the effector proteins of cytotoxic T
lymphocytes.

a-Toxin inserts in lipid bilayer to
form transmembrane pores
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Exfoliatin

Exfoliatin causes intercellular splitting of the epidermis between the stratum spinosum
and stratum granulosum, presumably by disruption of intercellular junctions. Two anti-
genic variants of exfoliatin are antigenic in humans, and circulating antibody confers im-
munity to their effects.

Pyrogenic Toxin Superantigens

The pyrogenic toxin superantigens (PTSAgs) are a family of secreted proteins able to
stimulate systemic effects due to absorption from the site where they are produced by
multiplying staphylococci. An individual strain may produce one or more toxins but less
than 10% of S. aureus strains produce any PTSAg. These toxins share physiochemical
and biologic activity similarities with each other and PTSAgs produced by group A strep-
tococci (see Chapter 17). As superantigens they are strongly mitogenic for T cells and do
not require proteolytic processing prior to binding with class II major histocompatibility
complex (MHC) molecules on antigen-presenting cells. They interact with class II MHC
molecules outside the antigenic peptide groove, and are specific for the VB region of the
T-cell receptor. Thus, T cells with the appropriate V3 element may be directly activated
by the toxin. This stimulates both T cells and macrophages to release massive amounts of
cytokines, particularly tumor necrosis factor-a and interleukin-1. Other activities of these
toxins are pyrogenicity and enhanced susceptibility to the lethal effects of endotoxin.

Staphylococcal Enterotoxins

The ability of S. aureus enterotoxins to stimulate gastrointestinal symptoms (primarily
vomiting) in humans and animals has long been known. There are several antigenically

FIGURE 16-2

Staphylococcus aureus alpha toxin. A fragment of a rabbit erythrocyte lysed with alpha toxin is
shown. Note the ring-shaped pores in the membrane created by insertion of the toxin. (From Bhadki
S, Tranum-Jensen J. Alpha toxin of Staphylococcus aureus. Microbiol Rev 1991;55:733-751, with
permission.)
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FIGURE 16-1

Bacteriophage typing of two
strains of Staphylococcus aureus:
results after overnight incubation.
Lysis is indicated by absence of
growth at the site of deposition of
individual phages to which the
strain is susceptible. The test
shows that the two strains are not
of common origin.

Exfoliatin splits intercellular
junctions

PTSAgs of group A streptococci
are similar

PTSAgs bind MHC II without
processing

Superantigens cause massive
cytokine release
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distinct low-molecular-weight proteins in this class (eg, enterotoxin A, B, C), some of
which are encoded by temperate bacteriophages. Once formed, these toxins are quite
stable, retaining activity even after boiling or exposure to gastric and jejunal enzymes. In
addition to superantigen-mediated actions, they appear to act directly on neural receptors
in the upper gastrointestinal tract, leading to stimulation of the vomiting center in the
brain.

Toxic Shock Syndrome Toxin

Toxic shock syndrome toxin-1 (TSST-1), the major cause of staphylococcal toxic shock
syndrome, shares many properties with the staphylococcal enterotoxins and was, in fact,
confused with one of them during the course of its discovery. It can stimulate the release
of cytokines through the superantigen mechanism, but may also have direct toxic effects
on endothelial cells. The latter action may lead to capillary leakage, hypotension, and
shock.

@STAPHYLOCOCCAL DISEASE

S—

Infections produced by S. aureus are typified by acute, aggressive, locally de-
structive purulent lesions. The most familiar of these is the common boil, a
painful lump in the skin that has a necrotic center and fibrous reactive shell. In-
fections in organs other than the skin such as the lung, kidney, or bone are also
focal and destructive but have greater potential for extension within the organ
and beyond to the blood and other organs. Such infections typically produce high
fever, systemic toxicity, and may be fatal in only a few days. A subgroup of S.
aureus infections has manifestations produced by secreted toxins that contribute
to the primary infection. Symptoms include diarrhea, rash, skin desquamation, or
multiorgan effects as in staphylococcal toxic shock syndrome (TSS). Ingestion of
preformed staphylococcal enterotoxin causes a form of food poisoning in which
vomiting begins in only a few hours.

CLNIcAL CAPSULE

EPIDEMIOLOGY

The basic human habitat of S. aureus is the anterior nares. About 30% of individuals
carry the organism in this site at any given time, and rates among hospital personnel and
patients may be much higher. Some nasal carriers and individuals with colonization at
other sites such as the perineum may disseminate the organism extensively with desqua-
mated epithelial cells, thus constituting a source of infection to others. The central prob-
lem in understanding the link between colonization and disease is that although we know
some strains clearly have enhanced potential to produce disease, we have no way to pre-
dict which they are. Bacteriophage typing allows tracking of strains during an outbreak
but by itself allows no conclusions about virulence.

Most S. aureus infections acquired in the community are autoinfections with strains
that the subject has been carrying in the anterior nares, on the skin, or both. Community
outbreaks are usually associated with poor hygiene and fomite transmission from individ-
ual to individual. Unlike many pathogenic vegetative organisms, S. aureus can survive
long periods of drying; for example, recurrent skin infections can result from use of cloth-
ing contaminated with pus from a previous infection.

Hospital outbreaks caused by a single strain of S. aureus most commonly involve pa-
tients who have undergone surgical or other invasive procedures. The source of the out-
break may be a patient with an overt or inapparent staphylococcal infection (eg, decubitus
ulcer) that is then spread directly to other patients on the hands of hospital personnel. A
nasal or perineal carrier among medical, nursing, or other hospital personnel may also be
the source of an outbreak, especially if carriage is heavy and numerous organisms are
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disseminated. The most hazardous source is a medical attendant who works despite hav-
ing a staphylococcal lesion such as a boil. Hospital outbreaks of S. aureus infection can
be self-perpetuating: infected patients and those who attend them frequently become car-
riers, and the total environmental load of the causative staphylococcus is increased. Bac-
teriophage typing and patterns of resistance to antimicrobics (antibiograms) are used as
epidemiologic tools to detect carriers who may have initiated or contributed to continua-
tion of the outbreak. The principles of control of epidemics in general and of hospital out-
breaks are described in Chapters 12 and 72.

Staphylococcal food poisoning has been an unhappy and embarrassing sequel to innu-
merable group picnics and wedding receptions in which gastronomic delicacies have been
exposed to temperatures that allow bacterial multiplication. Characteristically, the food is
moist and rich (eg, potato salad, creamy dishes). The food becomes contaminated by a
preparer who is a nasal carrier or has a staphylococcal lesion. If the food is inadequately
refrigerated, the staphylococci multiply and produce enterotoxin in the food. Because of
the heat resistance of the toxin, toxicity persists even if the food is boiled before eating.

PATHOGENESIS
Primary Infection

The initial stages of colonization by S. aureus are mediated by a number of surface pro-
teins, each of which binds to host elements in or covering tissues, body fluids, or foreign
bodies such as catheters. Proteins that bind to fibronectin, fibrinogen, and collagen have
been discovered, and others are under investigation. Mechanisms for bacterial extension
beyond the surface are not clearly understood. Of the many potential virulence factors
produced by S. aureus, none can be assigned the single or even primary role contributing
to the ability of the bacteria to multiply and cause progressive lesions in tissues. In fact, S.
aureus is generally of quite low infectivity unless trauma, foreign matter, or other local
conditions provide access for initiation of infection. Experimentally, intradermal injection
of up to 10° organisms is required to initiate a local lesion unless a suture or talcum pow-
der is added with the bacteria.

Once beyond the mucosal or skin barrier, any mechanism that protects the organisms
from phagocytosis may allow multiplication to continue long enough for products such as
a-toxin to initiate local injury. One factor known to interfere with phagocytosis is surface
protein A. Its binding to the Fc portion of IgG may compete with phagocytic cells for
available IgG—Fec sites, thus effectively diminishing opsonization. Production of coagu-
lase can retard migration of phagocytes to the site of infection, and even phagocytosed S.
aureus may resist lysosomal killing. The acute inflammatory response continues, and the
developing lesion has a marked tendency for localization, perhaps due to the fibrotic reac-
tion to the a-toxin—mediated injury to host cells.

The fate of the lesion depends on the ability of the host to localize the process, which
differs depending on the tissue involved. In the skin, spontaneous resolution of the boil by
granulation and fibrosis is the rule. In the lung, kidney, bone, and other organs, the
process may continue to spread with satellite foci and involvement of broad areas. In all
instances the action of the cytotoxins is highly destructive, creating cavities and massive
necrosis with little respect to anatomic boundaries. In the worst cases, the staphylococci
are not contained, spreading to the bloodstream and distant organs. Circulating staphylo-
cocci may also shed cell wall peptidoglycans, producing massive complement activation,
leukopenia, thrombocytopenia, and a clinical syndrome of septic shock.

Toxin-mediated Disease

If the strain of S. aureus causing any of the effects described above also produces one or
more of the exotoxins, those actions are added to those of the primary infection. The pri-
mary infection serves as a site for absorption of the toxin and need not be extensive or
even clinically apparent for the toxic action to occur. In staphylococcal food poisoning,
there is no infection at all. The contaminating bacteria produce pyrogenic exotoxin in the
food that can initiate its enterotoxic action on the intestine within hours of its ingestion.
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The in vivo production of toxin takes at least a few days and may exert its effect
locally or systemically. Exfoliative toxin-producing strains cause blisterlike separation
of the epidermis by their action on intercellular junctions, which is most commonly
localized to the site of skin infection. In staphylococcal scalded skin syndrome, ab-
sorbed toxin causes extensive epithelial desquamation at sites remote from the primary
infection.

In staphylococcal TSS, the pyrogenic exotoxin TSST-1 is produced during the course
of a staphylococcal infection with systemic disease as a result of absorption of toxin from
the local site. Menstruation-associated TSS requires a combination of improbable events.
Less than 5% of women carry S. aureus in their vaginal flora, and only one in five of
these staphylococci have the potential to produce TSST-1. In the presence of such a
strain, the combination of menstruation and high-absorbency tampon usage appear to pro-
vide growth conditions that enhance the production of TSST-1. Toxin absorbed from the
vagina can then circulate to produce superantigen-mediated cytokine release and direct
effects on the vasculature (Fig 16-3).

A. Vaginal B. Toxin production C. Toxin absorbtion, and
colonization during menses superantigen stimulation

Staphylococcus
aureus

of cytokine production
Menses

Antigen-
presenting
cell

FIGURE 16-3

Pathogenesis of staphylococcal toxic shock syndrome. A. The vagina is colonized with normal flora
and a strain of Staphylococcus aureus containing the TSST-1 gene. B. The conditions with tampon
usage facilitate growth of the S. aureus and TSST-1 production. C. The toxin is absorbed from the
vagina and circulates. The systemic effects may be due to the direct effect of the toxin or via cy-
tokines released by the superantigen mechanism. The toxin is shown binding directly with the V3
portion of the T-cell receptor and the class II major histocompatibility complex (MHC) receptor.
This VB stimulation signals the production of cytokines such as interleukin-1 (IL-1) and tumor
necrosis factor (TNF).
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Some cases of full-blown staphylococcal TSS are associated with strains that do not
produce TSST-1. This is particularly true of nonmenstrual cases. Other PTSAgs have
been detected in these strains and have been shown to produce experimental toxic shock.
TSS may be the result of in vivo production of any of the staphylococcal pyrogenic exo-
toxins, with TSST-1 simply the most common offender. The mechanisms by which the
pyrogenic exotoxins produce the multiple renal, cutaneous, intestinal, and cardiovascular
manifestations of TSS are not known.

IMMUNITY

The natural history of staphylococcal infections indicates that immunity is of short dura-
tion and incomplete. Chronic furunculosis, for example, can recur over many years. The
relative roles of humoral and cellular immune mechanisms are uncertain, and attempts to
induce immunity artificially with various staphylococcal products have been disappoint-
ing at best. In menstruation-associated TSS, many patients have low or absent antibody
levels to TSST-1 and often fail to mount a significant antibody response during the dis-
ease. Repeated attacks have been recorded, suggesting a genetic predisposition.

INFECTIONS:

MANIFESTATIONS: PRIMARY INFECTION
Furuncle and Carbuncle

The furuncle or boil is a superficial skin infection that develops in a hair follicle, seba-
ceous gland, or sweat gland. Blockage of the gland duct with inspissation of its contents
causes predisposition to infection. Furunculosis is often a complication of acne vulgaris.
Infection at the base of the eyelash gives rise to the common stye. The infected patient is
often a carrier of the offending Staphylococcus, usually in the anterior nares. The course
of the infection is usually benign, and the infection resolves upon spontaneous drainage
of pus. No surgical or antimicrobic treatment is needed. Infection can spread from a fu-
runcle with the development of one or more abscesses in adjacent subcutaneous tissues.
This lesion, known as a carbuncle, occurs most often on the back of the neck but may
involve other skin sites. Carbuncles are serious lesions that may result in bloodstream
invasion (bacteremia).

Chronic Furunculosis

Some individuals are subject to chronic furunculosis, in which repeated attacks of boils
are caused by the same strain of S. aureus. There is little, if any, evidence of acquired
immunity to the disease; indeed, delayed-type hypersensitivity to staphylococcal prod-
ucts appears responsible for much of the inflammation and necrosis that develops.
Chronic staphylococcal disease may be associated with factors that depress host immu-
nity, especially in patients with diabetes or congenital defects of polymorphonuclear
leukocyte function. However, in most instances, predisposing disease other than acne is
not present.

Impetigo

S. aureus is most often seen as a secondary invader in group A streptococcal pustular im-
petigo (see Chapter 17), but it can produce the skin pustules of impetigo on its own.
Strains of S. aureus that produce exfoliatin cause a characteristic form called bullous im-
petigo, characterized by large blisters containing many staphylococci in the superficial
layers of the skin. Bullous impetigo can be considered a localized form of scalded skin
syndrome.
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Deep Lesions

S. aureus can cause a wide variety of infections of deep tissues by bacteremic spread
from a skin lesion that may be unnoticed. These include infections of bones, joints, deep
organs, and soft tissues, including surgical wounds. More than 90% of the cases of acute
osteomyelitis in children are caused by S. aureus. Staphylococcal pneumonia is typically
secondary to some other insult to the lung, such as influenza, aspiration, or pulmonary
edema. At deep sites the organism has the same tendency to produce localized, destruc-
tive abscesses that it does in the skin. All too often the containment is less effective, and
spread with multiple metastatic lesions occurs. Bacteremia and endocarditis can develop.
All are serious infections that constitute acute medical emergencies. In all of these situa-
tions, diabetes, leukocyte defects, or general reduction of host defenses by alcoholism,
malignancy, old age, or steroid or cytotoxic therapy can be predisposing factors. Severe S.
aureus infections, including endocarditis, are particularly common in drug abusers using
injection methods.

MANIFESTATIONS CAUSED BY STAPHYLOCOCCAL TOXINS
Scalded Skin Syndrome

Staphylococcal scalded skin syndrome results from the production of exfoliatin in a
staphylococcal lesion, which can be quite minor (eg, conjunctivitis). Erythema and in-
traepidermal desquamation takes place at remote sites from which S. aureus cannot be
isolated (Fig 16—4). The disease is most common in neonates and children less than
5 years of age. The face, axilla, and groin tend to be affected first, but the erythema, bul-
lous formation, and subsequent desquamation of epithelial sheets can spread to all parts
of the body. The disease occasionally occurs in adults, particularly those who are
immunocompromised. Milder versions of what is probably the same disease are staphylo-
coccal scarlet fever, in which erythema occurs without desquamation, and bullous im-
petigo, in which local desquamation occurs.

Toxic Shock Syndrome

Toxic shock syndrome (TSS) was first described in children but came to public attention
during the early 1980s, when hundreds of cases were reported in young women using in-
travaginal tampons. The disease is characterized by high fever, vomiting, diarrhea, sore
throat, and muscle pain. Within 48 hours, it may progress to severe shock with evidence
of renal and hepatic damage. A skin rash may develop, followed by desquamation at a
deeper level than in scalded skin syndrome. Blood cultures are usually negative. The out-
break receded with the withdrawal of certain brands of highly absorbent tampons.
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Staphylococcal Food Poisoning

Ingestion of staphylococcal enterotoxin contaminated food results in acute vomiting and
diarrhea within 1 to 5 hours. There is prostration, but usually no fever. Recovery is rapid,
except sometimes in the elderly and in those with another disease.

DIAGNOSIS

Laboratory procedures to assist in diagnosis of staphylococcal infections are quite simple.
Most acute, untreated lesions contain numerous polymorphonuclear leukocytes and large
numbers of Gram-positive cocci in clusters. Staphylococci grow overnight on blood agar
incubated aerobically. Catalase and coagulase tests performed directly from the colonies
are sufficient for identification. Antibiotic susceptibility tests are indicated because of the
emerging resistance of S. aureus to multiple antimicrobics, particularly methicillin and
vancomycin.

Deep staphylococcal infections such as osteomyelitis or deep abscesses present special
diagnostic problems when the lesion cannot be directly aspirated or surgically sampled.
Blood cultures are usually positive in conditions such as acute staphylococcal arthritis, os-
teomyelitis, and endocarditis but less often in localized infection such as deep abscesses.

TREATMENT

Most boils and superficial staphylococcal abscesses resolve spontaneously without antimi-
crobial therapy. Those that are more extensive, deeper, or in vital organs require a combi-
nation of surgical drainage and antimicrobics for optimal outcome. Penicillins and
cephalosporins are active against S. aureus cell wall peptidoglycan and vary in their sus-
ceptibility to inactivation by staphylococcal B-lactamases. Although penicillin G is the
treatment of choice for susceptible strains, the penicillinase-resistant penicillins (methi-
cillin, nafcillin, oxacillin) and first-generation cephalosporins are more commonly used
because of resistance. For strains resistant to these agents or patients with -lactam hyper-
sensitivity, the alternatives are vancomycin, clindamycin, or erythromycin. Synergy
between cell wall—active antibiotics and the aminoglycosides is present when the staphy-
lococcus is sensitive to both types of agents. Such combinations are often used in severe
systemic infections when effective and rapid bactericidal action is needed, particularly in
compromised hosts.

ANTIMICROBIAL RESISTANCE

When penicillin was introduced to the general public following World War II, virtually all
strains of S. aureus were highly susceptible. Since then, the selection of preexisting strains
able to produce a penicillinase has shifted these proportions to the point at which 80 to
90% of isolates are now penicillin resistant. The penicillinase is encoded by plasmid genes
and acts by opening the B-lactam ring, making the drug unable to bind with its target.

Alterations in the B-lactam target, the peptidoglycan transpeptidases (often called
penicillin-binding proteins, or PBPs), is the basis for resistance to methicillin. These
methicillin-resistant S. aureus (MRSA) strains are also resistant to the other penicillinase-
resistant penicillins such as oxacillin. The most common mechanism is the acquisition of
a gene for a new transpeptidase, which has reduced affinity for 8-lactam antibiotics, but is
still able to carry out its enzymatic function of cross-linking peptidoglycan.

The frequency of MRSA has great geographic variation. Most American hospitals re-
port MRSA rates of 5 to 25%, but outbreaks are increasing and resistance rates over 50%
have been reported in other countries. There are some problems in detecting MRSA; re-
sistant cells may represent only a small portion of the total population (heteroresistance).
Tests are generally performed with methicillin or oxacillin under technical conditions that
facilitate detection of the resistant subpopulation, and the results extrapolated to other rel-
evant agents. For example, oxacillin resistance is considered proof of resistance to methi-
cillin, nafcillin, dicloxacillin, and all cephalosporins. Vancomycin is often used to treat
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serious infections with MRSA. The recent emergence of S. aureus with decreased suscep-
tibility to vancomycin is of great concern, these strains are still very rare.

PREVENTION

In patients subject to recurrent infection, such as chronic furunculosis, preventive mea-
sures are aimed at controlling reinfection and, if possible, eliminating the carrier state.
Clothes and bedding that may cause reinfection should be washed at a sufficiently high
temperature to destroy staphylococci (70°C or higher) or dry-cleaned. In adults, the use
of chlorhexidine or hexachlorophene soaps in showering and washing increases the bacte-
ricidal activity of the skin (see Chapter 11). In such individuals, or persons found to be a
source of an outbreak, anterior nasal carriage can be reduced and often eliminated by the
combination of nasal creams containing topical antimicrobics (eg, mupirocin, neomycin,
and bacitracin) and oral therapy with antimicrobics that are concentrated within phago-
cytes and nasal secretions (eg, rifampin or ciprofloxacin). Attempts to reduce nasal car-
riage more generally among medical personnel in an institution are usually fruitless and
encourage replacement of susceptible strains with multiresistant ones.

Chemoprophylaxis is effective in surgical procedures such as hip and cardiac valve
replacements, in which infection with staphylococci can have devastating consequences.
Methicillin, a cephalosporin, or vancomycin given during and shortly after surgery may
reduce the chance for intraoperative infection while minimizing the risk for superinfec-
tion associated with longer periods of antibiotic administration.

Coagulase-Negative Staphylococci

S. epidermidis and a number of other species of coagulase-negative staphylococci are
normal commensals of the skin, anterior nares, and ear canals of humans. Their large
numbers and ubiquitous distribution result in frequent contamination of specimens col-
lected from or through the skin, making these organisms among the most frequently iso-
lated in the clinical laboratory. In the past, they were rarely the cause of significant infec-
tions, but with the increasing use of implanted catheters and prosthetic devices, they have
emerged as important agents of hospital-acquired infections. Immunosuppressed or neu-
tropenic patients and premature infants have been particularly affected.

Organisms may contaminate prosthetic devices during implantation, seed the device
during a subsequent bacteremia, or gain access to the lumina of shunts and catheters
when they are temporarily disconnected or manipulated. The outcome of the bacterial
contamination is determined by the ability of the microbe to attach to the surface of the
foreign body and to multiply there. Initial adherence is facilitated by the hydrophobic na-
ture of the synthetic polymers used in medical devices and the natural hydrophobic nature
of many coagulase-negative staphylococci. Following attachment, some strains produce a
viscous extracellular polysaccharide slime or biofilm. This biofilm provides additional
adhesion, completely covers the bacteria, and serves as a mechanical barrier to antimicro-
bial agents and host defense mechanisms; it is also believed to enhance nutrition of the
microbes by functioning as an ion-exchange resin. Strains able to produce the polysac-
charide biofilm are more likely to colonize intravenous catheters but have no known
advantage in adherence to human tissues such as heart valves. The resistance of many
coagulase-negative staphylococci to multiple antimicrobic agents contributes further to
their persistence in the body. Infections are generally low grade, but unless controlled,
they can proceed to serious tissue damage or a fatal outcome.

The interpretation of cultures that grow coagulase-negative staphylococci is fraught
with difficulty. In most cases, the finding is attributable to skin contamination, although it
can indicate infection when a patient has implanted devices, or has defenses that are
otherwise compromised. The presence of at least moderate numbers of organisms or the
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repeated isolation of a strain with the same antibiogram argues for infection over skin
contamination. There is no phage-typing system for coagulase-negative staphylococci but
a number of molecular procedures (see Chapter 15) have been used to compare isolates
for epidemiologic purposes.

Most coagulase-negative staphylococci now encountered are resistant to penicillin, and
many are also methicillin resistant. Resistance to multiple antimicrobics usually active
against Gram-positive cocci, including vancomycin, is more common than with S. aureus.
Eradication of coagulase-negative staphylococci from prosthetic devices and associated
tissues with chemotherapy alone is very difficult unless the device is also removed.
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CHAPTER 17/

Streptococci and
Enterococci

KENNETH J. RYAN

Bacteria of the genus Streptococcus are Gram-positive cocci arranged in chains that
form a significant portion of the indigenous microflora of the oropharynx. In addition to
relatively harmless species, the genus includes three of the most important pathogens of
humans. One is S. pyogenes, the cause of “strep throat,” which can lead to rheumatic fever
and heart disease; the ability of some strains to cause catastrophic deep tissue infections
recently led British tabloids to give them the gory label “flesh-eating bacteria.” Second is
S. agalactiae, the most frequent cause of sepsis in newborns. Third is S. pneumoniae, a
leading cause of pneumonia and meningitis in persons of all ages.

STREPTOCOCCI

Group Characteristics

MORPHOLOGY

Streptococci stain readily with common dyes, demonstrating coccal cells that are
generally smaller and more ovoid in shape than staphylococci. They are usually arranged
in chains with oval cells touching end to end, because they divide in one plane and tend
to remain attached. Length may vary from a single pair to continuous chains of over
30 cells, depending on the species and growth conditions. Medically important strepto-
cocci are not acid fast, do not form spores, and are nonmotile. Some members form
capsules composed of polysaccharide complexes or hyaluronic acid.

CULTURAL AND BIOCHEMICAL CHARACTERISTICS

Streptococci grow best in enriched media under aerobic or anaerobic conditions (faculta-
tive). Growth of many strains is enhanced by the presence of carbon dioxide. Blood agar
is preferred because it satisfies the growth requirements and also serves as an indicator for
patterns of hemolysis. The colonies are small, ranging from pinpoint size to 2 mm in di-
ameter, and they may be surrounded by a zone where the erythrocytes suspended in the
agar have been hemolyzed. When this zone is clear, this state is called [-hemolysis.
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When the result is hazy (incomplete hemolysis), with a green discoloration of the agar, it
is called a-hemolysis. Streptococci are metabolically active, attacking a variety of carbo-
hydrates, proteins, and amino acids. Glucose fermentation yields mostly lactic acid. In
contrast to staphylococci, streptococci are catalase negative.

CLASSIFICATION

At the turn of the 20th century, a classification based on hemolysis and biochemical
tests was sufficient to associate some streptococcal species with infections in humans
and animals. Rebecca Lancefield, who demonstrated carbohydrate antigens in cell-wall
extracts of the B-hemolytic streptococci, put this taxonomy on a sounder basis. Her
studies formed a classification by serogroups (eg, A, B, C), each of which is generally
correlated with an established species. Later it was discovered that some nonhemolytic
streptococci had the same cell wall antigens. Over the years it has become clear that
possession of one of the Lancefield antigens defines a particularly virulent segment of
the streptococcal genus regardless of hemolytic patterns. These are called the pyogenic
streptococci, and in medical circles they are now better known by their Lancefield
letter than the older species name. Pediatricians instantly recognize GBS as an acronym
for group B streptococcus but may be confused by use of the proper name, Streptococ-
cus agalactiae (Table 17-1).

For practical purposes, the type of hemolysis and certain biochemical reactions re-
main valuable for the initial recognition and presumptive classification of streptococci,
and as an indication of what subsequent taxonomic tests to perform. Thus, -hemolysis
indicates that the strain has one of the Lancefield group antigens, but some Lancefield
positive strains or groups may be a-hemolytic or even nonhemolytic. The streptococci
will be considered as follows: (1) pyogenic streptococci (Lancefield groups); (2) pneumo-
cocci; (3) viridans and other streptococci (see Table 17—1).

Pyogenic Streptococci

Of the many Lancefield groups, the ones most frequently isolated from humans are A, B,
C, F, and G. Of these, groups A (S. pyogenes) and B (S. agalactiae) are the most frequent
causes of serious disease. The group D carbohydrate is found in the genus Enterococcus,
which used to be classified among the streptococci.

Pneumococci

This category contains a single species, S. pneumoniae, commonly called the pneumococ-
cus. Its distinctive feature is the presence of a capsule composed of polysaccharide poly-
mers that vary in antigenic specificity. More than 90 capsular immunotypes have been
defined. Although the pneumococcal cell wall shares some common antigens with other
streptococci, it does not possess any of the Lancefield group antigens. S. pneumoniae is
a-hemolytic.

Viridans and Other Streptococci

Viridans streptococci are a-hemolytic and lack both the group carbohydrate antigens of
the pyogenic streptococci and the capsular polysaccharides of the pneumococcus. The
term encompasses several species, including S. salivarius and S. mitis. Viridans strepto-
cocci comprise members of the normal oral flora of humans. They rarely demonstrate
invasive qualities. A variety of other streptococci may be encountered that lack the fea-
tures of the pyogenic streptococci or pneumococci; they would be classified with the viri-
dans group, except that they are not a-hemolytic. Such strains are usually assigned
descriptive terms such as nonhemolytic streptococci or microaerophilic streptococci.
They have been less thoroughly studied, but generally have the same biologic behavior as
the viridans streptococci.
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TABLE 17/-1

Classification of Streptococci and Enterococci

MAJOR ANTIGENS/STRUCTURES

LANCEFIELD SURFACE VIRULENCE
GROUP/SPECIES ComMMON TERM  HEMOLYSIS CELL WALL PROTEIN CAPSULE FacToRrs DISEASE
STREPTOCOCCI
Pyogenic
Streptococcus Group A strep, B A M protein (80+) Hyaluronic acid M protein, leipoteichoic ~ Strep throat, impetigo,
pyogenes GAS acid, streptococcal pyogenic infections,
pyrogenic exotoxins, toxic shock, rheumatic
streptolysin O, fever, glomerulonephritis
streptokinase
S. agalactiae Group B strep, B, — B — Sialic acid (9) Capsule Neonatal sepsis, meningitis,
GBS pyogenic infections
S. equi B C — — — Pyogenic infections
S. bovis - D — — — Pyogenic infections
Other species B, a, — E-W = = = Pyogenic infections
Pneumococcus
S. pneumoniae Pneumococcus el — Choline-binding Polysaccharide = Capsule, pneumolysin, Pneumonia, meningitis,
protein (90+) neuraminidase otitis media, pyogenic
infections
Viridans and
Nonhemolytic
S. sanguis el — — — — Low virulence, endocarditis
S. salivarius o = = = = Low virulence, endocarditis
S. mutans o — — Dental caries
Other species a, — = = = = Low virulence, endocarditis
ENTEROCOCCI
Enterococcus Enterococcus -« D = = = Urinary tract, pyogenic
faecalis infections
E. faecium Enterococcus -« D - - - Urinary tract, pyogenic
infections
Other species -« D), = = = = Urinary tract, pyogenic

infections
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Group A Streptococci (Streptococcus pyogenes)

{SIBACTERIOLOGY

MORPHOLOGY AND GROWTH

Group A streptococci typically appear in purulent lesions or broth cultures as spherical or
ovoid cells in chains of short to medium length (4 to 10 cells). On blood agar plates,
colonies are usually compact, small, and surrounded by a 2- to 3-mm zone of 8 hemoly-
sis that is easily seen and sharply demarcated. B-hemolysis is caused by either of two
hemolysins, streptolysin S and the oxygen-labile streptolysin O, both of which are pro-
duced by most group A strains. Strains that lack streptolysin S are [B-hemolytic only
under anaerobic conditions, because the remaining streptolysin O is not active in the pres-
ence of oxygen. This feature is of practical importance, because such strains would be
missed if cultures were incubated only aerobically.

STRUCTURE

The structure of group A streptococci is illustrated in Figure 17— 1. The cell wall is built on a
peptidoglycan matrix that provides rigidity, as in other Gram-positive bacteria. Within this
matrix lies the group carbohydrate antigen, which by definition is present in all group A
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FIGURE 17-1

Antigenic structure of S. pyogenes and adhesion to an epithelial cell. The location of peptidoglycan
and Lancefield carbohydrate antigen in the cell wall is shown in the diagram. M protein and lipotei-
choic acid are associated with the cell surface and the pili. Lipoteichoic acid and protein F mediate

binding to fibronectin on the host surface.
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streptococci. A number of other molecules such as M protein and lipoteichoic acid (LTA) are
attached to the cell wall but extend beyond often in association with the hair-like pili. Group
A streptococci are divided into more than 80 serotypes based on antigenic differences in the
M protein. Some strains have an overlying nonantigenic hyaluronic acid capsule.

M Protein

The M protein itself is a fibrillar coiled-coil molecule (Fig 17-2) with structural homology
to myosin. Its carboxy terminus is rooted in the peptidoglycan of the cell wall, and the
amino-terminal regions extend out from the surface. The specificity of the more than 80
serotypes of M protein is determined by variations in the amino sequence of the amino-
terminal portion of the molecule. Because of its location, this part of the M protein is also
the most available to immune surveillance. The middle part of the molecule is less variable,
and some carboxy terminal regions are conserved across many M types. There is increasing
evidence that some the many known biologic functions of M protein can be assigned to spe-
cific domains of the molecule. This includes both antigenicity and the capacity to bind other
molecules such as fibrinogen, serum factor H, and immunoglobulins.

Other Surface Molecules

A number of surface proteins have been described on the basis of their similarity with M
protein or some unique binding capacity. Of these, a fibronectin binding protein F and LTA
are both exposed on the streptococcal surface (see Fig 17—1) and may have a role in patho-
genesis. An IgG binding protein has the capacity to bind the Fc portion of antibodies in
much the same way as staphylococcal protein A. In principle, this could interfere with op-
sonization by creating a covering of antibody molecules on the streptococcal surface that
are facing the “wrong way.” Group A streptococci may have a hyaluronic acid capsule,
which is a polymer containing repeating units of glucuronic acid and N-acetylglucosamine.

BIOLOGICALLY ACTIVE EXTRACELLULAR PRODUCTS
Streptolysin O
Streptolysin O is a general cytotoxin, lysing leukocytes, tissue cells, and platelets. The

toxin inserts directly into the cell membrane of host cells, forming transmembrane pores in
a manner similar to complement and staphylococcal a-toxin (see Chapter 16). Streptolysin
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FIGURE 17-2

The coiled-coil structure of M pro-
tein is shown. The most variable
parts of the molecule are oriented
to the outside and provide the an-
tiphagocytic effect and serologic
specificity. The conserved potions
are rooted in the cell wall. All four
types contain epitopes which may
stimulate the cross-reactive im-
mune reactions seen in rheumatic
fever.
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Streptolysin O is pore-forming and
antigenic
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O is antigenic and the quantitation of antibodies against it is the basis of a standard sero-
logic test called antistreptolysin O (ASO).

Pyrogenic Exotoxins

The manifestations of classical scarlet fever have long been associated with the action of
an erythrogenic toxin. This toxin is now included in a family of nine proteins called
streptococcal pyrogenic exotoxins (SPEs), one of which is produced by approximately
10% of group A streptococci. The SPEs are identified by letters (eg, A, B, C) and are sim-
ilar in structure and biological activity to the pyrogenic exotoxins produced by Staphylo-
coccus aureus. They have multiple effects including fever, rash (scarlet fever), T-cell
proliferation, B-lymphocyte suppression, and heightened sensitivity to endotoxin. At least
some of these actions are due to cytokine release through the superantigen mechanism
(see Chapter 8). SPE-B also has enzymatic activity cleaving elements of the extracellular
matrix, including fibronectin and vitronectin.

Other Extracellular Products

Most strains of group A streptococci produce a number of other extracellular products
including streptokinase, hyaluronidase, nucleases, and a C5a peptidase. The C5a pepti-
dase is an enzyme that degrades complement component C5a, the main factor that
attracts phagocytes to sites of complement deposition. The enzymatic actions of the
others likely play some role in tissue injury or spread, but no specific roles have been
defined. Some are antigenic and have been the basis of serologic tests. Streptokinase
causes lysis of fibrin clots through conversion of plasminogen in normal plasma to the
protease plasmin.

(= GROUP A STREPTOCOCCAL DISEASE

Group A streptococci are the cause of “strep throat,” an acute inflammation of the
pharynx and tonsils that includes fever and painful swallowing. Skin and soft tis-
sue infections range from the tiny skin pustules called impetigo to a severe toxic
and invasive disease that can be fatal in a matter of days. In addition to acute
infections, group A streptococci are responsible for inflammatory diseases that
are not direct infections but represent states in which the immune response to
streptococcal antigens causes injury to host tissues. Acute rheumatic fever (ARF)
is a prolonged febrile inflammation of connective tissues, which recurs following
each subsequent streptococcal pharyngitis. Repeated episodes cause permanent
scarring of the heart valves. Acute glomerulonephritis is an insidious disease
with hypertension, hematuria, proteinuria, and edema due to inflammation of the
renal glomerulus.

CLNIcAL CAPSULE

EPIDEMIOLOGY
Pharyngitis

Group A streptococci are the most common bacterial cause of pharyngitis in school-age
children 5 to 15 years of age. Transmission is person to person from the large droplets
produced by infected persons during coughing, sneezing, or even conversation. This
droplet transmission is most efficient at the short distances (2 to 5 feet) at which social in-
teractions commonly take place in families and schools, particularly in fall and winter
months. Asymptomatic carriers (<1%) may also be the source particularly if colonized in
the nose as well as the throat. Although group A streptococci survive for some time in
dried secretions, environmental sources and fomites are not important means of spread.
Unless the condition is treated, the organisms persist for 1 to 4 weeks after symptoms
have disappeared.
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Impetigo

Impetigo occurs when transient skin colonization with group A streptococci is combined
with minor trauma such as insect bites. The tiny skin pustules are spread locally by
scratching and to others by direct contact or shared fomites such as towels. Impetigo is
most common in summer months when insects are biting and when the general level of
hygiene is low. The M protein types of S. pyogenes most commonly associated with im-
petigo are different from those causing respiratory infection.

Wound and Puerperal Infections

Group A streptococci, once a leading cause of postoperative wound and puerperal in-
fections, retain this potential, but these conditions are now less common. As with
staphylococci, transmission from patient to patient is by the hands of physicians
or other medical attendants who fail to follow recommended handwashing practices.
Organisms may be transferred from another patient or come from the health care work-
ers themselves.

Streptococcal Toxic Shock Syndrome

Since the late 1980s, a severe invasive form of group A streptococcal soft tissue infection
appeared with increased frequency (5 to 10 cases/100,000) in the United States and other
countries. Rapid progression to death in only a few days occurred in previously healthy
persons, including Muppet creator Jim Henson (of Sesame Street fame). The outstanding
features of these infections are their multiorgan involvement suggesting a toxin and rapid
invasiveness with spread to the bloodstream and distant organs. The toxic features to-
gether with the discovery that almost all the isolates produce one of the SPEs have caused
this syndrome to be labeled streptococcal toxic shock syndrome (STSS).

Poststreptococcal Sequelae

The association between group A streptococci and the inflammatory disease acute
rheumatic fever (ARF; see the text) is based on epidemiologic studies linking group A
streptococcal pharyngitis, the clinical features of rheumatic fever, and heightened im-
mune responses to streptococcal products. ARF does not follow skin or other nonrespira-
tory infection with group A streptococci. Although some M types may be more
“rheumatogenic,” it is generally believed that recurrences of ARF can be triggered by in-
fection with any group A streptococcus. Injury to the heart caused by recurrences of ARF
leads to rheumatic heart disease, a major cause of heart disease worldwide. Although
ARF has declined in developed countries (<<0.5 cases/1000), a resurgence in the form of
small regional outbreaks in the United States began in the late 1980s. These outbreaks in-
volved children of a higher socioeconomic status than previously associated with ARF
and a shift in prevalent M types. The underlying basis of the resurgence is unknown.

Poststreptococcal glomerulonephritis may follow either respiratory or cutaneous
group A streptococcal infection and involves only certain “nephritogenic” strains. It is
more common in temperate climates where insect bites lead to impetigo. The average la-
tent period between infection and glomerulonephritis is 10 days from a respiratory infec-
tion, but generally about 3 weeks from a skin infection. Nephritogenic strains are limited
to a few M types and seem to have declined in recent years.

PATHOGENESIS
Acute Infections

As with other pathogens, adherence to mucosal surfaces is a crucial step in initiating
disease. A dozen adhesins have been described that facilitate the ability of the group
A streptococcus to adhere to epithelial cells of the nasopharynx and/or skin. Of these,
the most important are M protein, LTA, and protein F. In the nasopharynx, all three
appear to be involved in mediating attachment to the fatty acid—binding sites in the
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FIGURE 17-3

A group A B-hemolytic strepto-
coccus is shown attaching to the
cell membrane of a human oral ep-
ithelial cell (E). Note the hairlike
pili (arrows), which mediate the
attachment. As in Figure 16-1,
both M protein and lipoteichoic
acid are associated with the pili.
(Reproduced with permission from
Beachey EH, Ofek 1. ] Exp Med
1976,143:764. Figure 2.)
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glycoprotein fibronectin covering the epithelial cell surface. The role of M protein is
not direct but it appears to provide a scaffold for LTA, which is essential for it to reach
its binding site (Fig 17-3).

On the other hand, M protein appears to be direct and dominant in binding to the skin
through its ability to interact with subcorneal keratinocytes, the most numerous cell type
in cutaneous tissue. This adherence takes place at domains of the M protein that bind to
CD46 and possibly other receptors on the keratinocyte surface. Protein F is also involved
primarily in adherence to antigen-presenting Langerhans cells. Expression of M protein
and protein F is environmentally regulated in response to changing concentrations of
0O, and CO,. Experimental evidence suggests that a high O, environment favors protein F
and adherence to Langerhans cells, while an environment richer in CO, favors M protein
synthesis and interaction with keratinocytes. This environmentally controlled sequential
interaction of S. pyogenes with different types of host cells should play some mitigating
role either in establishing the microbe or in altering the development of a normally pro-
tective host response.

Clinical evidence makes it clear that group A streptococci have the capacity to be
highly invasive. The events following attachment that trigger invasion are only starting to
be understood. It appears that M protein, protein F, and other fibronectin-binding proteins
are required for invasion of nonprofessional phagocytes. This invasion involves integrin
receptors and is accompanied by cytoskeleton rearrangements but the molecular events do
not yet make a coherent story.

After the initial events of attachment and invasion, it appears that the concerted ac-
tivity of the M protein, immunoglobulin-binding proteins, and the C5a peptidase play
the key roles in allowing the streptococcal infection to continue. M protein plays an
essential role in group A streptococcal resistance to phagocytosis. The antiphagocytic
activity of M protein is related to the ability of domains of the molecule to bind
fibrinogen and serum factor H. This leads to a diminished availability of alternative
pathway generated complement component C3b for deposition on the streptococcal
surface (Fig 17—4). In the presence of M type—specific antibody, classical pathway op-
sonophagocytosis proceeds, and the streptococci are rapidly killed. As a second an-
tiphagocytic mechanism the C5a peptidase inactivates C5a and thus blocks chemotaxis
of polymorphonuclear neutrophils (PMNs) and other phagocytes to the site of infection.
Although the hyaluronic acid capsule contributes to resistance to phagocytosis, the
mechanisms involved are unknown.
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FIGURE 17-4

Streptococcal resistance to opsonophagocytosis. A. Alternate pathway. In the alternate complement
pathway, C3b binds to the surface of bacteria, providing a recognition site for professional phago-
cytes and sometimes causing direct injury. Streptococci with special surface structures such as cap-
sules or M protein are able to bind serum factor to their surface. This interferes with complement
deposition by accelerating the breakdown of C3b. B. Classical pathway. Specific antibody binding
to an antigen on the surface provides another binding cite for C3b. Phagocyte recognition may oc-
cur even if factor H is present.

The precise role of other bacterial factors in the pathogenesis of acute infection is un-
certain, but the combined effect of streptokinase, DNAase, and hyaluronidase may prevent
effective localization of the infection, while the streptolysins produce tissue injury and are
toxic to phagocytic cells. If any of the SPEs are produced, they may contribute as well but
their presence is not essential for acute infections. Antibodies against these components are
formed in the course of streptococcal infection but are not known to be protective.

In streptococcal toxic shock syndrome (STSS), as with staphylococcal toxic shock
syndrome, the findings of shock, renal impairment, and diarrhea seem to be explained by
the massive cytokine release stimulated by the superantigenicity of the SPEs. Exotoxin
production, however, does not easily explain the enhanced invasiveness of group A strep-
tococci, which is an added feature of STSS compared to its staphylococcal counterpart.
The enzymatic activity of SPE-B has been linked to invasiveness, but strains with SPE-A
and SPE-C are much more common in STSS than SPE-B. This syndrome may represent
bacteriophage-mediated horizontal transfer of the SPE genes among recently emerged
clones with enhanced invasive potential, a deadly combination. The basis of the enhanced
invasiveness remains to be determined.
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Invasive component is
unexplained



282

AREF is an autoimmune state
induced by streptococcal infection

Antistreptococcal antibodies
cross-react with heart sarcolemma

M protein epitopes differ from
antiphagocytic domains

Antibodies to group A
carbohydrate react with valves

Cell-mediated immunity responses
include cytotoxic lymphocytes

Alloantigens are associated with
hyperreactivity to streptococci

Autoimmune reactions to M
protein or streptokinase are
implicated

Type-specific IgG reverses
antiphagocytic effect of M protein

Repeated infections and ARF are
due to many M types

PART V Pathogenic Bacteria

Poststreptococcal Sequelae
Acute Rheumatic Fever (ARF)

Of the many theories advanced to explain the role of group A streptococci in ARF, an au-
toimmune mechanism related to antigenic similarities between streptococci and human
tissue antigens has the most experimental support. Streptococcal pharyngitis patients who
develop ARF have higher levels of antistreptococcal and autoreactive antibodies and T
cells than those who do not. Some of these have been shown to react with both heart tis-
sue and streptococcal antigens.

The antigen stimulating these antibodies is most probably M protein, but the group A
carbohydrate is also a possibility. The similarity between the structure of M protein and
myosin is an obvious connection, and M protein fragments have been shown to stimulate
antibodies that bind to human heart sarcolemma membranes. Immunochemical studies of
M proteins from different M types are now directed at defining unique epitopes responsi-
ble for ARF and the extent to which they are shared between serotypes and strains. Do-
mains of the M protein molecule responsible for the heart cross-reactivity have been
identified, which differ from those responsible for the factor H and fibrinogen binding.
Thus, the cross-reactive and antiphagocytic properties of M protein appear to reside in
separate parts of the molecule (see Fig 17—-2). Antibodies to the dominant epitope of the
group A carbohydrate (N-acetylglucosamine) may play a role in injury to the valvular en-
dothelium, but T cells stimulated by M protein have been seen in valves as well.

ARF patients also show enhanced cell-mediated immune responses to streptococcal
antigens. Cytotoxic T lymphocytes may be stimulated by M protein, and cytotoxic lym-
phocytes have been observed in the blood of patients with ARF. A cellular reaction pat-
tern consisting of lymphocytes and macrophages aggregated around fibrinoid deposits is
found in human hearts. This lesion, called the Aschoff body, is considered characteristic
of rheumatic carditis. Suggestions that M protein has superantigen properties must still be
reconciled with the prolonged nature of the illness.

Genetic factors are probably also important in ARF because only a small proportion of
individuals infected with group A streptococci develop the disease. Attack rates have been
highest among those of lower socioeconomic status and vary among those of different racial
origins. The gene for an alloantigen found on the surface of B lymphocytes occurs among
rheumatic fever patients at a frequency fourfold to fivefold greater than the general population.
This further suggests a genetic predisposition to hyperreactivity to streptococcal products.

Acute Glomerulonephritis

The renal injury of acute glomerulonephritis is caused by deposition in the glomerulus of
antigen—antibody complexes with complement activation and consequent inflammation.
The M proteins of some nephritogenic strains have been shown to share antigenic deter-
minants with glomeruli, which suggests an autoimmune mechanism similar to rheumatic
fever. Streptokinase has also been implicated both through molecular mimicry and
through its plasminogen activation capacity.

IMMUNITY

It has long been known that antibody directed against M protein is protective for subsequent
group A streptococcal infections. This protection, however, is only for subsequent infection
with strains of the same M type. This is called type-specific immunity. This protective IgG
is directed against epitopes in the amino-terminal regions of the molecule and reverses the
antiphagocytic effect of M protein. Streptococci opsonized with type-specific antibody
bind complement C3b by the classical mechanism, facilitating phagocyte recognition (see
Fig 17-4). There is evidence that mucosal IgA is also important in blocking adherence while
the IgG is able to protect against invasion. Unfortunately, because there are over 80 M types,
repeated infections with other M types occurs. Eventually, immunity to the common M types
is acquired and infections become less common in adults. In ARF patients, it is the hyperre-
action seen in each episode that produces the lesions associated with rheumatic heart disease.
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MANIFESTATIONS
Streptococcal Pharyngitis

Although it may occur at any age, streptococcal pharyngitis is most frequent between the
ages of 5 and 15 years. The illness is characterized by acute sore throat, malaise, fever,
and headache. Infection typically involves the tonsillar pillars, uvula, and soft palate,
which become red, swollen, and covered with a yellow-white exudate. The cervical
lymph nodes that drain this area may also become swollen and tender. Group A strepto-
coccal pharyngitis is usually self-limiting. Typically, the fever is gone by the third to fifth
day, and other manifestations subside within 1 week. Occasionally the infection may
spread locally to produce peritonsillar or retropharyngeal abscesses, otitis media, suppu-
rative cervical adenitis, and acute sinusitis. Rarely, more extensive spread occurs, produc-
ing meningitis, pneumonia, or bacteremia with metastatic infection in distant organs. In
the preantibiotic era, these suppurative complications were responsible for a mortality of
1 to 3% following acute streptococcal pharyngitis. Such complications are much less
common now, and fatal infections are rare.

Impetigo

The primary lesion of streptococcal impetigo is a small (up to 1 cm) vesicle sur-
rounded by an area of erythema. The vesicle enlarges over a period of days, becomes
pustular, and eventually breaks to form a yellow crust. The lesions usually appear in
2- to 5-year-old children on exposed body surfaces, typically the face and lower
extremities. Multiple lesions may coalesce to form deeper ulcerated areas. Although S.
aureus produces a clinically distinct bullous form of impetigo (see Chapter 16), it can
also cause vesicular lesions resembling streptococcal impetigo. Both pathogens are
isolated from some cases.

Erysipelas

Erysipelas is a distinct form of streptococcal infection of the skin and subcutaneous tissues,
primarily affecting the dermis. It is characterized by a spreading area of erythema and
edema with rapidly advancing, well-demarcated edges, pain, and systemic manifestations,
including fever and lymphadenopathy. Infection usually occurs on the face (Fig 17-5), and
a previous history of streptococcal sore throat is common.

Puerperal Infection

Infection of the endometrium at or near delivery is a life-threatening form of group A
streptococcal infection. Fortunately, it is now relatively rare, but in the 19th century, the
clinical findings of “childbed fever” were characteristic and common enough to provide
the first clues to the transmission of bacterial infections in hospitals (see Chapter 72).
Other organisms can cause puerperal fever, but this form is the most likely to produce a
rapidly progressive infection.

Disease Associated with Streptococcal Pyrogenic Exotoxins
Scarlet Fever

Infection with strains that elaborate any of the SPEs may superimpose the signs of scarlet
fever on a patient with streptococcal pharyngitis. In scarlet fever, the buccal mucosa,
temples, and cheeks are deep red, except for a pale area around the mouth and nose
(circumoral pallor). Punctate hemorrhages appear on the hard and soft palates, and the
tongue becomes covered with a yellow-white exudate through which the red papillae are
prominent (strawberry tongue). A diffuse red “sandpaper” rash appears on the second day
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FIGURE 17-5

Streptococcal erysipelas. The diffuse
erythema and swelling in the face of this
woman are characteristic of group A
streptococcal cellulitis at any site.
(Reproduced with permission from

Connor DH, Chandler FW, Schwartz DQA,
Manz HJ, Lack EE (eds). Pathology of
Infectious Diseases, vol. 1. Stamford, CT:
Appleton & Lange; 1997.)

of illness, spreading from the upper chest to the trunk and extremities. Circulating anti-
body to the toxin neutralizes these effects. For unknown reasons, scarlet fever is both less
frequent and less severe than early in the 20th century.

Streptococcal Toxic Shock Syndrome (STSS)

STSS may begin at the site of any group A streptococcal infection even at the site of seem-
ingly minor trauma. The systemic illness starts with vague myalgia, chills, and severe pain
at the infected site. Most commonly, this is in the skin and soft tissues and leads to necro-
tizing fasciitis and myonecrosis. The striking nature of this progression when it involves
the extremities is the basis of the label “flesh-eating bacteria.” STSS continues with nau-
sea, vomiting, and diarrhea followed by hypotension, shock, and organ failure. The out-
standing laboratory findings are a lymphocytosis; impaired renal function (azotemia); and,
in over half the cases, bacteremia. Some patients are in irreversible shock by the time they
reach a medical facility. Many survivors have been left as multiple amputees as the result
of metastatic spread of the streptococci.

Poststreptococcal Sequelae
Acute Rheumatic Fever (ARF)

ARF is a nonsuppurative inflammatory disease characterized by fever, carditis, subcu-
taneous nodules, chorea, and migratory polyarthritis. Cardiac enlargement, valvular
murmurs, and effusions are seen clinically and reflect endocardial, myocardial, and
epicardial damage, which can lead to heart failure. Attacks typically begin 3 weeks
(range, 1 to 5 weeks) after an attack of group A streptococcal pharyngitis, and in the
absence of antiinflammatory therapy last 2 to 3 months. ARF also has a predilection
for recurrence with subsequent streptococcal infections as new M types are encoun-
tered. The first attack usually occurs between the ages of 5 and 15 years. The risk of
recurrent attacks after subsequent group A streptococcal infections continues into adult
life and then decreases. Repeated attacks lead to progressive damage to the endo-
cardium and heart valves, with scarring and valvular stenosis or incompetence
(rheumatic heart disease).
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Acute Glomerulonephritis

Poststreptococcal glomerulonephritis is primarily a disease of childhood that begins 1 to
4 weeks after streptococcal pharyngitis and 3 to 6 weeks after skin infection. It is charac-
terized clinically by edema, hypertension, hematuria, proteinuria, and decreased serum
complement levels. Pathologically, there are diffuse proliferative lesions of the glomeruli.
The clinical course is usually benign, with spontaneous healing over weeks to months.
Occasionally, a progressive course leads to renal failure and death.

DIAGNOSIS

Although these clinical features of streptococcal pharyngitis are fairly typical, there is
enough overlap with viral pharyngitis that a culture of the posterior pharynx and tonsils is
required for diagnosis. A direct Gram-stained smear of the throat is unhelpful because of the
other streptococci in the pharyngeal flora, but smears from normally sterile sites usually
demonstrate streptococci. Blood agar plates incubated anaerobically give the best yield be-
cause they favor the demonstration of S-hemolysis (see streptolysins, above). B-hemolytic
colonies are identified by Lancefield grouping using immunofluorescence or agglutination
methods. In smaller laboratories, an indirect method based on the exquisite susceptibility of
group A strains to bacitracin and the relative resistance of strains of other groups may be
used for presumptive separation of group A strains from the others (Table 17-2).

Detection of group A antigen extracted directly from throat swabs is now available in
a wide variety of kits marketed for use in physicians’ offices. These methods are rapid and
specific, but most are only 90 to 95% sensitive compared to culture. Given the importance
of the detection of group A streptococci in prevention of ARF (the reason physicians cul-
ture sore throats), missing even 5% of cases is not tolerable. Until direct antigen detection
methods gain a higher sensitivity, negative results must be confirmed by culture before
withholding treatment. Some of the newer antigen detection procedures are approaching a
sensitivity that would allow their substitution for culture.

Several serologic tests have been developed to aid in the diagnosis of poststreptococ-
cal sequelae by providing evidence of a previous group A streptococcal infection. They

TABLE 1/-2

Usual Hemolytic, Biochemical, and Cultural Reactions of Common
Streptococci and Enterococci®

SUSCEPTIBILITY TO
BILE BILE/ESCULIN

BACITRACIN OPTOCHIN SOLUBILITY REACTION? PYR¢

Streptococci
B-Hemolytic
Lancefield group A + = — = +
Lancefield groups B, — = - — _
C.EG
a-Hemolytic
S. pneumoniae — 4 + — _
Viridans group = — = — _
Nonhemolytic — = — - _
Enterococci = — - 4 +

@ All are tests commonly substituted for serologic identification in clinical laboratories.
b Tests for the ability to grow in bile and reduce esculin.

¢PYR = pyrrolidonyl arylamidase test.
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include the ASO, anti-DNAase B, and some tests that combine multiple antigens. High
titers of ASO are usually found in sera of patients with rheumatic fever, so that test is
used most widely.

TREATMENT

Group A streptococci are highly susceptible to penicillin G, the antimicrobic of choice.
Concentrations as low as 0.01 wg/mL have a bactericidal effect, and penicillin resistance
is so far unknown. Numerous other antimicrobics are also active, including other peni-
cillins, cephalosporins, tetracyclines, and macrolides, but not aminoglycosides.

Patients allergic to penicillin are usually treated with erythromycin if the organisms
are susceptible. Impetigo is often treated with erythromycin to cover the prospect of S.
aureus involvement. Adequate treatment of streptococcal pharyngitis within 10 days of
onset prevents rheumatic fever by removing the antigenic stimulus; its effect on the dura-
tion of the pharyngitis is less, because of the short course of the natural infection. Treat-
ment does not prevent the development of acute glomerulonephritis.

PREVENTION

Penicillin prophylaxis with long-acting preparations is used to prevent recurrences of
AREF during the most susceptible ages (5 to 15 years). Patients with a history of rheumatic
fever or known rheumatic heart disease receive antimicrobial prophylaxis while undergo-
ing procedures known to cause transient bacteremia, such as dental extraction. Vaccines
using epitopes of the M protein molecule, which would provide protection against acute
infection without stimulating autoantibodies are in development. This is a sizable task
given the large number of M protein serotypes.

Group B Streptococci (Streptococcus agalactiae)

CJBACTERIOLOGY

Group B streptococci (GBS) produce short chains and diplococcal pairs of spherical or
ovoid Gram-positive cells. Colonies are larger and S-hemolysis is less distinct than with
group A streptococci and may even be absent. In addition to the Lancefield B antigen,
GBS produce polysaccharide capsules of nine antigenic types (Ia, Ib, II through VIII) all
of which contain sialic acid in the form of terminal side chain residues.

(= GROUP B STREPTOCOCCAL DISEASE

[—

The typical GBS case is a newborn in the first few days of life who is not doing
well. Fever, lethargy, poor feeding, and respiratory distress are the most common
features. Localizing findings are usually lacking, and the diagnosis is revealed
only by isolation of GBS from blood or cerebrospinal fluid. The mortality rate is
high even when appropriate antibiotics are used.

CuNicAL CAPSULE

EPIDEMIOLOGY

GBS are the leading cause of sepsis and meningitis in the first few days of life. The or-
ganism is resident in the gastrointestinal tract, with secondary spread to other sites, the
most important of which is the vagina. GBS can be found in the vaginal flora of 10 to
30% of women, and during pregnancy and delivery, these organisms may again access to
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the amniotic fluid or colonize the newborn as it passes through the birth canal. Judging
from US surveillance data (1.8 cases/1000 live births), GBS produce disease in approxi-
mately 2% of these encounters. The risk is much higher when factors are present that
decrease the infant’s innate resistance (prematurity) or increase the chances of transmis-
sion (ruptured amniotic membranes). Some infants are healthy at birth but develop sepsis
1 to 3 months later. It is not known whether the organism in these “late-onset” cases was
acquired from the mother, in the nursery, or in the community after leaving the hospital.

PATHOGENESIS

GBS disease requires the proper combination of organism and host factors. The GBS cap-
sule is the major organism factor. The sialic acid moiety of the capsule has been shown to
bind serum factor H, which in turn accelerates degradation of C3b before it can be effec-
tively deposited on the surface of the organism. This makes alternate pathway—mediated
mechanisms of opsonophagocytosis relatively ineffective (see Fig 17—4). Thus, comple-
ment-mediated phagocyte recognition requires specific antibody and the classical path-
way. Newborns will have this antibody only if they receive it from their mother as
transplacental IgG. Those who lack the protective “cover” of antibody specific to the type
of GBS they encounter must rely on alternate pathway mechanisms, a situation in which
the GBS has an advantage over less virulent organisms. GBS have also been shown to
produce a peptidase that inactivates C5a, the major chemoattractant of PMNs. This may
correlate with the observation that serious neonatal infections often show a paucity of in-
filtrating PMNs.

IMMUNITY

Antibody is protective against GBS disease, but as with group A streptococcal M pro-
tein, the antibody must be specific to the infecting type of GBS. Fortunately, there are
only nine types and type III produces the majority of cases in the first week of life.
Antibody is acquired by GBS infection, and specific IgG may be transmitted transpla-
centally to the fetus, providing protection in the perinatal period. In the presence of
type-specific antibody, classical pathway C3b deposition, phagocyte recognition, and
killing proceed normally.

B REPTOCOCCI:

GROUP ST
CLINICAL ASPECTS

MANIFESTATIONS

The clinical findings are nonspecific and similar to those found in other serious infections
in the neonatal period (see Chapter 69). Respiratory distress, fever, lethargy, irritability,
apnea, and hypotension are common. Fever is sometimes absent, and infants may even be
hypothermic. Pneumonia is common, and meningitis is present in 5 to 10% of cases, but
most infections have GBS circulating in the bloodstream without localizing findings. The
onset is typically in the first few days of life, and signs of infection are present at birth in
almost 50% of cases. The late-onset (1 to 3 month) cases have similar findings but are
more likely to have meningitis and focal infections in the bones and joints. Even with
appropriate and prompt treatment, the mortality rate for early onset GBS infection ap-
proaches 20%.

GBS infections in adults are uncommon and fall in two groups. The first are peripar-
tum chorioamnionitis and bacteremia, the mother’s side of the neonatal syndrome. Other
infections include pneumonia and a variety of skin and soft tissue infections similar to
those produced by other pyogenic streptococci. Although adult GBS infections may be
serious, they are usually not fatal unless patients are immunocompromised. GBS are not
associated with rheumatic fever or acute glomerulonephritis.
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DIAGNOSIS

The laboratory diagnosis of GBS infection is by culture of blood, cerebrospinal fluid, or
other appropriate specimen. Definitive identification involves serologic determination of
the Lancefield group by the same methods used for group A streptococci. Methods for di-
rect detection of GBS antigen in vaginal specimens have been evaluated, but their sensi-
tivity is far too low for use in the diagnosis of neonatal infection.

TREATMENT

GBS are susceptible to the same antimicrobics as group A organisms. Although penicillin
is the treatment of choice, GBS are slightly less susceptible to B-lactams than other strep-
tococci. For this reason neonatal infections are often initially treated with combinations of
penicillin (or ampicillin) and an aminoglycoside. These combinations have been shown to
accelerate killing of GBS in vitro.

PREVENTION

Current strategies for prevention of neonatal GBS disease are focused on reducing contact
of the infant with the organism. In colonized women, attempts to eradicate the carrier state
have not been successful, but intrapartum antimicrobial prophylaxis with penicillin or
ampicillin has been shown to reduce transmission and disease in high-risk populations. It
is now recommended by expert obstetric and perinatology groups that all newborns at risk
receive such prophylaxis, but there is debate about the practical aspects of determining
risk. One approach is to screen all expectant mothers for vaginal GBS colonization in the
third trimester and administer prophylaxis during labor to all found to be culture positive.
This safe but expensive approach can be applied only to those who seek regular prenatal
care. A second approach is to assign risk on clinical grounds (eg, prematurity, prolonged
membrane rupture, fever), which is less expensive but will miss some colonized babies.
There is evidence that prophylaxis is working. The incidence of early-onset neonatal GBS
disease dropped 65% over a 5-year period when these strategies were being implemented.
Prevention by immunization with purified GBS capsular polysaccharide has been shown to
be feasible, and considerable effort is now being directed at development of a vaccine.

Other Pyogenic Streptococci

The other pyogenic streptococci occasionally produce various respiratory, skin, wound,
soft tissue, and genital infections, which may resemble those caused by group A and B
streptococci. Although a few food-borne outbreaks of pharyngitis have been linked to
non—group A streptococci, their role as a cause of everyday sore throats is not estab-
lished. These streptococci are susceptible to penicillin, and infections are managed in a
manner similar to deep tissue infections caused by group A and B strains. None of the
non—group A streptococci have been associated with poststreptococcal sequelae.

Streptococcus pneumoniae

BIBACTERIOLOGY

MORPHOLOGY AND STRUCTURE

S. pneumoniae (pneumococci) are Gram-positive, oval cocci typically arranged end to end
in pairs (diplococcus) giving the cells a bullet shape (Fig 17-6). The distinguishing struc-
tural feature of the pneumococcus is its capsule. All virulent strains have surface capsules,
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composed of high-molecular-weight polysaccharide polymers that are complex mixtures of
monosaccharides, oligosaccharides, and sometimes other components. The exact makeup of
the polymer is unique and distinctly antigenic for each of more than 90 serotypes. A number
of pneumococcal surface proteins have been identified but their function is not known.

Pneumococcal cell wall structure is similar to other streptococci. Teichoic acid, LPA,
and phosphocholine are rooted in the peptidoglycan extending outward into the capsule
where they provide binding domains for a variety of surface proteins. At least one of
these, a choline binding protein, is able to bind to both pneumococcal cell wall cholines
and carbohydrates present on the surface of epithelial cells.

GROWTH

On blood agar, pneumococci produce round, glistening 0.5- to 2.0-mm colonies sur-
rounded by a zone of a-hemolysis. Both colonies and broth cultures have a tendency to
undergo autolysis due to their susceptibility to peroxides produced during growth and the
action of autolysins, a family of pneumococcal enzymes that degrade peptidoglycan. Ac-
celerating the autolytic process with bile salts is the basis of the bile solubility test that
separates pneumococci from other a-hemolytic streptococci.

EXTRACELLULAR PRODUCTS

All pneumococci produce pneumolysin, which is a member of the family of transmem-
brane pore-forming toxins that includes staphylococcal « toxin, S. pyogenes streptolysin
O, and others. The pneumococcus does not secrete pneumolysin but it is released on lysis
of the organisms augmented by autolysins. Pneumolysin has a number of other effects,
including its ability to stimulate cytokines and disrupt the cilia of cultured human respira-
tory epithelial cells. Pneumococci also produce a neuraminidase, which cleaves sialic
acid present in host mucin, glycolipids and glycoproteins.

(=2PNEUMOCOCCAL DISEASE

[S——

The most common form of infection with S. pneumoniae is pneumonia, which
begins with fever and a shaking chill followed by signs that localize the disease to
the lung. These include difficulty breathing and cough with production of purulent
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FIGURE 17-6

Streptococcus pneumoniae in
sputum of patient with pneumonia.
Note the marked tendency to form
oval diplococci.

Choline binding protein attaches
to cells

Colonies are a-hemolytic

Pneumolysin forms pores after
release by autolysins
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w  sputum, sometimes containing blood. The pneumonia typically fills part or all of a
§ lobe of the lung with inflammatory cells, and the bacteria may spread to the blood-
$ stream and thus other organs. The most important of the latter is the central nervous
C(‘)‘ system, where seeding with pneumococci leads to acute purulent meningitis.
Z
O
EPIDEMIOLOGY

S. pneumoniae is a leading cause of pneumonia, acute purulent meningitis, bacteremia,
and other invasive infections. In the United States it is responsible for an estimated 3000
cases of meningitis, 50,000 cases of bacteremia, and 500,000 cases of pneumonia each
year. Worldwide, more than 5 million children die every year from pneumococcal dis-
ease. S. pneumoniae is also the most frequent cause of otitis media (see Chapter 61), a
virtually universal disease of childhood with millions of cases every year. Pneumococcal
infections occur throughout life but are most common in the very young (<2 years)
and in the old (>60 years). Alcoholism, diabetes mellitus, chronic renal disease, asple-
nia, and some malignancies are all associated with more frequent and serious pneumo-
coccal infection.

Infections are derived from colonization of the nasopharynx, where pneumococci can
be found in 5 to 40% of healthy persons depending on age, season, and other factors.
The highest rates are among children in the winter. Respiratory secretions containing
pneumococci may be transmitted from person to person by direct contact or from the
microaerosols created by coughing and sneezing in close quarters. Such conditions are fa-
vored by crowded living conditions, particularly when colonized persons are mixed with
susceptible ones, as in child care centers, recruitment barracks, and prisons. As with other
bacterial pneumonias, viral respiratory infection and underlying chronic disease are im-
portant predisposing factors.

About 23 of the 90 pneumococcal serotypes produce disease more often than the
others. There is also a variation in the age and geographic distribution of cases. These
differences are presumably due to enhanced virulence factors in these types, but the spe-
cific reasons are not known. These features do not influence the medical management of
individual cases but are important in devising prevention strategies such as immuniza-
tion (see below).

PATHOGENESIS

Pneumococcal adherence to nasopharyngeal cells involves multiple factors. The primary
relationship is the bridging effect of the choline binding protein’s attachment to cell wall
cholines and carbohydrates covering or exposed on the surface of host epithelial cells.
This binding may be aided by the exposure of additional receptors by neuraminidase di-
gestion or pneumolysin stimulated cytokine activation of host cells. Aspiration of respi-
ratory secretions containing these pneumococci is the initial event leading to pneumonia.
This must be a common event. Normally, aspirated organisms are cleared rapidly by the
defense mechanisms of the lower respiratory tract, including the cough and epiglottic re-
flexes; the mucociliary “blanket;” and phagocytosis by alveolar macrophages. Host fac-
tors that impair the combined efficiency of these defenses can allow pneumococci to
reach the alveoli and multiply there. These include chronic pulmonary diseases; damage
to bronchial epithelium from smoking or air pollution; and respiratory dysfunction from
alcoholic intoxication, narcotics, anesthesia, and trauma.

When organisms reach the alveolus, the involvement of pneumococcal virulence fac-
tors appears to operate in two stages. The first stage is early in infection, when the surface
capsule of intact organisms acts to block phagocytosis by complement inhibition. This al-
lows the organisms to multiply and spread despite an acute inflammatory response. The
second stage occurs when organisms begin to disintegrate and release a number of factors
either synthesized by the pneumococcus or part of its structure, thus causing injury. These
include pneumolysin, autolysin, and components of the cell wall.
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Capsule

The polysaccharide capsule of S. pneumoniae is the major determinant of virulence. Un-
encapsulated mutants do not produce disease in humans or laboratory animals. Like the
GBS capsule, pneumococcal polysaccharide interferes with effective deposition of com-
plement on the organism’s surface and thus phagocyte recognition and engulfment. This
property is particularly important in the absence of specific antibody, when alternate path-
way is the primary means for C3b mediated opsonization. The exact mechanism for inter-
ference with C3b deposition (see Fig 17—4) may differ in detail with that of GBS sialic
acid and between the capsular polysaccharide polymers of individual pneumococcal
serotypes. The net effect is that the complement fragments recognized by phagocyte
receptors are not available on the surface of the organism. When antibody binds to the
capsular polysaccharide, C3b generated by the classical pathway binds and opsonophago-
cytosis proceeds efficiently.

Pneumolysin

Some of the clinical features seen in the course of pneumococcal infections are not
explainable by the capsule alone. These include the dramatic abrupt onset, toxicity, fulmi-
nant course, and disseminated intravascular coagulation seen in some cases. Pneu-
molysin’s toxicity for pulmonary endothelial cells and direct effect on cilia contributes to
the disruption of the endothelial barrier and facilitates the access of pneumococci to the
alveoli and eventually their spread beyond into the bloodstream. Pneumolysin also has di-
rect effects on phagocytes and suppresses host inflammatory and immune functions. In-
jection of purified pneumolysin into the lung of rats causes all of the salient histologic
hallmarks of pneumococcal pneumonia. Because pneumolysin is not actively secreted
outside the bacterial cell, the action of the autolysins is required to release it.

Other Virulence Determinants

Although the search for the host epithelial cell’s adhesin has been unrewarding, it seems
logical that one or more of the surface proteins attached to cell wall teichoic acid are in-
volved. Pneumococcal surface protein A (PspA) is found in virtually all pneumococci and
has been shown to interfere with complement deposition. In addition to its role in attach-
ment, neuraminidase may have a role at other stages of disease. Peptidoglycan and tei-
choic acid components of the cell wall have been shown to stimulate inflammation and
cerebral edema in experimental meningitis and may do so at other stages of infection.
Along with pneumolysin, these may be responsible for the heightened acute inflammatory
response seen in pneumococcal infection, which of itself may be destructive to the host.

The combined effects of pneumococcal and host factors produce a pneumonia, which
progresses through a series of stages. Initial alveolar multiplication produces a profuse
outpouring of serous edema fluid, which is then followed by an influx of poly-
morphonuclear leukocytes (PMNs) and erythrocytes (red blood cells; RBCs). By the sec-
ond or third day of illness, the lung segment has increased three- to fourfold in weight
through accumulation of this cellular, hemorrhagic fluid typically in a single lobe of the
lung. In the consolidated alveoli, neutrophils predominate initially, but once actively
growing pneumococci are no longer present, macrophages replace the granulocytes
and resolution of the lesion ensues. A remarkable feature of pneumococcal pneumonia
is the lack of structural damage to the lung, which usually leads to complete resolution
on recovery.

IMMUNITY

Immunity to S. pneumoniae infection is provided by antibody directed against the specific
pneumococcal capsular type. When antibody binds to the capsular surface, C3b is de-
posited by classical pathway mechanisms, and phagocytosis can proceed. Because the
number of serotypes is large, complete immunity through natural experience is not realis-
tic, which is why pneumococcal infections occur throughout life. Infections are most often
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seen in the very young, when immunologic experience is minimal, and in the elderly, when
immunity begins to wane and risk factors are more common. Antibodies to surface pro-
teins and enzymes, including pneumolysin, are also formed in the course of disease, but
their role in immunity is unknown.

PNEUMOCOCCAL DISEASE:
CLINICAL ASPECTS

MANIFESTATIONS
Pneumococcal Pneumonia

Clinically, pneumococcal pneumonia begins abruptly with a shaking chill and high fever.
Cough with production of sputum pink to rusty in color (indicating the presence of
RBCs) and pleuritic chest pain are common. Physical findings usually indicate pulmonary
consolidation. Children and young adults typically demonstrate a lobular or lobar consoli-
dation on chest radiography, whereas older patients may show a less localized bronchial
distribution of the infiltrates. Without therapy, sustained fever, pleuritic pain, and produc-
tive cough continue until a “crisis” occurs 5 to 10 days after onset of the disease. The cri-
sis involves a sudden decrease in temperature and improvement in the patient’s condition.
It is associated with effective levels of opsonizing antibody reaching the lesion. Although
infection may occur at any age, the incidence and mortality of pneumococcal pneumonia
increase sharply after 50 years.

Pneumococcal Meningitis

S. pneumoniae is one of the three leading causes of bacterial meningitis. The signs and
symptoms are similar to those produced by other bacteria (see Chapter 67). Acute puru-
lent meningitis may follow pneumococcal pneumonia, infection at another site, or appear
with no apparent antecedent infection. It may also develop after trauma involving the
skull. The mortality and frequency of sequelae are slightly higher with pneumococcal
meningitis than with other forms of pyogenic meningitis.

Other Infections

Pneumococci are common causes of sinusitis and otitis media (see Chapter 61). The latter
frequently occurs in children in association with viral infection. Chronic infection of the
mastoid or respiratory sinus sometimes extends to the subarachnoid space to cause
meningitis. Pneumococci may also cause endocarditis, arthritis, and peritonitis, usually in
association with bacteremia. Patients with ascites caused by diseases such as cirrhosis and
nephritis may develop spontaneous pneumococcal peritonitis. Pneumococci do not cause
pharyngitis or tonsillitis.

DIAGNOSIS

Gram smears of material from sputum and other sites of pneumococcal infection typically
show Gram-positive, lancet-shaped diplococci (see Fig 17—-6). Sputum collection may be
difficult, however, and specimens contaminated with respiratory flora are useless for diag-
nosis. Other types of lower respiratory specimens may be needed for diagnosis (see
Chapters 15 and 64).

S. pneumoniae grows well overnight on blood agar medium and is usually distin-
guished from viridans streptococci by susceptibility to the synthetic chemical ethylhy-
drocupreine (Optochin) or by a bile solubility (see Table 17—-2). Bacteremia is common
in pneumococcal pneumonia and meningitis, and blood cultures are valuable supplements
to cultures of local fluids or exudates. Detection of pneumococcal capsular antigen in
body fluids is possible but valuable primarily when cultures are negative.
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TREATMENT

For decades pneumococci were uniformly susceptible to penicillin at concentrations
below 0.1 ug/mL. In the late 1960s, this began to change, and strains with decreased sus-
ceptibility to all B-lactams began to emerge. These strains have penicillin minimal
inhibitory concentrations (MICs) of 0.12 to 8.0 ug/mL and are associated with treatment
failures in cases of pneumonia and meningitis. The resistance is not absolute and can be
overcome with increased dosage depending on the MIC. The mechanism involves alter-
ations in the B-lactam target, the transpeptidases that cross-link peptidoglycan in cell wall
synthesis. Resistant strains have mutations in one or more of these transpeptidases, which
cause decreased affinity for penicillin and other B-lactams. Penicillinase is not produced.
Resistance to erythromycin is uncommon but more likely with penicillin-resistant strains.

Penicillin is still the antimicrobic of choice for susceptible strains but resistance rates
now exceed 10% in most locales and may be greater than 30% in some areas. Penicillin-
resistant strains may be treated with erythromycin, vancomycin, or quinolones, if suscep-
tible. Despite the 3-lactam cross resistance, high doses of third-generation cephalosporins
have also been used in situations such as meningitis, where their added spectrum may be
an advantage. The therapeutic response to treatment of pneumococcal pneumonia is often
(but not always) dramatic. Reduction in fever, respiratory rate, and cough can occur in 12
to 24 hours but may occur gradually over several days. Chest radiography may yield nor-
mal results only after several weeks.

PREVENTION

A vaccine prepared from capsular polysaccharide extracted from the 23 most common
serotypes of S. pneumoniae is available. This vaccine is presently recommended for pa-
tients who are particularly susceptible to pneumococcal infection because of advanced
age, underlying disease, or immune status. As with other polysaccharide vaccines it is
poorly immunogenic in infants. The newest vaccines follow the success of Haemophilus
influenzae type b (see Chapter 24) by conjugating the polysaccharide to protein in order
to stimulate T-cell dependent responses. This task is greatly complicated by the multiple
serotype-specific polysaccharides involved in S. pneumoniae disease. A seven-valent con-
jugate vaccine is now available and recommended for use beginning at 2 months of age.
The polysaccharide continues to be recommended beyond the age of 5 years.

Viridans and Nonhemolytic Streptococci

The viridans group comprises all a-hemolytic streptococci that remain after the criteria
for defining pyogenic streptococci and pneumococci have been applied. Characteristically
members of the normal flora of the oral and nasopharyngeal cavities, they have the basic
bacteriologic features of streptococci but lack the specific antigens, toxins, and virulence
of the other groups. Although the viridans group includes many species (see Table 17-2),
they are usually not completely identified in clinical practice because there is little differ-
ence among them in medical significance.

Although their virulence is very low, viridans strains can cause disease when they are
protected from host defenses. The prime example is subacute bacterial endocarditis. In this
disease, viridans streptococci reach previously damaged heart valves as a result of transient
bacteremia associated with manipulations, such as tooth extraction, that disturb their usual
habitat. Protected by fibrin and platelets, they multiply on the valve, causing local and sys-
temic disease that is fatal if untreated. Extracellular production of glucans, complex poly-
saccharide polymers, may enhance their attachment to cardiac valves in a manner similar to
the pathogenesis of dental caries by S. mutans (see Chapter 62). The clinical course of viri-
dans streptococcal endocarditis is subacute, with slow progression over weeks or months
(see Chapter 68). It is effectively treated with penicillin, but uniformly fatal if untreated.
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The disease is particularly associated with valves damaged by recurrent rheumatic fever.
The decline in the occurrence of rheumatic heart disease has reduced the incidence of this
particular type of endocarditis.

ENTEROCOCCI

EIBACTERIOLOGY

Until DNA homology studies dictated their separation into the genus Enterococcus, the en-
terococci were classified as streptococci. Indeed, the most common enterococcal species
share the bacteriologic characteristics described above for pyogenic streptococci, including
presence of the Lancefield group D antigen. The term enterococcus derives from their
presence in the intestinal tract and the many biochemical and cultural features that reflect
that habitat. These include the ability to grow in the presence of high concentrations of bile
salts and sodium chloride. Most enterococci produce nonhemolytic or a-hemolytic
colonies that are larger than those of most streptococci. E. faecalis, E. faecium, and several
other species are recognized based on biochemical and cultural reactions, but enterococci
are generally not speciated in the clinical laboratory.

@ENTEROCOCCAL DISEASE

|

Enterococci cause infection almost exclusively in hospitalized patients with signifi-

Wy
g cant compromise of their defenses. The primary sites are the urinary tract and soft
Q) tissue sites adjacent to the intestinal flora where enterococcal species are resident.
8 The infections themselves are often low grade and have no unique clinical features.
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EPIDEMIOLOGY

Enterococci are part of the normal intestinal flora. Although they are capable of produc-
ing disease in many settings, the hospital environment is where a substantial increase has
occurred in the last two decades. Patients with extensive abdominal surgery, indwelling
devices, or who are undergoing procedures such as peritoneal dialysis are at greatest risk.
Most infections are acquired from the endogenous flora but spread between patients has
been documented. From 10 to 15% of all nosocomial urinary tract, intra-abdominal, and
bloodstream infections are due to enterococci.

PATHOGENESIS

Enterococci are a significant cause of disease in specialized hospital settings, but they are
not highly virulent. On their own, they do not produce fulminant disease and in wound and
soft tissue infections are usually mixed with other members of the intestinal flora. Some
have even doubted their significance when isolated with more virulent members of the En-
terobacteriaceae (see Chapter 21) or Bacteroides fragilis (see Chapter 19). Although some
surface proteins are candidate adhesins, no virulence factors have been discovered.

ENTEROCOCCAL DISEASE:
CLINICAL ASPECTS

MANIFESTATIONS

Enterococci cause opportunistic urinary tract infections (UTIs) and occasionally wound
and soft tissue infections, in much the same fashion as members of the Enterobacteriaceae.
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Infections are often associated with urinary tract manipulations, malignancies, biliary tract
disease, and gastrointestinal disorders. Vascular or peritoneal catheters are often points
of entry. Respiratory tract infections are rare. There is sometimes an associated
bacteremia, which can result in the development of endocarditis on previously damaged
cardiac valves.

TREATMENT

The outstanding feature of the enterococci is their high and increasing levels of resistance
to antimicrobial agents. Inherently relatively resistant to 3-lactams and aminoglycosides,
enterococci also have particularly efficient means of acquiring plasmid and transposon re-
sistance genes from themselves and other species. All enterococci require 4 to 16 wg/mL
of penicillin for inhibition due to decreased affinity of their penicillin-binding proteins for
all B-lactams. Higher levels of resistance have been increasing, including the emergence
of B-lactamase-producing strains, particularly in E. faecalis. The -lactamase genes are
identical to those in Staphylococcus aureus. Fortunately [B-lactamase—producing strains
have not yet become widely disseminated. Ampicillin remains the most consistently ac-
tive agent against enterococci.

Enterococci share with streptococci a relative resistance to aminoglycosides based on
failure of the antimicrobic to be actively transported into the cell. Despite this, many
strains of enterococci are inhibited and rapidly killed by combinations of low concentra-
tions of penicillin and aminoglycosides. Under these conditions, the action of penicillin
on the cell wall allows the aminoglycoside to enter the cell and act at its ribosomal site.
Some strains show high level resistance to aminoglycosides based on mutations at the ri-
bosomal binding site or the presence of aminoglycoside-inactivating enzymes. These
strains do not demonstrate synergistic effects with penicillin.

Recently, resistance to vancomycin, the antibiotic most used for penicillin-resistant
strains has emerged. Vancomycin resistance is due to a subtle change in peptidoglycan
precursors, which are generated by ligases that modify the terminal amino acids of
cross-linking acid side chains at the point at which B-lactams bind. The modifications
decrease the binding affinity for penicillins 1000-fold without a detectable loss in
peptidoglycan strength. Although hospitals vary, the average rate of resistance in ente-
rococci isolated from intensive care units is around 20%. Enterococci are consistently
resistant to sulfonamides and often resistant to tetracyclines, erythromycin, and
cephalosporins.

Penicillin or ampicillin remain the agents of choice for most UTIs and minor soft tis-
sue infections. More severe infections, particularly endocarditis, are usually treated with
combinations of a penicillin and aminoglycoside. If the strain fails to demonstrate
penicillin—aminoglycoside synergism and/or is vancomycin resistant, some other combi-
nation guided by susceptibility testing must be selected.

ADDITIONAL READING
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Jedrzejas MJ. Pneumococcal virulence factors: structure and function. Microbiol Mol
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pneumococcus than its capsule.

Lancefield RC: A serological differentiation of human and other groups of hemolytic
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CHAPTER 18

Corynebacterium,
Listeria, and Bacillus

KENNETH J. RYAN

—|—his chapter includes a variety of highly pathogenic Gram-positive rods that are not
currently common causes of human disease. Their medical importance lies in the lessons
learned when they were more common, and the continued threat their existence poses.
Corynebacterium diphtheriae, the cause of diphtheria, is a prototype for toxigenic dis-
ease. Listeria monocytogenes is a sporadic cause of meningitis and other infections in the
fetus, newborn, and immunocompromised host. Occurrences in 2001 have served as a
painful reminder that Bacillus anthracis, the cause of anthrax, is still the agent with the
most potential for use in bioterrorism. The characteristics of these bacilli are presented in
Table 18—1.

CORYNEBACTERIA

Corynebacteria (from the Greek koryne, club) are small and pleomorphic. The genus
Corynebacterium includes many species of aerobic and facultative Gram-positive rods.
The cells tend to have clubbed ends, and often remain attached after division, forming
“Chinese letter” or palisade arrangements. Spores are not formed. Growth is generally
best under aerobic conditions on media enriched with blood or other animal products, but
many strains will grow anaerobically. Colonies on blood agar are typically small (1 to
2 mm), and most are nonhemolytic. Catalase is produced, and many strains form acid
(usually lactic acid) through carbohydrate fermentation.

Corynebacterium diphtheriae

C. diphtheriae produces a powerful exotoxin that is responsible for diphtheria. Other
corynebacteria are nonpathogenic commensal inhabitants of the pharynx, nasopharynx,
distal urethra, and skin; they are collectively referred to as “diphtheroids.” The species
that have disease associations are included in Table 18-2.

Copyright © 2004 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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TABLE 18-1
Features of Aerobic Gram-Positive Bacilli
ORGANISM CAPSULE  ENDOSPORES MoriLITY ToXINS SOURCE DISEASE
Corynebacterium — — — DT Human cases, Diphtheria
diphtheriae carriers
Listeria = = 4F LLO Food, animals Meningitis,
monocytogenes bacteremia
Bacillus
B. anthracis F F = Exotoxin® Imported animal ~ Anthrax
products
B. cereus — + + Enterotoxin,  Ubiquitous Food poisoning,
pyogenic opportunistic
toxin infection
Other species = F T Ubiquitous

Abbreviations: DT, diphtheria toxin; LLO, listerolysin O.

“Exotoxin contains three components: lethal factor, protective antigen, and edema factor.

C. diphtheriae can produce DT
coded by lysogenic phage

2)JBACTERIOLOGY

C. diphtheriae are differentiated from other corynebacteria by the appearance of colonies
on the selective media used for its isolation and a variety of biochemical reactions.
Strains of C. diphtheriae may or may not produce diphtheria toxin (DT). Those that do
have the structural gene for DT acquired from the genome of a specific bacteriophage.
Only strains that are lysogenic for these phages produce toxin.

TABLE 18-2
Other Aerobic and Facultative Gram-Positive Bacilli
ORGANISM FEATURES EPIDEMIOLOGY DISEASE
Corynebacterium Closely related to C. Similar to diphtheria, Pharyngitis
ulcerans diphtheriae, including also infects animals
ability to produce small
amounts of DT
Corynebacterium Multiresistant, often Acquired from skin Bacteremia, IV catheter
Jeikeium susceptible only to colonization colonization
vancomycin
Erysipelothrix Resembles corynebacteria Traumatic inoculation Erysipeloid, painful, slow-
rhusiopathiae and Listeria from animal and spreading, erythematous

Lactobacillus spp.

Propionibacterium

Long, slender rods with
squared ends, often chain
end to end

Resemble corynebacteria,
anaerobes, or
microaerophiles

decaying organic
matter

Normal oral,
gastrointestinal, and
vaginal flora

Normal skin flora

swelling of skin.
Occupational disease of
fishermen, butchers, and
veterinarians

No human infections
L. acidophilus plays role in
pathogenesis of dental
caries

Rare cause of bacterial
endocarditis

Abbreviations: DT, diphtheria toxin; IV, intravenous.
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DT is an A-B toxin that acts in the cytoplasm to inhibit protein synthesis irre-
versibly in a wide variety of eukaryotic cells (Fig 18—1). After binding mediated by the
B subunit, both the A and B subunits enter the cell in a endocytotic vacuole. In the low
pH of the vacuole, the toxin unfolds exposing sites that facilitate translocation of the
A subunit from the phagosome to the cytosol. Separation is required for full activity of
the A subunit on its target protein elongation factor 2 (EF-2), which transfers polypep-
tidyl-transfer RNA from acceptor to donor sites on the ribosome of the host cell. The
specific action of the A subunit is to catalyze the transfer of the adenine ribose phos-
phate portion of nicotinamide adenine dinucleotide (NAD) to EF-2, an enzymatic reac-
tion called ADP-ribosylation. This inactivates EF-2 and shuts off protein synthesis.
The ADP-ribosylation leaves the toxin itself free to catalyze another reaction, making it
possible for a single DT molecule to inhibit protein synthesis in a cell within a few
hours. ADP-ribosylation is now known to be the enzymatic mechanism of action for a
number of toxins including those that act on EF-2 (DT, Pseudomonas aeruginosa exo-
toxin A) and those with other target proteins (cholera toxin, Escherichia coli LT, pertus-
sis toxin). C. diphtheriae itself is unaffected because it uses a protein other than EF-2
in protein synthesis.

A

Diphtheria toxin

Receptor for toxin

\ Receptor-mediated

endocytosis

Cell membrane

Active subunit
of toxin

ADP-ribosylated
(inactive) EF-2

Aminoacyl-tRNA
a_~

Ribosome

a

Polypeptide
chain

Acceptor site

Donor site

mRNA

FIGURE 18-1

Action of diphtheria toxin. The toxin-binding (B) portion attaches to the cell membrane, and the
complete molecule enters the cell. In the cell, the A subunit dissociates and catalyzes a reaction that
ADP-ribosylates and thus inactivates elongation factor 2 (EF-2). This factor is essential for riboso-
mal reactions at the acceptor and donor sites, which transfer triplet code from messenger RNA
(mRNA) to amino acid sequences via transfer RNA (tRNA). Inactivation of EF-2 stops building of
the polypeptide chain.
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@DIPHTHERIA

]

Diphtheria is a disease caused by the local and systemic effects of diphtheria
toxin, a potent inhibitor of protein synthesis. The local disease is a severe pharyn-
gitis typically accompanied by a plaquelike pseudomembrane in the throat and
trachea. The life-threatening aspects of diphtheria are due to the absorption of
the toxin across the pharyngeal mucosa and its circulation in the bloodstream.
Multiple organs are affected, but the most important is the heart, where the toxin
produces an acute myocarditis.

CLINICAL CAPSULE

EPIDEMIOLOGY

C. diphtheriae is transmitted by droplet spread, by direct contact with cutaneous infec-
tions, and, to a lesser extent, by fomites. Some subjects become convalescent pharyngeal
or nasal carriers and continue to harbor the organism for weeks to months or even for a
lifetime. Diphtheria is rare where immunization is widely used. In the United States, for
example, fewer than 10 cases are now reported each year. These usually occur as small
outbreaks in populations that have not received adequate immunization, such as migrant
workers, transients, and those who refuse immunization on religious grounds. It has been
more than 20 years since any outbreak exceeded 50 cases.

Diphtheria still occurs in developing countries and in those places where public health in-
frastructure has been disrupted. For example, in the former Soviet Union, where the annual
number of diphtheria cases had been below 200, over 47,000 cases and 1700 deaths occurred
between 1990 and 1995. This outbreak followed the introduction of diphtheria into a popula-
tion where the immunization rate for children was not sufficiently high, adults were not given
boosters, and the efforts at mass immunization early in the epidemic were inadequate.

PATHOGENESIS

C. diphtheriae has little invasive capacity, and diphtheria is due to the local and systemic
effects of DT, a protein exotoxin with potent cytotoxic features. It inhibits protein synthe-
sis in cell-free extracts of virtually all eukaryotic cells, from protozoa and yeasts to higher
plants and humans. Its toxicity for intact cells varies among mammals and organs, pri-
marily as a result of differences in toxin binding and uptake. In humans the B subunit
binds to one of a common family of eukaryotic receptors that regulate cell growth and
differentiation, thus exploiting a normal cell function.

The production of DT has both local and systemic effects. Locally, its action on ep-
ithelial cells leads to necrosis and inflammation, forming a pseudomembrane composed
of a coagulum of fibrin, leukocytes, and cellular debris. The extent of the pseudomem-
brane varies from a local plaque to an extensive covering of much of the tracheobronchial
tree. Absorption and circulation of DT allows binding throughout the body. Myocardial
cells are most affected; eventually, acute myocarditis develops.

The DT tox gene is regulated by a repressor protein (DtxR) in response to iron limita-
tion. Toxin biosynthesis is greatest when the bacteria are grown at low iron concentra-
tions. Iron seems to play a central role in the expression of virulence; the repressor also
regulates a corynebacterial siderophore system and a number of other proteins. Nontoxi-
genic strains of C. diphtheriae can produce pharyngitis, but not the toxic manifestations
of diphtheria. They can be converted to toxigenicity by lysogenization in vitro with
phage, and this process can probably occur in vivo.

IMMUNITY

Diphtheria toxin is antigenic, stimulating the production of protective antitoxin antibodies
during natural infection. Formalin treatment of toxin produces toxoid, which retains the anti-
genicity but not the toxicity of native toxin and is used in immunization against the disease. It
is clear that this process functionally inactivates fragment B. Whether it also inactivates frag-
ment A or prevents its ability to dissociate from fragment B is not known. Molecular studies
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of the A subunit structure and action suggest that another approach to immunization may be
through genetic engineering. For example, substitution of a single amino acid located in the
NAD-binding site of the A subunit of DT can completely detoxify but retain the immuno-
genic specificity of the toxin. The membrane-translocation properties of the B subunit have
also been used to transport other proteins into the cytosol by linking them to DT.

DIPHTHERIA: CLINICAL ASPECTS

MANIFESTATIONS

After an incubation period of 2 to 4 days, diphtheria usually presents as pharyngitis or ton-
sillitis. Typically, malaise, sore throat, and fever occur, and a patch of exudate or membrane
develops on the tonsils, uvula, soft palate, or pharyngeal wall. The gray-white pseudomem-
brane adheres to the mucous membrane, and may extend from the oropharyngeal area down
to the larynx and into the trachea. Associated cervical adenitis is common, and in severe
cases cervical adenitis and edema produce a “bullneck” appearance. In uncomplicated
cases, the infection gradually resolves, and the membrane is coughed up after 5 to 10 days.

The complications and lethal effects of diphtheria are caused by respiratory obstruc-
tion or by the systemic effect of DT absorbed at the site of infection. Mechanical obstruc-
tion of the airway produced by the pseudomembrane, edema, and hemorrhage can be
sudden and complete and can lead to suffocation, particularly if large sections of the
membrane separate from the tracheal or laryngeal epithelial surface. The DT absorbed
into the circulation causes injury to various organs, most seriously the heart. Diphtheritic
myocarditis appears during the second or third week in severe cases of respiratory diph-
theria. It is manifested by cardiac enlargement and weakness, arrhythmia, and congestive
heart failure with dyspnea. Nervous system involvement appears later in the course of dis-
ease, most often involving paralysis of the soft palate, oculomotor (eye) muscles, or select
muscle groups. The paralysis is reversible and is generally not serious unless the di-
aphragm is involved. The disease resolves with the formation of antitoxin antibody.

C. diphtheriae may produce nonrespiratory infections, particularly of the skin. The
characteristic lesion, which ranges from a simple pustule to a chronic, nonhealing ulcer,
is most common in tropical and hot, arid regions. Cardiac and neurologic complications
from these infections are infrequent, suggesting that the efficiency of toxin production or
absorption is low compared to that in respiratory infections.

DIAGNOSIS

The initial diagnosis of diphtheria is entirely clinical. There are presently no rapid labora-
tory tests of sufficient value to influence the decision regarding antitoxin administration.
Direct smears of infected areas of the throat are not reliable diagnostic tools. Definitive
diagnosis is accomplished by isolating and identifying C. diphtheriae from the infected
site and demonstrating its toxigenicity. Isolation is usually achieved with a selective
medium containing potassium tellurite (eg, Tinsdale medium).

It should be recognized that while the diagnosis of diphtheria could be once be made
and confirmed with great confidence, it is now more difficult because experience with the
disease is rare. Most physicians have never seen a case of diphtheria, and most laboratories
have never isolated the organism and do not even stock the required medium. Because rou-
tine throat culture procedures will not detect C. diphtheriae, the physician must advise the
laboratory of the suspicion of diphtheria in advance. Generally, 2 days are required to ex-
clude C. diphtheriae (ie, no colonies isolated on Tinsdale agar); however, more time is
needed to complete identification and toxigenicity testing of a positive culture.

TREATMENT

Treatment of diphtheria is directed at neutralization of the toxin with concurrent elimination
of the organism. The former is most critical and is accomplished by promptly administering a
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diphtheria antitoxin that neutralizes free toxin, but it will have no effect on toxin already
fixed to cells. C. diphtheriae is susceptible to a variety of antimicrobics, including penicillins,
cephalosporins, erythromycin, and tetracycline. Of these, erythromycin has been the most ef-
fective. The complications of diphtheria are managed primarily by supportive measures.

PREVENTION

The mainstay of diphtheria prevention is immunization. The vaccine is highly effective.
Three to four doses of diphtheria toxoid produce immunity by stimulating antitoxin pro-
duction. The initial series is begun in the first year of life (see Chapter 12). Booster im-
munizations at 10-year intervals maintain immunity. Fully immunized individuals may
become infected with C. diphtheriae, because the antibodies are directed only against the
toxin, but the disease is mild. Serious infection and death occur only in unimmunized or
incompletely immunized individuals. Immunization with DT toxoid prevents serious
toxin-medicated disease.

LISTERIA MONOCYTOGENES

GIBACTERIOLOGY

Listeria monocytogenes is a Gram-positive rod with some bacteriologic features that re-
semble those of both corynebacteria and streptococci. In stained smears of clinical and
laboratory material, the organisms resemble diphtheroids. Listeria are not difficult to
grow in culture, producing small, 8-hemolytic colonies on blood agar. This species is able
to grow slowly in the cold even at temperatures as low as 1°C. Listeria species are cata-
lase positive, which distinguishes them from streptococci, and produce a characteristic
tumbling motility in fluid media at 25°C that distinguishes them from corynebacteria.

Eleven L. monocytogenes serotypes are recognized based on flagellar and somatic sur-
face antigens, but the majority of human cases are limited to only three serotypes (1/2a,
1/2b, 4b). These serotypes differ from other Listeria in elements of the chemical teichoic
acid composition, a major component of their cell wall. The teichoic acid of serotype 4b,
which accounts for almost all food-borne listeriosis outbreaks, is distinctive in that there
are both galactose and glucose substituents in its N-acetylglucosamine.

@LISTERIOSIS

e |
w | Listeriosis is often an insidious infection in humans. Infection of the fetus or new-
§ born may result in stillbirth or a fulminant neonatal sepsis. In most adults, there
$ are usually only general manifestations, such as fever and malaise, associated with
I bacteremia.
O
z
O

EPIDEMIOLOGY

Members of Listeria are widespread among animals in nature, including those associated
with our food supply (eg, fowl, ungulates). The human reservoir appears to be intestinal
colonization, which various studies have shown to range from 2 to 12%. The importance
of food-borne transmission of listeriosis was not recognized until the early 1980s. A
widely publicized 1985 California outbreak involved consumption of Mexican-style soft
cheese and included 86 cases and 29 deaths. Most of the cases were among mother—infant
pairs. Dairy product outbreaks have been traced to post-pasteurization contamination or
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deviation from recommended time and temperature guidelines. An important feature of
some epidemics has been the ability of L. monocytogenes to grow at refrigerator tempera-
tures, allowing scant numbers to reach an infectious dose during storage. Heightened
awareness has implicated many other foodstuffs, particularly those prepared from animal
products in a ready-to-eat form such as sausages and delicatessen poultry items.

L. monocytogenes may also be transmitted transplacentally to the fetus, presumably
following hematogenous dissemination in the mother. It may also be transmitted to new-
borns in the birth canal in a manner similar to group B streptococci. Listeriosis is still not
a reportable disease in the United States, but active surveillance studies indicate that it
may account for more than 1000 cases and 200 deaths each year. Most cases occur at the
extremes of life (eg, in infants less than 1 month of age or adults over 60 years of age).

PATHOGENESIS

L. monocytogenes animal models have long been used for the study of cell-mediated immu-
nity because of the ability of the organism to grow in nonimmune macrophages. An activated
macrophage is needed to clear the infection, and in fact the concept of the activated
macrophage that appears throughout this book owes much to the study of experimental Liste-
ria infection. More recently, Listeria has generated great interest because of the mechanisms
it uses to invade and survive in macrophages and efficiently spread among epithelial cells.
The first step in this process takes place when L. monocytogenes attaches to and is inter-
nalized into nonprofessional and professional phagocytes. These include enterocytes,
fibroblasts, dendritic cells, hepatocytes, endothelial cells, M cells, and macrophages. Under
the influence of a surface protein called internalin, Listeria causes a local reorganization of
the cytoskeleton of the cell and stimulates its own entry in a membrane-bound vacuole. The
invading bacteria rapidly escape into the host cell cytosol by elaborating listeriolysin O
(LLO), which acts in a manner similar to streptolysin O and other pore-forming cytotoxins.
Once in the cytosol, L. monocytogenes continues to move through the cell by control-
ling the metabolism of the cell’s actin filaments. This process is stimulated by other sur-
face proteins (ActA, gelsolin), which control the actin polymerization so that actin
monomers are sequentially concentrated directly behind the bacterium. The net effect is
the appearance of a bacterial “tail” that is connected to the long actin filaments. The addi-
tion of new actin units to the tail propels the organisms through the cytosol like a comet
through the evening sky (Fig 18—2). The motile Listeria eventually reach the edge of the
cell where, instead of stopping, they protrude into the adjacent cell taking the original cell
membrane along with them. When these pinch off, the organisms are surrounded by a
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Intracellular movement of Listeria
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double set of host cell membranes that are dissolved by LLO and phospholipases, releas-
ing the organisms to start the cycle again.

This complex strategy allows L. monocytogenes to survive in macrophages by escap-
ing the phagosome, and then to spread from epithelial cell to epithelial cell without expo-
sure to the immune system. How does Listeria keeps its LLO from destroying the host
cell membrane from the inside as the pore-forming toxins of other bacteria do from the
outside? It appears that L. monocytogenes may be able to not only regulate the timely
production of LLO but also to trigger its degradation by host cell proteolytic enzymes af-
ter it has left the endosome vacuole. LLO and several other genes, including those
involved in actin rearrangement, are all part of a virulence regulon. The result is a surgi-
cally precise deployment of virulence factors.

IMMUNITY

Immunity to Listeria infection owes little to humoral and much to cell-mediated mecha-
nisms. The generation of antigen-specific CD4+ and CD8+ T-cell subsets is required for
the resolution of infection and the establishment of long-lived protection. Neutrophils
play a role in early stages by lysing Listeria infected cells, but it is cytokine-activation
that reverses the intracellular growth in macrophages. The importance of cellular immu-
nity is emphasized by the increased frequency of listeriosis in those with its compromise
due to disease such as acquired immunodeficiency syndrome (AIDS), immunosuppres-
sive therapy, age, or pregnancy.

rf LISTERIOSIS: CLINICAL ASPECTS

<

MANIFESTATIONS

Listeriosis usually does not present clinically until there is disseminated infection. In food-
borne outbreaks, sometimes gastrointestinal manifestations of primary infection such as
nausea, abdominal pain, diarrhea, and fever occur. Disseminated infection in adults is usu-
ally occult, involving fever, malaise, and constitutional symptoms without an obvious
focus. L. monocytogenes has a tropism for the central nervous system (CNS), including the
brain parenchyma (encephalitis) and brainstem, but the meningitis it causes is not distinct
from that associated with other leading bacterial pathogens (Streptococcus pneumoniae,
Neisseria meningitidis).

Neonatal and puerperal infections appear in settings similar to those of infections with
group B streptococci. Intrauterine infection leads to stillbirth or a disseminated infection
at or near birth. If the pathogen is acquired in the birth canal, the onset of disease is later.
The risk of disease is increased in elderly and immunocompromised individuals as well
as women in late pregnancy. The number of cases in AIDS patients has been estimated at
300 times the general population.

DIAGNOSIS

Diagnosis of listeriosis is by culture of blood, cerebrospinal fluid (CSF), or focal lesions.
In meningitis, CSF Gram stains are usually positive. The first indication that Listeria is
involved is often the discovery that the B-hemolytic colonies subcultured from a blood
culture bottle are Gram-positive rods rather than streptococci.

TREATMENT AND PREVENTION

L. monocytogenes is susceptible to penicillin G, ampicillin, and trimethoprim/sul-
famethoxazole, all of which have been used effectively. Ampicillin combined with gen-
tamicin is considered the treatment of choice for fulminant cases. Intense surveillance to
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prevent the sale of Listeria-contaminated ready-to-eat meat products has led to a marked
decrease in the incidence of new infections. There is no vaccine.

BACILLUS

The genus Bacillus includes many species of aerobic or facultative, spore-forming, Gram-
positive rods. With the exception of one species, B. anthracis, they are low-virulence
saprophytes widespread in air, soil, water, dust, and animal products. B. anthracis causes
the zoonosis anthrax, a disease of animals that is occasionally transmitted to humans.

The genus is made up of rod-shaped organisms that can vary from coccobacillary to
rather long-chained filaments. Motile strains have peritrichous flagella. Formation of
round or oval spores, which may be central, subterminal, or terminal depending on the
species, is characteristic of the genus. Bacillus species are Gram positive; however, posi-
tivity is often lost, depending on the species and the age of the culture.

With Bacillus, growth is obtained with ordinary media incubated in air and is reduced
or absent under anaerobic conditions. The bacteria are catalase positive and metabolically
active. The spores survive boiling for varying periods and are sufficiently resistant to heat
that those of one species are used as a biologic indicator of autoclave efficiency. Spores of
B. anthracis survive in soil for decades.

Bacillus anthracis

BIRACTERIOLOGY

B. anthracis has a tendency to form very long chains of rods and in culture is nonmotile
and nonhemolytic; colonies are characterized by a rough, uneven surface with multiple
curled extensions at the edge resembling a “Medusa head.” B. anthracis has a D-glutamic
acid polypeptide capsule of a single antigenic type that has antiphagocytic properties. The
organism is also is a potent producer of one or more exotoxins, which although they have
been given multiple names (lethal factor, edema factor, protective antigen), represent sepa-
rate activities of a protein complex. In various combinations and configurations these pro-
teins may exhibit binding, cytolytic, or enzymatic activity. One such combination exhibits
adenylate cyclase activity similar to that seen in Bordetella pertussis (see Chapter 24).

(S ANTHRAX

B ———

Human anthrax is typically an ulcerative sore on an exposed part of the body.
Constitutional symptoms are minimal, and the ulcer usually resolves without
complications. If anthrax spores are inhaled, a fulminant pneumonia may lead to
respiratory failure and death.

CLNIicAL CAPSULE

The isolation of B. anthracis, the proof of its relationship to anthrax infection, and the
demonstration of immunity to the disease are among the most important events in the his-
tory of science and medicine. Robert Koch rose to fame in 1877 by growing the organism
in artificial culture using pure culture techniques. He defined the stringent criteria needed
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to prove that the organism caused anthrax (Koch’s postulates), then met them experimen-
tally. Louis Pasteur made a convincing field demonstration at Pouilly-le-Fort to show that
vaccination of sheep, goats, and cows with an attenuated strain of B. anthracis prevented
anthrax. He was cheered and carried on the shoulders of the grateful farmers of the dis-
trict, an experience now, unhappily, largely restricted to winning football coaches.

EPIDEMIOLOGY

Anthrax is primarily a disease of herbivores such as horses, sheep, and cattle who acquire
it from spores of B. anthracis contaminating their pastures. Humans become infected
through contact with these animals or their products in a way that allows the spores to be
inoculated through the skin, ingested, or inhaled. In the 1920s, more than 100 cases oc-
curred annually in the United States among farmers, veterinarians, and meat handlers, but
the control of animal anthrax in developed countries has made human cases rare. A few
endemic foci persist in North America and have been the source of naturally acquired dis-
ease. Another source is animal products such as wool, hides, or bone meal fertilizer that
have been imported from a country where animal anthrax is endemic.

The real threat associated with anthrax comes from its continuing appeal to those bent
on using it as an agent of biological warfare or terrorism. The long life, stability, and low
mass of the dried spores make the prospect of someone producing a “cloud of death”
leading to massive pulmonary anthrax a chilling reality. A 1979 episode resulting in more
than 50 anthrax deaths in the former Soviet Union is now attributed to an accidental ex-
plosion at a biological warfare research facility that involved more than 20 pounds of
anthrax spores. United Nations inspection teams in the Middle East recently uncovered
facilities for the production of massive amounts of spores together with plans to create
and spread infectious aerosols using missile warheads. The inhalation anthrax among
postal workers following the September 11, 2001 terrorist attacks appears to have been
due to the mailing of envelopes containing “weapons-grade” anthrax spores stolen from a
biologic warfare research facility. Such spores had been treated to enhance their
aerosolization and dissemination.

PATHOGENESIS

When spores of B. anthracis reach the rich environment of human tissues, they germinate
and multiply in the vegetative state. The antiphagocytic properties of the capsule aid in
survival, eventually allowing production of large enough amounts of the exotoxins to cause
disease. The tripartite nature of the anthrax exotoxin complex must play an important role
but the timing and relative importance of the components are not known. The adenylate cy-
clase activity is believed to correlate with the striking edema seen at infected sites.

IMMUNITY

The specific mechanisms of immunity against B. anthracis are not known. Experimental
evidence favors antibody directed against the toxin complex, but the relative role of the
components of the toxin is not clear. The capsular glutamic acid is immunogenic but anti-
body against it is not protective.

ANTHRAX: CLINICAL ASPECTS

Cutaneous anthrax usually begins 2 to 5 days after inoculation of spores into an exposed
part of the body, typically the forearm or hand. The initial lesion is an erythematous papule,
which may be mistaken for an insect bite. This papule usually progresses through vesicular
and ulcerative stages in 7 to 10 days to form a black eschar (scab) surrounded by edema.
This lesion complex is known as the “malignant pustule,” although it is neither malignant
nor a pustule. Associated systemic symptoms are usually mild, and the lesion typically heals
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very slowly after the eschar separates. Less commonly, the disease progresses with massive
local edema, toxemia, and bacteremia; it has a fatal outcome if untreated.

Pulmonary anthrax is contracted by inhalation of spores. Historically, this occurred
when contaminated hides, hair, wool, and the like are handled in a confined space (wool-
sorter’s disease) or following laboratory accidents. Today it is the form we would expect
from the dissemination of a spore aerosol in biologic warfare. In the pulmonary syndrome,
1 to 5 days of nonspecific malaise, mild fever, and nonproductive cough lead to progressive
respiratory distress and cyanosis. Massive spread to the bloodstream and CNS follow
rapidly. Mediastinal edema was a prominent finding in the postal workers. If untreated, pro-
gression to a fatal outcome is usually very rapid once bacteremia has developed.

DIAGNOSIS

Culture of skin lesions, sputum, blood, and CSF are the primary means of anthrax diag-
nosis. Given some suspicion on epidemiologic grounds, Gram stains of sputum or other
biologic fluids showing large numbers of Gram-positive bacilli can indicate the diagnosis.
In September of 2001, diagnosis of the first case in Florida was speeded by an infectious
disease specialist who knew such rods were extremely rare in the spinal fluid. Such bacilli
are also unusual in sputum.

B. anthracis and other Bacillus species are not difficult to grow. In fact, clinical labo-
ratories frequently isolate the nonanthrax species as environmental contaminants. The
saprophytic species are usually B-hemolytic and motile; these features can be used to ex-
clude B. anthracis. Blood cultures are positive in most cases of pulmonary anthrax.

TREATMENT

Antimicrobial treatment has little effect on the course of cutaneous anthrax but does pro-
tect against dissemination. Almost all strains of B. anthracis are susceptible to penicillin,
which remains the treatment of choice for all forms of anthrax. Doxycycline or
ciprofloxacin are alternatives and are also recommended for chemoprophylaxis in the
case of known or suspected exposure.

PREVENTION

The most important preventive measures are those that eradicate animal anthrax and limit
imports from endemic areas. Vaccines are also useful. Pasteur’s vaccine used a live strain
attenuated by repeated subculture that resulted in the loss of a plasmid encoding toxin
production. A similar live vaccine is still effective for animals, but inactivated human vac-
cines have a less certain efficacy. The vaccine used by the US military is prepared from
filtrates of a nonencapsulated B. anthracis strain that produces the protective antigen
component of the toxin complex. Its acceptance is complicated by fears that the architects
of biological warfare may have crafted strains for which this vaccine is not protective.
Proof of the efficacy of the vaccine in humans is neither practical nor ethical.

Other Bacillus Species

Bacillus spores are widespread in the environment, and isolation of one of the more than
20 Bacillus species other than B. anthracis from clinical material usually represents conta-
mination of the specimen. Occasionally B. cereus, B. subtilis, and some other species pro-
duce genuine infections, including infections of the eye, soft tissues, and lung. Infection is
usually associated with immunosuppression, trauma, an indwelling catheter, or contamina-
tion of complex equipment such as an artificial kidney. The relative resistance of Bacillus
spores to disinfectants aids their survival in medical devices that cannot be heat sterilized.
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B. cereus deserves special mention. This species is most likely to cause opportunistic
infection, which suggests a virulence intermediate between that of B. anthracis and the
other species. A strain isolated from an abscess has been shown to produce a destructive
pyogenic toxin. B. cereus can also cause food poisoning by means of enterotoxins.
One enterotoxin acts by stimulating adenyl cyclase production and fluid excretion in the
same manner as toxigenic E. coli and Vibrio cholerae (see Chapters 21 and 22).
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CHAPTER 19

Clostridium,
Peptostreptococcus,
Bacteroides, and Other
Anaerobes

KENNETH J. RYaN

The bacteria discussed in this chapter are united by a common requirement for anaero-
bic conditions for growth. Organisms from multiple genera and all Gram stain categories
are included. Most of them produce endogenous infections adjacent to the mucosal sur-
faces, where they are members of the normal flora. The clostridia form spores that allow
them to produce diseases, such as tetanus and botulism, following environmental contam-
ination of tissues or foods. Another anaerobic genus of bacteria, Actinomyces, is dis-
cussed in Chapter 29.

(GENERAL FEATURES: ANAEROBES AND ANAEROBIC INFECTION

% BACTERIOLOGY: ANAEROBIC BACTERIA

THE NATURE OF ANAEROBIOSIS

Anaerobes not only survive under anaerobic conditions, they require them to initiate and
sustain growth. By definition, anaerobes fail to grow in the presence of 10% oxygen, but
some are sensitive to oxygen concentrations as low as 0.5% and are killed by even brief
exposures to air. However, oxygen tolerance is variable, and many organisms can survive
in 2 to 8% oxygen, including most of the pathogenic species. The mechanisms involved
are incompletely understood but clearly represent a continuum from species described as
aerotolerant to those that require the culture medium to be prepared and stored under
anaerobic conditions.

Anaerobes lack the cytochromes required to use oxygen as a terminal electron accep-
tor in energy-yielding reactions, and thus generate energy solely by fermentation (see
Chapter 3). Some anaerobes will not grow unless the oxidation-reduction potential is
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extremely low (—300 mV), because critical enzymes must be in the reduced state to be
active, aerobic conditions create a metabolic block.

Another element of anaerobiosis is the direct susceptibility of anaerobic bacteria to
oxygen. For most aerobic and facultative bacteria, catalase and/or superoxide dismutase
neutralize the toxicity of the oxygen products hydrogen peroxide and superoxide (see
Chapter 3). Most anaerobes lack these enzymes and are injured when these oxygen prod-
ucts are formed in their microenvironment. As will be discussed below, some of the most
virulent anaerobic pathogens are able to produce catalase or superoxide dismutase.

CLASSIFICATION

The anaerobes indigenous to humans include almost every morphotype and hundreds of
species. Typical biochemical and cultural tests are used for classification, although this is
difficult because the growth requirements of each anaerobic species must be satisfied.
Characterization of cellular fatty acids and metabolic products by chromatography has
been useful for many anaerobic groups. Nucleic acid base composition and homology
have been used extensively to rename older taxonomy. The genera most commonly asso-
ciated with disease are shown in Table 19—1 and discussed below.

Anaerobic Cocci

Virtually all the medically important species of anaerobic Gram-positive cocci are now
classified in a single genus, Peptostreptococcus. With Gram staining, these bacteria are
most often seen as long chains of tiny cocci. Veillonella, a Gram-negative genus, deserves
mention because of its potential for confusion with Neisseria, the only other Gram-
negative coccus (see Chapter 20).

Clostridia

The clostridia are large, spore-forming, Gram-positive bacilli. Like their aerobic counter-
part, Bacillus, clostridia have spores that are resistant to heat, desiccation, and disinfec-
tants. They are able to survive for years in the environment and return to the vegetative
form when placed in a favorable milieu. The shape of the cell and location of the spore
varies with the species, but the spores themselves are rarely seen in clinical specimens.
The medically important clostridia are potent producers of one or more protein exo-
toxins. The histotoxic group including Clostridium perfringens and five other species
(see Table 19-2) produces hemolysins at the site of acute infections that have lytic ef-
fects on a wide variety of cells. The neurotoxic group including C. tetani and C. botu-
linum produces neurotoxins that exert their effect at neural sites remote from the bacteria.

disease C. difficile produces enterotoxins and disease in the intestinal tract. Many of the more
than 80 other nontoxigenic clostridial species are also associated with disease.
TABLE 19-1
Usual Locations of Opportunistic Anaerobes
MOUTH OR UROGENITAL
ORGANISM GRAM STAIN PHARYNX INTESTINE TrACT SKIN
Peptostreptococcus Positive cocci + + + —
Propionibacterium Positive rods = = = 4F
Clostridium Positive rods (large) = 4F = =
Bacteroides fragilis group Negative rods = 4 = =
(coccobacillary)
Fusobacterium Negative rods (elongated) + + — —
Prevotella Negative rods 4 4 =
Porphyromonas Negative rods + +
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TABLE 19-2
Features of Pathogenic Anaerobes
BACTERIOLOGIC
ORGANISM FEATURES EXOTOXINS SOURCE DISEASE
GRAM-POSITIVE COCCI
Peptostreptococcus Mouth, intestine Oropharyngeal infections,
brain abscess
GRAM-NEGATIVE COCCI
Veillonella Intestine Rare opportunist
GRAM-POSITIVE BACILLI
Clostridium perfringens Spores a-toxin, 0-toxin, Intestine, Cellulitis, gas gangrene,
enterotoxin environment, enterocolitis
food
Histotoxic species Spores Intestine, Cellulitis, gas gangrene
similar to C. environment
perfringens®
C. tetani Spores Tetanospasmin Environment Tetanus
C. botulinum Spores Botulinum Environment Botulism
C. dif cile Spores A enterotoxin, B Intestine, Antibiotic-associated
cytotoxin environment diarrhea, enterocolitis
(nosocomial)
Propionibacterium Skin Rare opportunist
Eubacterium Intestine Rare opportunist
GRAM-NEGATIVE BACILLI
Bacteroides Polysaccharide Enterotoxin Intestine Opportunist, abdominal
fragilis® capsule abscess
Bacteroides species Intestine Opportunist
Fusobacterium Mouth, intestine Opportunist
Prevotella Black pigment Mouth, urogenital ~ Opportunist
Porphyromonas Mouth, urogenital ~ Opportunist

@ C. histolyticum, C. noyyi, C. septicum, and C. sordellii.

b The Bacteroides fragilis group includes B. fragilis, B. distasonis, B. ovatus, B. vulgatus, B. thetaiotaomicron, and six other species.

Nonsporulating Gram-positive Bacilli

Propionibacterium is a genus of small pleomorphic bacilli sometimes called anaerobic
diphtheroids because of their morphologic resemblance to corynebacteria. They are
among the most common bacteria in the normal flora of the skin. Eubacterium is a genus
that includes long slender bacilli commonly found in the colonic flora. These organisms
are occasionally isolated from infections in combination with other anaerobes but rarely
produce disease on their own.

Gram-negative Bacilli

Gram-negative, non—spore-forming bacilli are the most common bacteria isolated from
anaerobic infections. In the past, most species were lumped into the genus Bacteroides,
which still exists but now includes five other genera. Of these, Fusobacterium, Porphy-
romonas, and Prevotella are medically the most important. The Bacteroides fragilis
group contains B. fragilis and 10 similar species noted for their virulence and production

Members of the normal flora

Five genera are medically
important
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of B-lactamases. (Species outside this group generally lack these features and are more
similar to the other anaerobic Gram-negative bacilli.) B. fragilis is a relatively short
Gram-negative bacillus with rounded ends sometimes giving a coccobacillary appear-
ance. The lipopolysaccharide (LPS) in its outer membrane has a much lower lipid
content and thus lower toxic activity than that of most other Gram-negative bacteria.
Virtually all B. fragilis strains have a polysaccharide capsule and are relatively oxygen
tolerant through production of superoxide dismutase. Prevotella, Porphyromonas, and
Fusobacterium are distinguished by biochemical and other taxonomic features. Pre-
votella melaninogenica forms a black pigment in culture, and Fusobacterium, as its
name suggests, is typically elongated and has tapered ends.

(= ANAEROBIC INFECTIONS

[—

EPIDEMIOLOGY

Despite our constant immersion in air, anaerobes are able to colonize the many oxygen-
deficient or oxygen-free microenvironments of the body. Often these are created by the
presence of facultative organisms whose growth reduces oxygen and decreases the local
oxidation-reduction potential. Such sites include the sebaceous glands of the skin, the
gingival crevices of the gums, the lymphoid tissue of the throat, and the lumina of the in-
testinal and urogenital tracts. Except for infections with some environmental clostridia,
anaerobic infections are almost always endogenous with the infective agent(s) derived
from the patient’s normal flora. The specific anaerobes involved are linked to their preva-
lence in the flora of the relevant sites as shown in Table 19—1. In addition to the presence
of clostridia in the lower intestinal tract of humans and animals, their spores are widely
distributed in the environment, particularly in soil exposed to animal excreta. The spores
may contaminate any wound caused by a nonsterile object (eg, splinter, nail) or exposed
directly to soil.

PATHOGENESIS

The anaerobic flora normally live in a harmless commensal relationship with the host.
However, when displaced from their niche on the mucosal surface into normally sterile
tissues these organisms may cause life-threatening infections. This can occur as the result
of trauma (eg, gunshot, surgery), disease (eg, diverticulosis), or isolated events (eg, aspi-
ration). Host factors such as malignancy or impaired blood supply increase the probabil-
ity that the dislodged flora eventually produce an infection. The organisms involved are
anaerobes normally found at the mucosal site adjacent to the infection. For example, B.
fragilis, which is one of the most common species in the colonic flora, is the organism
most frequently isolated from intra-abdominal abscesses.

The relationship between normal flora and site of infection may be indirect. For ex-
ample, aspiration pneumonia, lung abscess, and empyema typically involve anaerobes
found in the oropharyngeal flora. The brain is not a particularly anaerobic environment,
but brain abscess is most often caused by these same oropharyngeal anaerobes. This pre-
sumably occurs by extension across the cribriform plate to the temporal lobe, the typical
location of brain abscess. In contaminated open wounds, clostridia can come from the in-
testinal flora or from spores surviving in the environment.

While gaining access to tissue sites provides the opportunity, additional virulence
factors are needed for anaerobes to produce infection. Some anaerobic pathogens pro-
duce disease even when present as a minor part of the displaced resident flora, and
other common members of the normal flora rarely cause disease. Classical virulence
factors such as toxins and capsules are known only for the toxigenic clostridia and
B. fragilis, but a feature such as the ability to survive brief exposures to oxygenated en-
vironments can also be viewed as a virulence factor. Anaerobes found in human infec-
tions are far more likely to produce catalase and superoxide dismutase than their more
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docile counterparts of the normal flora. Exquisitely oxygen-sensitive anaerobes are
seldom involved, probably because they are injured by even the small amounts of oxy-
gen dissolved in tissue fluids.

A related feature is the ability of the bacteria to create and control a reduced microen-
vironment, often with the apparent help of other bacteria. The great majority of anaerobic
infections are mixed; that is, two or more anaerobes are present, often in combination
with facultative bacteria such as Escherichia coli (Fig 19—-1). In some cases the compo-
nents of these mixtures are believed to synergize each other’s growth either by providing
growth factors or by lowering the oxidation-reduction potential. These conditions may
have other advantages such as the inhibition of oxygen-dependent leukocyte bactericidal
functions under the anaerobic conditions in the lesion. Anaerobes that produce specific
toxins have a pathogenesis all their own, which will be discussed in the sections devoted
to individual species.
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Bacteroides, Fusobacterium, and peptostreptococci, alone or together with other faculta-
tive or obligate anaerobes, are responsible for the overwhelming majority of localized
abscesses within the cranium, thorax, peritoneum, liver, and female genital tract. As indi-
cated earlier, the species involved relate to the pathogens present in the normal flora of
the adjacent mucosal surface. Those derived from the oral flora also include dental infec-
tions and infections of human bites.

In addition, anaerobes play causal roles in chronic sinusitis, chronic otitis media, aspi-
ration pneumonia, bronchiectasis, cholecystitis, septic arthritis, osteomyelitis, decubitus
ulcers, and soft tissue infections of patients with diabetes mellitus. Dissection of infection
along fascial planes (necrotizing fasciitis) and thrombophlebitis are common complica-
tions. Foul-smelling pus and crepitation (gas in tissues) are signs associated with, but by
no means exclusive to, anaerobic infections. As with other bacterial infections, they may
spread beyond the local site and enter the bloodstream. The mortality rate of anaerobic
bacteremias arising from nongenital sources is equivalent to the rates with bacteremias
due to staphylococci or Enterobacteriaceae.

FIGURE 19-1

Gram smear of pus from an ab-
dominal abscess showing poly-
morphonuclear leukocytes, large
numbers of Gram-negative anaer-
obes and some peptostreptococci.
(Reproduced with permission of
Schering Corporation, Kenilworth,
NJ, the copyright owner. All rights
reserved.)

Mixed infections may facilitate an
anaerobic microenvironment

Abscesses are usually caused by
Bacteroides, Fusobacterium, or
peptostreptococci

Foul-smelling pus suggests
anaerobic infection
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DIAGNOSIS

The key to detection of anaerobes is a high quality specimen, preferably pus or fluid
taken directly from the infected site. The specimen needs to be taken quickly to the mi-
crobiology laboratory and protected from oxygen exposure while on the way. Special
anaerobic transport tubes may be used or any air from the syringe in which the specimen
was collected may be expressed. Actually, a generous collection of pus serves as an ade-
quate transport medium unless transport is delayed for hours.

A direct Gram-stained smear of clinical material demonstrating Gram-negative and/or
Gram-positive bacteria of various morphologies is highly suggestive, often even diagnos-
tic of anaerobic infection. Because of the typically slow and complicated nature of anaer-
obic culture, the Gram stain often provides the most useful information for clinical
decision-making. Isolation of the bacteria requires the use of an anaerobic incubation at-
mosphere and special media protected from oxygen exposure. Although elaborate
systems are available for this purpose, the simple anaerobic jar is sufficient for isolation
of the clinically significant anaerobes. The use of media that contain reducing agents
(cysteine, thioglycollate) and growth factors needed by some species further facilitates
isolation of anaerobes. The polymicrobial nature of most anaerobic infections requires the
use of selective media to protect the slow growing anaerobes from being overgrown by
hardier bacteria, particularly members of the Enterobacteriaceae. Antibiotics, particularly
aminoglycosides to which all anaerobes are resistant, are frequently used. Once the bacte-
ria are isolated, identification procedures including morphology, biochemical characteri-
zation, and metabolic end-product detection by gas chromatography may begin.

TREATMENT

As with most abscesses, drainage of the purulent material is the primary treatment, in as-
sociation with appropriate chemotherapy. Antimicrobics alone may be ineffective because
of failure to penetrate the site of infection. The selection of antimicrobics used is empiric
to a degree; such infections typically involve mixed species, and cultural diagnosis is de-
layed by the slow growth and the time required to distinguish multiple species. In addi-
tion, antimicrobial susceptibility testing methods are slow and less standardized than they
are for the rapidly growing bacteria. The usual approach involves selection of antimicro-
bics based on the expected susceptibility of the anaerobes known to produce infection at
the site in question. For example, anaerobic organisms derived from the oral flora are of-
ten susceptible to penicillin, but infections below the diaphragm caused by fecal anaer-
obes such as B. fragilis are usually resistant to B-lactams. These latter infections are most
likely to respond to clindamycin, metronidazole, or a cephalosporin such as cefoxitin,
which is not inactivated by the B-lactamases produced by anaerobes.

CLOSTRIDIUM PERFRINGENS

{&IBACTERIOLOGY

C. perfringens is a large, Gram-positive, nonmotile rod with square ends. It grows
overnight on blood agar medium under anaerobic conditions, producing colonies sur-
rounded by a double zone of hemolysis (Fig 19-2). In broth containing fermentable car-
bohydrate, growth of C. perfringens is accompanied by the production of large amounts
of hydrogen and carbon dioxide gas, which can also be produced in necrotic tissues;
hence the term gas gangrene.

C. perfringens produces multiple exotoxins that have different pathogenic signifi-
cance in different animal species and serve as the basis for classification of the five types
(A to E). Type A is by far the most important in humans and is found consistently in the
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colon and often in soil. The most important exotoxin is the a-toxin, a phospholipase that
hydrolyzes lecithin and sphingomyelin, thus disrupting the cell membranes of various
host cells, including erythrocytes, leukocytes, and muscle cells. The @-toxin alters capil-
lary permeability and is toxic to heart muscle. This pore-forming toxin is closely related
to streptolysin O (see Chapter 17). When the enterotoxin is attached to enterocyte mem-
branes, it causes an increase in intracellular calcium and altered membrane permeability
which leads to loss of cellular uid and macromolecules.

@C. perfringens DISEASE

[S—

C. perfringens produces a wide range of wound and soft tissue infections, many of

wy
g which are no different from those caused by other opportunistic bacteria. The
$  most dreaded of these, gas gangrene, begins as a wound infection but progresses
3 to shock and death in a matter of hours. Another form of C. perfringens-caused
% disease, food poisoning, is characterized by diarrhea without fever or vomiting.
O

EPIDEMIOLOGY

Gas Gangrene

Gas gangrene develops in traumatic wounds with muscle damage when they are contami-
nated with dirt, clothing, or other foreign material containing C. perfringens or another
species of histotoxic clostridia. The clostridia can come from the patient’s own intestinal

ora or spores in the environment. Compound fractures, bullet wounds, or the kind of

trauma seen in wartime are prototypes for this infection. A signi cant delay between the

FIGURE 19-2

C. perfringens colonies on a blood
agar plate showing double zone of
hemolysis. The inner clear zone is
caused by -toxin and the wider
zone of incomplete hemolysis
caused by -toxin.

Typing system is based on toxins
Phospholipase -toxin, pore-

forming -toxin, and enterotoxin
cause disease

Spores from the host or
environment contaminate wounds

Delays allow multiplication
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Gas is more likely than in gas
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Nonsterile abortion is greatest risk
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injury and definitive surgical management is an additional requirement. These conditions
are more likely to occur in peacetime in a hiking accident in a remote area rather than in
an automobile accident on a freeway.

Clostridial Food Poisoning

C. perfringens can cause food poisoning if large numbers of an enterotoxin-producing
strain are ingested. Outbreaks usually involve meat dishes such as stews, soups, or
gravies. Clostridial food poisoning is one of the most common food-borne illnesses in de-
veloped countries.

PATHOGENESIS
Gas Gangrene

If the oxidation—reduction potential in a wound is sufficiently low, C. perfringens spores
can germinate and can multiply, elaborating a-toxin. The process passes along the muscle
bundles, producing rapidly spreading edema and necrosis as well as conditions that are
more favorable for growth of the bacteria. Very few leukocytes are present in the myo-
necrotic tissue. As the disease progresses, increased vascular permeability and systemic
absorption of the toxin and inflammatory mediators leads to shock. 8-toxin and oxygen
deprivation due to the metabolic activities of C. perfringens are probable contributors.
The basis for the profound systemic effects is not known, but toxin absorption seems
probable, because fatal cases occur without bacteremia.

Clostridial Food Poisoning

The spores of some C. perfringens strains are often particularly heat resistant and can
withstand temperatures of 100°C for an hour or more. Thus, spores that survive initial
cooking can convert to the vegetative form and multiply if food is not refrigerated or is
rewarmed. After ingestion, the enterotoxin is released into the upper gastrointestinal tract,
causing a fluid outpouring in which the ileum is most severely involved.

C. perfringens: CLINICAL ASPECTS

MANIFESTATIONS
Gas Gangrene

Gas gangrene usually begins 1 to 4 days after the injury but may start within 10 hours.
The earliest reported finding is severe pain at the site of the wound accompanied by a
sense of heaviness or pressure. The disease then progresses rapidly with edema, tender-
ness, and pallor, which is followed by discoloration and hemorrhagic bullae. The gas is
apparent as crepitance in the tissue, but this is a late sign. Systemic findings are those of
shock with intravascular hemolysis, hypotension, and renal failure leading to coma and
death. Patients are often remarkably alert until the terminal stages.

Anaerobic Cellulitis

Anaerobic cellulitis is a clostridial infection of wounds and surrounding subcutaneous tis-
sue in which there is marked gas formation (more than in gas gangrene) but in which the
pain, swelling, and toxicity of gas gangrene are absent. This condition is much less seri-
ous than gas gangrene and can be controlled with less rigorous methods.

Endometritis

If C. perfringens gains access to necrotic products of conception retained in the uterus, it
may multiply and infect the endometrium. Necrosis of uterine tissue and septicemia with
massive intravascular hemolysis due to a-toxin may then follow. Clostridial uterine



CHAPTER 19 Clostridium and Other Anaerobes

infection occurred more commonly in the past, usually after an incomplete illegal abor-
tion with inadequately sterilized instruments.

Food Poisoning

The incubation period of 8 to 24 hours is followed by nausea, abdominal pain, and diarrhea.
There is no fever, and vomiting is rare. Spontaneous recovery usually occurs within 24 hours.

DIAGNOSIS

Diagnosis is based ultimately on clinical observations. Bacteriologic studies are adjunc-
tive. It is quite common, for example, to isolate C. perfringens from contaminated
wounds of patients who have no evidence of clostridial disease. The organism can also be
isolated from the postpartum uterine cervix of healthy women or from those with only
mild fever. Occasionally, C. perfringens is even isolated from blood cultures of patients
who do not develop serious clostridial infection. In clostridial food poisoning, isolation of
more than 103 C. perfringens per gram of ingested food in the absence of any other cause
is usually sufficient to confirm the etiology of a characteristic food poisoning outbreak.

TREATMENT AND PREVENTION

Treatment of gas gangrene and endometritis must be initiated immediately because these
conditions are almost always fatal if untreated. Excision of all devitalized tissue is of
paramount importance, because it denies the organism the anaerobic conditions required
for further multiplication and toxin production. This often entails wide resection of mus-
cle groups, hysterectomy, and even amputation of limbs. Administration of massive doses
of penicillin is an important adjunctive procedure. Because nonclostridial anaerobes and
members of the Enterobacteriaceae frequently contaminate injury sites, clindamycin and
broad-spectrum cephalosporins are often added to the antibiotic regimen. Placement of
patients in a hyperbaric oxygen chamber, which increases the tissue level of dissolved
oxygen, has been shown to slow the spread of disease, probably by inhibiting bacterial
growth and toxin production and by neutralizing the activity of 6-toxin.

The most effective method for prevention of gas gangrene is the surgical debridement
of traumatic injuries as soon as possible. Thorough cleansing, removal of dead tissue and
foreign bodies, and drainage of hematoma limit organism multiplication and toxin pro-
duction. Antimicrobic prophylaxis is indicated but cannot replace surgical debridement,
because the antimicrobics may fail to reach the organism in devascularized tissues.

Prevention involves good cooking hygiene and adequate refrigeration. There is grow-
ing evidence that enterotoxin-producing strains of C. perfringens may also be responsible
for some cases of antimicrobic-induced diarrhea in a setting similar to C. dif cile .

CLOSTRIDIUM TETANI

BACTERIOLOGY

C. tetani is a slim, Gram-positive rod, which may stain Gram negative in very young or old
cultures. It forms spores readily in nature and in culture, yielding a typical round terminal
spore that gives the organism a drumstick appearance before the residual vegetative cell
disintegrates. The organism is flagellate and motile. C. tetani requires strict anaerobic con-
ditions. Its identity is suggested by cultural and biochemical characteristics, but definite
identification depends on demonstrating its neurotoxic exotoxin. C. tefani spores remain
viable in soil or culture for many years. It is resistant to most disinfectants and withstands
boiling for several minutes.

The most important product of C. fetani is its neurotoxic exotoxin, tetanospasmin or
tetanus toxin, a metalloproteinase that enzymatically degrades a protein required for

Diarrhea without fever or vomiting
is most common

Isolation of clostridia alone is not
sufficient

Surgical treatment is essential for
gas gangrene and endometritis

Antibiotics and hyperbaric oxygen
are useful

Debridement of dead tissue is best

Gram-positive rods decolorize
readily

Toxin blocks release of inhibitory
neurotransmitters
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docking of neurotransmitter vesicles at the appropriate site on presynaptic membranes.
Loss of this function prevents release of neurotransmitters used by inhibitory afferent mo-
tor neurons. The effect is unopposed firing of the motor neurons, generating spasms. The
toxin is heat labile, antigenic, readily neutralized by antitoxin, and rapidly destroyed by
intestinal proteases. Treatment with formaldehyde yields a nontoxic product or toxoid
that retains the antigenicity of toxin and thus stimulates production of antitoxin.

ETETANUS

The striking feature of tetanus is severe muscle spasms (or “lockjaw” when the

wy
g jaw muscles are involved). This occurs despite minimal or no inflammation at the
$  primary site of infection, which may be unnoticed even though the outcome is fa-
S tal. The disease is caused by in vivo production of a neurotoxin that acts centrally,
Z not locally. Immunization with inactivated toxin, even after stepping on a rusty
O nail, prevents tetanus.

EPIDEMIOLOGY

The spores of C. tetani exist in many soils, especially those that have been treated with
manure, and the organism is sometimes found in the lower intestinal tract of humans and
animals. The spores are introduced into wounds contaminated with soil or foreign bodies.
The wounds are often quite small, (eg, a puncture wound with a splinter). In many devel-
oping countries, the majority of tetanus cases occur in recently delivered infants when the
umbilical cord is severed or bandaged in a nonsterile manner. Similarly, tetanus may fol-
low an unskilled abortion, scarification rituals, female circumcision, and even surgery
performed with nonsterile instruments or dressings.

PATHOGENESIS

The usual predisposing factor for tetanus is an area of very low oxidation—reduction po-
tential in which tetanus spores can germinate, such as a large splinter, an area of necrosis
from introduction of soil, or necrosis after injection of contaminated illicit drugs. Infec-
tion with facultative or other anaerobic organisms can contribute to the development of an
appropriate anaerobic nidus for spore germination. Tetanus bacilli multiply locally and
neither damage nor invade adjacent tissues. Tetanospasmin is elaborated at the site of in-
fection and enters the presynaptic terminals of lower motor neurons, reaching the central
nervous system (CNS) mainly by exploiting the retrograde axonal transport system in the
nerves. In the spinal cord, it acts at the level of the anterior horn cells, where its blockage
of postsynaptic inhibition of spinal motor reflexes produces spasmodic contractions of
both protagonist and antagonist muscles. This process takes place initially in the area of
the causative lesion but may extend up and down the spinal cord. Minor stimuli, such as a
sound or a draft, can provoke generalized spasms.

TETANUS: CLINICAL ASPECTS

MANIFESTATIONS

The incubation period of the disease is from 4 days to several weeks. The shorter incuba-
tion period is usually associated with wounds in areas supplied by the cranial motor
nerves, probably because of a shorter transmission route for the toxin to the CNS. In gen-
eral, shorter incubation periods are associated with more severe disease.
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The diagnosis is clinical; neither culture nor toxin testing are useful. Although tetanus
may be localized to muscles innervated by nerves in the region of the infection, it is usu-
ally more generalized. The masseter muscles are often the first to be affected, resulting in
inability to open the mouth properly (trismus); this effect accounts for the use of the term
lockjaw to describe the disease. As other muscles become affected, intermittent spasms
can become generalized to include muscles of respiration and swallowing. In extreme
cases, massive contractions of the back muscles (opisthotonos) develop (Fig 19-3).

Untreated patients with tetanus retain consciousness and are aware of their plight, in
which small stimuli can trigger massive contractions. In fatal cases, death results from ex-
haustion and respiratory failure. Untreated, the mortality caused by the generalized dis-
ease varies from 15 to more than 60%, according to the lesion, incubation period, and age
of the patient. Mortality is highest in neonates and in elderly patients.

TREATMENT

Specific treatment of tetanus involves neutralization of any unbound toxin with large
doses of human tetanus immune globulin (HTIG), which is derived from the blood of vol-
unteers hyperimmunized with toxoid. Most important in treatment are nonspecific
supportive measures, including maintenance of a quiet dark environment, sedation, and
provision of an adequate airway. Benzodiazepines are also used to indirectly antagonize
the effects of the toxin. The value of antimicrobics is not clear. Because toxin binding is
irreversible, recovery requires the generation of new axonal terminals.

PREVENTION

Routine active immunization with tetanus toxoid, combined with diphtheria toxoid and
pertussis vaccine (DTaP) for primary immunization in childhood and DT for adults, can
completely prevent the disease. It has reduced the incidence of tetanus in the United
States to less than 50 reported cases per year. Five doses of DT are recommended, to be
given at the ages of 2, 4, 6, and 18 months, and once again between the ages of 4 and
6 years. Thereafter a booster of adult-type tetanus diphtheria toxoid should be given every
10 years. Unfortunately, routine childhood immunization is not administratively and eco-
nomically feasible in many less well-developed countries, where as many as a million
cases of tetanus occur annually. In such settings, immunization efforts have been focused
on pregnant women, because transplacental transfer of antibodies to the fetus also pre-
vents the highly lethal neonatal tetanus.

Unimmunized subjects with tetanus-prone wounds should be given passive immunity
with a prophylactic dose of HTIG as soon as possible. This immunization provides immedi-
ate protection. Those who have had a full primary series of immunizations and appropriate
boosters are given toxoid for tetanus-prone wounds if they have not been immunized within
the previous 10 years in the case of clean minor wounds or 5 years for more contaminated
wounds. If immunization is incomplete or the wound has been neglected and poses a serious

FIGURE 19-3

Generalized tetanus. This child
shows opisthotonic posturing
caused by spasm of the spinal
musculature. (Photo courtesy of
Anastacio de Queiroz Sousa, MD,
Universidade Federal do Ceara,
Fortaleza, Brazil, and Martin
Cetron, MD, Centers for Disease
Control and Prevention, Atlanta.)

Incubation period varies with
distance to CNS

Masseter muscle contraction
causes lockjaw

Respiratory failure leads to death

Supportive treatment required
until axons regenerate

Childhood toxoid immunization
prevents disease

Boosters required every 10 years

Passive immunization used when
immunization is neglected
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risk of disease, HTIG is also appropriate. Penicillin therapy is a prophylactic adjunct in seri-
ous or neglected wounds but in no way alters the need for specific prophylaxis.

CLOSTRIDIUM BOTULINUM

BIBACTERIOLOGY

C. botulinum is a large Gram-positive rod much like the rest of the clostridia. Its spores
resist boiling for long periods, and moist heat at 121°C is required for certain destruction.
Germination of spores and growth of C. botulinum can occur in a variety of alkaline or
neutral foodstuffs when conditions are sufficiently anaerobic.

The major characteristic of medical importance is that when C. botulinum grows un-
der these anaerobic conditions, it elaborates a family of neurotoxins of extraordinary toxi-
city. Botulinum toxin is the most potent toxin known in nature, with an estimated lethal
dose for humans of less than 1 ug. Like tetanospasmin, botulinum toxin is a metallopro-
teinase that acts on the presynaptic membranes at neuromuscular junctions. Once bound,
it cleaves proteins involved in the release of acetylcholine at the synapse. The major ef-
fect of this blockage of acetylcholine release is paralysis of the motor system, but it also
causes dysfunction of the autonomic nervous system.

C. botulinum is classified into multiple types (A to G) based on the antigenic speci-
ficity of the neurotoxins. All of the toxins are heat labile and destroyed rapidly at 100°C
but are resistant to the enzymes of the gastrointestinal tract. If unheated toxin is ingested,
it is readily absorbed and distributed in the bloodstream.

 SBOTULISM

[S—

Botulism begins with cranial nerve palsies and develops into descending symmet-

w
% rical motor paralysis, which may involve the respiratory muscles. No fever or
$ other signs of infection occur. The time course depends on the amount of toxin
S present and whether it was ingested preformed in food or produced endogenously
Z in the intestinal tract or a wound.
O

EPIDEMIOLOGY

Spores of C. botulinum are found in soil, pond, and lake sediments in many parts of the
world, including the United States. If spores contaminate food, they may convert to the
vegetative state, multiply, and produce toxin in storage under proper conditions. This may
occur with no change in food taste, color, or odor. The alkaline conditions provided by
vegetables, such as green beans, and mushrooms and fish support the growth of C. botu-
linum, and the acidic conditions provided by foods such as canned fruit do not support the
growth of the bacterium. Botulism most often occurs after ingestion of home-canned
products that have not been heated at temperatures sufficient to kill C. botulinum spores,
although inadequately sterilized commercial fish products have also been implicated. Be-
cause the toxin is heat labile, food must be ingested uncooked or after insufficient cook-
ing. Botulism often occurs in small family outbreaks in the case of home-prepared foods
or less often as isolated cases connected to commercial products. Infant and wound botu-
lism results when the toxin is produced endogenously, beginning with environmental
spores that are either ingested or contaminate wounds.
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PATHOGENESIS

Food-borne botulism is an intoxication, not an infection. The ingested preformed toxin is
absorbed in the intestinal tract and reaches its neuromuscular junction target via the blood-
stream. Once bound there, its inhibition of acetylcholine release causes paralysis due to lack
of neuromuscular transmission. The specific disease manifestations depend on the specific
nerves to which the circulating toxin binds. Cardiac arrhythmias and blood pressure insta-
bility are believed to be due to effects of the toxin on the autonomic nervous system. As
with tetanus, the damage to the synapse once the toxin has bound is permanent and recov-
ery requires the sprouting of the presynaptic axons and formation of new synapses.

BOTULISM: CLINICAL ASPECTS

MANIFESTATIONS

Food-borne botulism usually starts 12 to 36 hours after ingestion of the toxin. The first signs
are nausea, dry mouth, and, in some cases, diarrhea. Cranial nerve signs, including blurred
vision, pupillary dilatation, and nystagmus, occur later. Symmetrical paralysis begins with
the ocular, laryngeal, and respiratory muscles and spreads to the trunk and extremities. The
most serious finding is complete respiratory paralysis. Mortality is 10 to 20%.

Infant Botulism

A syndrome associated with C. botulinum that occurs in infants between the ages of
3 weeks and 8 months is now the most commonly diagnosed form of botulism. The or-
ganism is apparently introduced on weaning or with dietary supplements, especially
honey, and multiplies in the infant’s colon, with absorption of small amounts of toxin.
The infant shows constipation, poor muscle tone, lethargy, and feeding problems and may
have ophthalmic and other paralyses similar to those in adult botulism. Infant botulism
may mimic sudden infant death syndrome. The benefits of antitoxin and antimicrobic
agents have not been clearly established.

Wound Botulism

Very rarely, wounds infected with other organisms may allow C. botulinum to grow.
Wound botulism in parenteral users of cocaine and maxillary sinus botulism in intranasal
users of cocaine has been reported. Disease similar to that from food poisoning may de-
velop, or it may begin with weakness localized to the injured extremity. Botulism without
an obvious food or wound source is occasionally reported in individuals beyond infancy.
It is possible that some such cases result from ingestion of spores of C. botulinum with
subsequent in vivo production of toxin in a manner similar to that in infant botulism.

DIAGNOSIS

The toxin can be demonstrated in blood, intestinal contents, or remaining food, but these
tests require inoculation of mice and are performed only in reference laboratories. C. bot-
ulinum may also be isolated from stool or from foodstuffs suspected of responsibility for
botulism.

TREATMENT AND PREVENTION

The availability of intensive supportive measures, particularly mechanical ventilation, is
the single most important determinant of clinical outcome. With proper ventilatory sup-
port, mortality should be less then 10%. The administration of large doses of horse
C. botulinum antitoxin is thought to be useful in neutralizing free toxin. Frequent hyper-
sensitivity reactions related to the equine origin of this preparation makes it unsuitable for
use in infants. Antimicrobial agents are given only to patients with wound botulism.
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Adequate pressure cooking or autoclaving in the canning process kills spores, and
heating food at 100°C for 10 minutes before eating destroys the toxin. Food from dam-
aged cans or those that present evidence of positive inside pressure should not even be
tasted because of the extreme toxicity of the C. botulinum toxin.

CLOSTRIDIUM DIFFICILE

S} BACTERIOLOGY

C. dif cile is a Gram-positive rod that readily forms spores. Its early reputation for fastid-
ious growth is responsible for its species epithet. Like the other clostridia described in
this section, C. dif cile has a most important medical feature: its ability to produce toxins.
In this species, two distinct large polypeptide toxins, A and B, with similar structure (45%
homology) are released during late growth phases of the vegetative organism, perhaps at
the time of cell lysis. Both toxins act in the cytoplasm by disrupting proteins involved in
signal transduction, particularly those involving the actin cytoskeleton. The A toxin
causes cell rounding and the disruption of intercellular tight junctions followed by altered
membrane permeability and fluid secretion. The net effect is that of an enterotoxin, al-
though inflammation and cytoxic activity are also present. The B toxin lacks the entero-
toxic properties of the A toxin but has cytotoxic potency at least 10 times higher. The two
toxins appear to act synergistically by a mechanism yet to be determined.

@C. difficile DIARRHEA

el

C. dif cile is the most common cause of diarrhea that develops in association with

[1N)
?3 the use of antimicrobial agents. The diarrhea ranges from a few days of intestinal
S fluid loss to life-threatening pseudomembranous colitis (PMC). This condition is
S associated with intense inflammation and the formation of a pseudomembrane
p composed of inflammatory debris on the mucosal surface.
O

EPIDEMIOLOGY

C. dif cile is present in 2 to 5% of the general population, sometimes at higher rates among
hospitalized persons and infants. More than two decades of the antibiotic era had elapsed
before the medical importance of C. dif cile was recognized through its association with
antibiotic-associated diarrhea (AAD). Although infection is endogenous in most cases, hos-
pital outbreaks have clearly established that the environment can be the source as well.

C. dif cile is by no means the only cause of ADD, but it is the most common identifi-
able cause. In simple diarrhea following antimicrobial administration, this organism is
responsible for approximately 30% of cases. As the disease progresses to colitis, the asso-
ciation is stronger, rising to 90% if PMC is present. Person-to-person transfer is very rare
except in the instance of hospital-acquired C. dif cile infections, where environmental or
hand contamination leads to infection of another patient.

PATHOGENESIS

When C. dif cile becomes established in the colon of individuals with normal gut flora,
few if any direct consequences result, probably because its numbers are dwarfed by the
other flora. Alteration of the colonic flora with antimicrobics (particularly ampicillin,
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FIGURE 19-4
Clostridium dif cile pseudomembranous colitis. The plaques (arrows) on the surface of the intesti-
nal mucosa (A) are composed of in ammatory cells and platelets (B).

cephalosporins, and clindamycin) favors C. dif cile in two ways. First, strains resistant to
the antimicrobic can grow in its presence and assume a larger if not dominant position in
the ora. Second, in an antimicrobial milieu, the readiness with which C. dif cile forms Increased numbers make toxin
spores may favor its survival over non—spore-forming bacteria. In either case, the minor ~ more effective
niche of the species is improved to the point at which the effect of its toxins on the
colonic mucosa becomes signi cant.

Although the vast majority of strains produce both toxins, the enterotoxic properties of
the A toxin seem to dominate in watery diarrhea cases. In PMC, the colonic mucosa is A enterotoxin stimulates watery
studded with in ammatory plaques, which may coalesce into an overlying “pseudomem- diarrhea
brane” composed of brin, leukocytes, and necrotic colonic cells (Fig. 19—-4). This picture
ts better with the action of the c ytotoxic B toxin. It is intriguing that colonized newborn B cytotoxin causes in ammation
children, who lack the complex ora of adults, rarely suffer any clinical consequences and pseudomembrane formation
even though toxin production can be demonstrated. The extent to which these differences
are due to variability in toxin expression or intestinal receptors is unknown.

IMMUNITY

Antibody against the A toxin is associated with resolution of disease in experimental ani-

mals. This feature and the inverse relationship between severity of disease and anti-A A titoxin antibodies have
antibody both support the importance of humoral immunity in C. dif cile diarrhea. Anti-
bodies directed against the B toxin also appear to offer protection, but the relationship is
less clear than with toxin A.

protective effect

C. difficil
C

d ile R
LINICAL ASPECT

MANIFESTATIONS

Diarrhea is a frequent side effect of antimicrobic treatment. In C. dif cile —caused diar-

rhea, the onset is usually 5 to 10 days into the antibiotic treatment, but the range is from  Diarrhea ranges from mild
the rst day to weeks after cessation. The diarrhea may be mild and watery or bloody and to PMC

accompanied by abdominal cramping, leukocytosis, and fever. In PMC, it progresses to a



324

Stool toxin detection is the
primary diagnostic tool

Oral metronidazole or vancomycin
reach bacteria in the intestine

Oxygen-tolerant species that
produce superoxide dismutase

Polysaccharide capsule is present

Endogenous infection mixed with
other intestinal bacteria

PART V Pathogenic Bacteria

severe, occasionally lethal inflammation of the colon that can be demonstrated by endo-
scopic examination.

DIAGNOSIS

Although selective media have been developed for isola