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Preface, Second Edition

The first edition of this graduate-level Foodborne Microbial Pathogens:
Mechanisms and Pathogenesis textbook was published in 2008, and it was
also translated into the Russian language in 2014. Ever since, a significant
advancement in the pathogenic mechanism of microbes, in particular those
associated with foodborne diseases, necessitated the second edition. The first
edition had 15 chapters and the new edition is expanded to 20. The five new
chapters cover the description of diseases that are caused by viruses, para-
sites, molds and mycotoxins, fish and shellfish toxins, and opportunistic and
emerging foodborne pathogens. Additionally, several pathogens such as
Nipah virus, Ebola virus, Clostridium difficile, Enterobacter sakazakii,
Brucella abortus, and Aeromonas hydrophila, among others, are added to this
edition. This edition is rich in many more graphic illustrations for easy com-
prehension of the complex mechanistic process.

I 'am ever so grateful to my doctoral and postdoctoral mentors, Prof. Bibek
Ray and Prof. Michael G. Johnson, for their constant encouragement and for
instilling a deep-rooted positive influence in exploring, learning, and sharing
the knowledge of microbiology. The students whom I interacted throughout
the world and their love for microbiology were a constant inspiration for this
book. Once again, my graduate students and professional colleagues came
forward to review some of the book chapters. My sincerest appreciation goes
to Prof. M.G. Johnson, Dr. Gary Richards, Prof. J.S Virdi, Dr. Peter Feng, Dr.
David Kingsley, Dr. Kristin Burkholder, Rishi Drolia, and Taylor Bailey for
their excellent input and insights of many chapters they reviewed. This text-
book should be an excellent learning tool for graduate and undergraduate
students, academicians, and food microbiology professionals to gain
advanced knowledge and insights of the microbial pathogenesis of foodborne
or zoonotic pathogens that are transmitted to humans through food. This book
is dedicated to all the microbiologists who are passionate about exploring the
intricacies and complexity of the life of a microorganism.

West Lafayette, IN, USA Arun K. Bhunia
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Preface, First Edition, 2008

Ever since my days in veterinary school, I was fascinated with the field of
microbiology. I always wondered how such small microscopic organisms
are capable of causing infections in other living organisms, big or small,
young or old, and healthy or immunocompromised. The subject captured my
imagination. Many of the same microorganisms that cause diseases in ani-
mals also infect humans. In recent days, pathogens of animal origin impose
even greater concern with increasing threat of avian influenza to cause pan-
demic and spread of deadly bovine spongiform encephalopathy (mad cow
disease) and many bacterial pathogens such as Listeria, E. coli O157:H7,
Salmonella, Yersinia, and Campylobacter. 1 am especially intrigued by the
cunning strategy pathogens employ for their survival in a host and their
exploitation of host cellular machinery to promote their own invasion into
the host. Pathogenic mechanism is complex, and unraveling that process
requires great minds. Today, microbiologists, cell biologists, and immunolo-
gists employing many sophisticated molecular tools are unraveling that
secret at a very fast pace. Thus, it requires a great deal of efforts to compile
and update information in a textbook, and it was rather a monumental task.
My goal with this book was to paint a bigger picture of pathogenic mecha-
nism of foodborne pathogens, which are responsible for many of modern-
day outbreaks and diseases worldwide, and narrate the subject with
easy-to-comprehend illustrations. When I began teaching an advanced grad-
uate-level food microbiology course that dealt with pathogenic mechanism
of foodborne pathogens in the mid-1990s, there was hardly any textbook that
covered different foodborne microorganisms and the depth of materials
needed for the course, especially the mechanism of infection for foodborne
pathogens. That necessitated the collection and review of great deal of litera-
ture to provide updated materials to my students. That was the beginning and
was also the inspiration and motivation to write a textbook on the subject. In
the last two decades, there had been a tremendous progress in the area of
food microbiology especially the study of molecular mechanism of patho-
genesis, and a great deal of efforts was placed to compile those information
in the first edition of the current textbook. In this book, an introductory chap-
ter highlights the significance of foodborne pathogens, epidemiology, and
the reason for increasing cases of foodborne illnesses. In Chap. 2, a brief
review of biology of microorganisms and the importance of structural com-
ponents as those related to pathogenesis is provided. In addition, diseases



Preface, First Edition, 2008

caused by viruses, parasites, mycotoxins, and seafood toxins have been
included. In Chap. 3, a comprehensive review of the digestive system, muco-
sal immunity, and the host immune system has been described. This chapter
provides the basic foundation for the understanding of the complexity of
disease production by foodborne pathogens. First of all, foodborne patho-
gens’ primary site of action is the digestive tract; therefore, one must have
adequate knowledge to understand the interaction of pathogens with host
gastrointestinal tract. Second, host innate and adaptive immune responses
dictate the progression of a disease. Moreover, some pathogens exploit the
host immune system as part of their disease-producing mechanism.
Therefore, it is essential to have some basic understanding of immune sys-
tem in order to understand the disease process. As it is often said, “It takes
two to tango,” or “One needs two hands to clap”; thus, I believe that the
knowledge of biology of a pathogen and the corresponding host immune
response go hand in hand to comprehend the full picture of pathogenesis
process. In Chap. 4, general mechanisms of foodborne pathogens have been
included to provide the overall big picture of mechanism of infection and
intoxication. In Chap. 5, a brief review of the animal and cell culture models
as necessary tools to study pathogenesis is discussed. In Chaps. 6,7, 8,9, 10,
11, 12, 13, 14, and 15, sources, biology, pathogenic mechanism, prevention
and control, and detection or diagnostic strategies for individual foodborne
bacterial pathogens are described. In addition to traditional foodborne patho-
gens, descriptions of some of the key pathogens with bioterrorism implica-
tions such as Bacillus anthracis and Yersinia pestis have been included to
provide unique perspective. In this book, I am pleased to generate both digi-
tal and hand-drawn artworks to illustrate the pathogenic process, and I hope
these illustrations will aid in better understanding of the mechanism of
pathogenesis with greater enthusiasm. I also hope this textbook would be a
valuable resource not only for food microbiology graduate or undergraduate
students but also for the medical microbiologists, microbiology profession-
als, and academicians involved in food microbiology and food safety-related
research or teaching. I would like to convey my gratitude to my current and
former postdoctoral research associates and graduate students particularly
Kristin Burkholder, Jennifer Wampler, Pratik Banerjee, and Ok Kyung Koo
for their assistance in collecting literatures and reading the draft chapters.
The comments and inputs provided by the students of FS565 over the years
were extremely helpful in developing the course contents for this book.
Finally, my sincerest and humble gratitude goes to my professional col-
leagues for their generous time and efforts in reviewing the chapters and
providing expert comments and critiques: Chap. 1, Prof. M. Cousin, Purdue
University; Chap. 2, Prof. M.G. Johnson, University of Arkansas; Chap. 3,
Prof. R. Vemulapalli, Purdue University; Chap. 4, K. Burkholder, Purdue
University; Chap. 6, Dr. P. Banada, Purdue University; Chap. 7, Prof.
A. Wong, University of Wisconsin, and Prof. J. Mckillip, Ball State
University; Chap. 8, Dr. G.R. Siragusa, USDA-ARS, Athens, GA, and
Dr. V. Juneja, USDA-ARS, Wyndmoor, PA; Chap. 10, Prof. B. Reuhs,
Purdue University; Chap. 11, Prof. S. Rickie, University of Arkansas, and



Preface, First Edition, 2008 xi

Dr. M. Rostagna, Purdue University; Chap. 12, Dr. R. Nannapaneni,
Mississippi State University; Chap. 13, Prof. J.S. Virdi, University of Delhi
South Campus, India; Chap. 14, Dr. G.B. Nair, Center for Health and
Population Research, Dhaka, Bangladesh; and Chap. 15, Prof. C. Sasakawa,
University of Tokyo, Japan.

West Lafayette, IN, USA Arun K. Bhunia
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Introduction to Foodborne

Pathogens

Introduction to Food Microbiology

Food microbiology is a branch of microbiology
that focuses on the study of microorganisms
associated with food intended for human or ani-
mal consumption. Microorganisms use food as a
source of nutrient for survival and growth or a
vehicle for transmission to the human or animal
host. Food microbiology is subdivided into three
focus areas that include the study of beneficial,
spoilage, and disease-causing microorganisms
(Fig. 1.1). Beneficial microorganisms are those
used in food fermentation to produce shelf-stable
products with unique flavors, tastes, texture, and
appearance. These include cheese, fermented
meat (pepperoni), vegetables (pickled cucumber,
olives), dairy products (yogurt), and ethnic fer-
mented products such as kefir, sauerkraut, idli,
kimchi, and so forth. In fermented products pro-
duced by natural or controlled fermentation,
microorganisms metabolize complex substrates
to produce enzymes, flavor compounds (diace-
tyl), acids (lactic acid, acetic acid, propionic acid,
etc.), alcohols, and antimicrobial agents (bacte-
riocins, hydrogen peroxide) to improve product
shelf life and to provide characteristic product
attributes.  Microorganisms  also  produce
enzymes, which also help the breakdown of indi-
gestible compounds to make the product more
palatable and easy to digest. In addition, the ben-
eficial microorganisms also serve as probiotics to
impart direct health benefit by modulating the

immune system to provide protection against
chronic metabolic disease (e.g., diabetes), bacte-
rial infection, atherosclerosis, osteoporosis, and
allergic reactions. Examples of beneficial micro-
organisms are Lactobacillus acidophilus, L.
rhamnosus, L. casei, L. plantarum, Lactococcus
lactis, Streptococcus thermophilus, Pediococcus
acidilactici, and Saccharomyces cerevisiae.
These microorganisms generally are safe and do
not cause disease in humans, unless the opportu-
nistic environment such as immunocompromised
condition or other health complications facilitate
systemic dissemination of the organisms.

Food spoilage microorganisms are those,
which upon growth in food, that produce undesir-
able texture, odor, and appearance and make food
unsuitable for human consumption. These micro-
organisms produce protease, lipase, and glyco-
lytic enzymes (amylase, pectinase, etc.) to break
down proteins, fats, and carbohydrates, respec-
tively, and alter physical (such as slimy texture),
chemical (color change, oxidation) and sensory
properties. Sometimes uncontrolled growth of
many of the natural fermentative microorganisms
can also cause spoilage, such as the growth of
lactic acid bacteria in ready-to-eat meats or pas-
teurized milk. It is estimated that 25% of all food
produced (postharvest) are lost due to the micro-
bial spoilage. Food spoilage is a serious issue in
developing countries because of inadequate pro-
cessing and refrigeration facilities. Controlling
microbial food spoilage will continue to receive
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Beneficial
Microbes

Spoilage
Microbes

Pathogenic
Microbes

Fig. 1.1 Three branches of food microbiology. Beneficial
and spoilage microorganisms, and spoilage and pathogens
have some overlapping activity (shaded area)

increasing attention since food demand is
expected to double in 2050 to feed estimated 9.3
billion people in the world. The current (2018)
world population is about 7.6 billion. Examples

of food spoilage microorganisms  are
Alicyclobacillus, Brochothrix, Bacillus,
Clostridium, Erwinia, Lactobacillus,

Leuconostoc, Pseudomonas, Shewanella, and
some yeasts and molds (Botrytis, Alternaria,
Penicillium, Fusarium, Mucor, Rhizopus). The
spoiled food is generally of less concern from a
public health standpoint, since many disease-
causing microorganisms may not be able to sur-
vive in the microenvironment created in a spoiled
food. Moreover, the pathogenic microorganisms
are poor competitors and may not survive in food
in the presence of a natural microbial community
whose metabolic by-products such as acids, bac-
teriocin, hydrogen peroxide, and CO, are inhibi-
tory to pathogens.

Foodborne  pathogenic  microorganisms
(Table 1.1), on the other hand, when present or
grown in a food may not alter the aesthetic or
sensory quality of products, and thus the micro-
bial safety may not be easy to assess based on
product appearance alone. Thus, microbiological
or analytical testing is required to assess patho-
gen contamination. Some foodborne pathogens
such as proteolytic Clostridium botulinum,

Bacillus species, and some mold species are
known food spoilage organisms, yet they can also
produce toxins and cause disease. Based on the
nature of the disease elicited by pathogens, food-
borne diseases are again classified into three
types: “intoxication,” “toxicoinfection,” and
“infection.” The knowledge pertaining to the
mechanism of pathogenesis and the diseases
caused by foodborne pathogens continues to aug-
ment our understanding of epidemiology and dis-
ease transmission process and to develop novel
detection and diagnostic tool, to design novel
vaccine and drugs, and to help formulate effec-
tive prevention and control strategies (Fig. 1.2).

Intoxication results when the preformed
microbial toxin is ingested with food and water
resulting in the onset of symptoms very quickly.
Food intoxications are generally caused by tox-
ins produced by Staphylococcus aureus,
Clostridium botulinum, and Bacillus cereus.
Intoxication is also associated with algal toxins
ingested by fish or shellfish and mycotoxins pro-
duced by fungi. “Toxicoinfection” refers to the
disease caused by the toxins produced inside the
host by the live pathogens after ingestion of
food. Toxins interact with the host epithelium
and result in the gastrointestinal symptoms
including diarrhea and occasional vomiting.
Examples are Clostridium perfringens, entero-
toxigenic Escherichia coli (ETEC), and Vibrio
cholerae. “Foodborne infection” occurs when
the live pathogenic microorganisms, which are
generally invasive, are ingested and cause severe
tissue damage. “Foodborne infection” is caused
by bacterial pathogens such as Salmonella
enterica, Campylobacter jejuni, enterohemor-
rhagic Escherichia coli (E. coli O157:H7),
Shigella spp., Yersinia enterocolitica, and
Listeria monocytogenes; viral pathogens includ-
ing Norovirus, hepatitis A virus, and Rotavirus;
and parasites including Toxoplasma gondii,
Cryptosporidium parvum, Cyclospora cayeta-
nensis, Giardia intestinalis, Taenia solium, and
Trichinella spiralis.

Among the foodborne pathogens, Norovirus
tops all infections with over a million people
infected each year in the USA. Protozoan infec-
tions are mostly associated with water and fresh
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Table 1.1 List of foodborne pathogens involved in outbreaks from contaminated food and water

Virus
Astrovirus
Hepatitis A virus

Bacteria
Aeromonas hydrophila
Bacillus anthracis

Bacillus Hepatitis E virus
cereus/subtilis/licheniformis Norovirus
Brucella Rotavirus

abortus/melitensis/suis
Campylobacter jejunil/coli
Clostridium botulinum

Parasite
Cryptosporidium parvum
Cyclospora cayetanensis
Entamoeba histolytica
Giardia intestinalis
Cystoisospora belli
Taenia solium/saginata
Toxoplasma gondii
Trichinella spiralis

Molds and mycotoxins
Aflatoxin, ochratoxin, fumonisin, patulin,
trichothecenes, DON (deoxynivalenol)

Clostridium perfringens Infective proteins
Cronobacter sakazakii BSE (bovine spongiform
Escherichia coli encephalopathy)
Listeria monocytogenes TSE (transmissible
Mycobacterium spongiform
paratuberculosis encephalopathy)
Salmonella enterica Emerging pathogens
Shigella spp. Clostridium difficile

Staphylococcus aureus Brucella abortus

Vibrio spp. Trypanosoma cruzi
V. cholerae non-01 Avian flu virus
V. parahaemolyticus Nipah virus
V. vulnificus Ebola virus
V. fluvialis

Yersinia enterocolitica

Seafood toxins

Scombroid toxin, ciguatera fish poisoning, diarrhetic
shellfish poisoning, paralytic shellfish poisoning
(saxitoxin), pufferfish poisoning

Fig. 1.2 The
interrelationship of
foodborne pathogens
and pathogenesis with
other branches of
microbiology

produce such as the fruits and vegetables. A large
volume of these commodities is imported from
countries where food production and processing
are performed under inadequate hygienic prac-
tices, which may contribute to the increased inci-
dences of contamination. Molds produce
mycotoxins such as aflatoxin, ochratoxin,
fumonisin, trichothecene, and DON (deoxyniva-
lenol) that are mutagenic, carcinogenic, or hepa-
totoxic. Prolonged exposure to mycotoxins may
result in serious and sometimes fatal diseases.
The onset of symptoms due to mycotoxin intoxi-
cation is delayed and is not as dramatic as bacte-
rial- or virus-induced diarrhea, vomiting, or

Pathogens

&
Pathogenesis

neurological disorders. Thus, the significance of
mycotoxin ingestion is often overlooked. In con-
trast, bacterial or viral pathogens affect a large
population resulting in high morbidity and mor-
tality, and their surveillance statistics are updated
routinely. The importance of molds in food has
rarely peaked consumers’ or regulatory agencies’
interest, especially in the USA; however, in
recent years, increased emphasis has been placed
on understanding the properties, synthesis, and
pathogenesis of foodborne molds and their
mycotoxins.

Microorganisms are ubiquitous and can sur-
vive and grow in extreme conditions in nature, in
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food, and in human or animal hosts. Some
bacteria can grow in high temperatures and are
called thermophiles (50-70 °C); some even grow
in hot geysers such as extremophiles (>70 °C) or
extreme cold (—20 °C). Most thermophilic and
extremophilic microorganisms are nonpatho-
genic to humans. Some microorganisms grow at
refrigeration to ambient room temperatures
(1-25 °C), while mesophiles grow at
25-37 °C. Both psychrotrophs and mesophiles
are capable of causing diseases in humans.
Based on their response to different pH,
microbes are grouped as aciduric (<pH 7), alkali-
phile (pH > 7.0), halophile (salt-loving), or baro-
philes (pressure-loving). Based on the oxygen
requirements, bacteria are grouped as aerobic,
obligate anaerobic, or facultatively anaerobic.
Foods are prepared and stored under controlled
environments where residual oxygen concentra-
tions can dictate what type of microorganisms
will survive and grow. Anaerobes can grow only
in the vacuum-packaged or canned foods in
which oxygen is removed mechanically or by
heating. Aerobes grow on the surface of food
where oxygen is abundant. A similar scenario
applies for pathogens that cause disease in the
gastrointestinal tract, where oxygen gradients
vary from the upper part of the small intestine to
the lower part of large intestine. The upper part is
highly oxygenated, while the lower part is devoid
of oxygen. Again, oxygen concentrations vary
from the center of the lumen to the proximity of
the epithelial lining where the oxygen concentra-
tion is higher because of cellular respiration.
These environments select the types of pathogens
that will colonize or be present in different parts
of the intestine. Besides microorganisms being
introduced into our body via food, water, or air,
microorganisms also exist since birth as com-
mensals in the digestive tract, skin, nasal pas-
sages, and reproductive and urogenital tract, and
these microbes are generally beneficial to the
host. However, under favorable conditions, com-
mensals may behave as opportunistic pathogens.
Food is a complex milieu that contains salts,
acids, ions, aldehydes, flavoring agents, and anti-
microbial preservatives. Pathogenic microorgan-
isms transmitted through foods, in most cases,

are able to adapt well to the harsh environments
of food and maintain their pathogenic traits.
During the transition to the host, pathogens may
express a completely separate set of genes that
ensure their survival and disease-producing capa-
bilities in the host.

Food safety is essentially an ongoing problem
in rapidly changing and growing food industry,
due in part to consumer’s increasing reliance on
ready-to-eat convenience foods. Food is globally
sourced and distributed; thus, contamination of a
food with a pathogen will present a greater eco-
nomic and social impact than ever before. Certain
foods can also become vulnerable to malicious
contamination with infective agents; thus, food
defense is becoming an essential part of our edu-
cation. Knowledge and understanding of patho-
gens in foods and their survival mechanisms in
foods as well as in the human and food animal
host should be important areas of focus to prevent
food-related illnesses and increase the well-being
of the population.

What Is a Pathogen?

In fact, only a small fraction of all microbes cause
disease in humans or animals via the food- or
feed-borne route. A pathogen is an organism that
is able to cause cellular damage by establishing
in tissue, which results in clinical signs with an
outcome of either morbidity (defined by general
suffering) or mortality (death). More specifically,
a pathogen is characterized by its ability to repli-
cate in a host, by its continued persistence of
breaching (or destroying) cellular or humoral
barriers that ordinarily restrict it, and by express-
ing specific virulence determinants to allow a
microbe to establish within a host for transmis-
sion to a new susceptible host. Pathogens could
be classified as zoonotic, geonotic, or human ori-
gin based on their transmission patterns and
movement among different hosts and vectors.
Zoonotic diseases are characterized by transmis-
sion of infective agents such as bacteria, viruses,
parasites, and fungi from animals to humans.
Examples of zoonotic pathogens are Escherichia
O157:H7,  Staphylococcus

coli aureus,
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Salmonella enterica serovar Typhimurium, S.
enterica serovar Enteritidis, Campylobacter
Jjejuni, Yersinia enterocolitica, Mycobacterium
tuberculosis, Ebola virus, Nipah virus,
Toxoplasma gondii, and Trichinella spiralis.
Geonotic diseases are acquired from soil, water,
or decaying plant materials. An example of
geonotic pathogen is Listeria monocytogenes.
Human origins are exclusively transmitted from
person to person, and pathogens of human origin
are Salmonella enterica serovar Typhi, Vibrio
cholerae, Shigella spp., and hepatitis A. Different
diseases caused by foodborne pathogens are
summarized in Table 1.2.

Poverty, competition for food, crowding, war,
famine, and natural disaster help pathogens to
survive and spread in the environment.
Domestication of animals also allowed patho-
gens to come in close contact with humans and,
thus, helped foster human acquisition of these
pathogens. In recent years, there is a great con-
cern of possible pandemic outbreak of bird flu
(avian influenza virus) in humans due to the
transmission of the virus to the poultry handlers
or people being exposed to the infected flocks.
Bird flu virus (strain HSN1) was responsible for
several fatal infections in Asia and other parts of
the world, often via live poultry markets (see
Chap. 6).

In the past few decades, industrialized coun-
tries have witnessed increased number of out-
breaks of the foodborne pathogen, in part, due to
massive expansion of food industry, inadequate
hygienic and sanitary practices, and distribution
of a food item to consumers globally (see section
on “Why High Incidence of Foodborne
Outbreaks”). Foodborne outbreaks may be char-
acterized as an epidemic when a large population
of consumers from multiple states is affected due
to ingestion of pathogen originating from a single
food item. In contrast, sporadic outbreak involves
incidence of one or two cases in a community.
The pandemic outbreak is defined as the inci-
dence of disease that is associated with a highly
infectious agent affecting people from multiple
countries on a global scale with a large number
of populations succumb to high mortality or

Table 1.2 Diseases and symptoms caused by foodborne

pathogens

Disease or clinical

symptoms Pathogens/toxins involved
Vomiting, Staphylococcus, Bacillus,
diarrhea, Cronobacter, Salmonella,
dysentery Shigella, Yersinia, Vibrio,

Norovirus, Rotavirus,
Entamoeba, Cryptosporidium,
Cyclospora, Giardia,
Cystoisospora, Taenia,
Trichinella

Arthritis (reactive
arthritis, Reiter’s
syndrome,
rheumatoid
arthritis)

Campylobacter, Salmonella,
Shigella, Yersinia

Hemorrhagic
uremic syndrome
(HUS), kidney
disease

Shiga toxin-producing E. coli
(STEC); Shigella spp.

Hepatitis and
jaundice

Hepatitis A virus (HAV),
hepatitis E virus (HEV)

Guillain—Barré
syndrome (GBS),
Miller Fisher
syndrome (MFES)

Campylobacter

CNS disorder:

Listeria, bovine spongiform

meningitis, encephalopathy (BSE), Taenia
encephalitis spp. (cysticercosis)
Miscarriage, Listeria monocytogenes,

stillbirth, neonatal
infection

Toxoplasma gondii

Paralysis

Clostridium botulinum, shellfish
toxin (algal toxin),
Campylobacter

Malignancies and
autoimmune
diseases

Mycotoxin (aflatoxin,
deoxynivalenol)

Allergic response

Seafood toxin (scombroid toxin)

morbidity. Foodborne pathogens may not be a
pandemic threat, but global distribution and trad-
ing of food may be a cause for concern in the
future. Epizootic outbreak refers primarily to ani-
mal diseases and is linked to an infectious disease
that appears as new cases in a given population of
animals. If such infectious agents are found in
food animals and if there is a potential for trans-
fer of those infective agents to animal handlers
and food producers/processors, it would be a
major cause for concern to humans.



1 Introduction to Foodborne Pathogens

What Are the Attributes
of Pathogenicity?

Some pathogens are designated as ‘“primary
pathogens,” which regularly cause disease. Some
are classified as “opportunistic pathogens” that
infect primarily immunocompromised or at-risk
populations. Nevertheless, both primary and
opportunistic pathogens share similar attributes:
entry and survival inside a host, finding a niche
for persistence, able to avoid the host’s defense
(stealth phase), able to replicate to a significant
number, transmitted to other host with high fre-
quency, and able to express specialized traits
within the host. For example, Salmonella enterica
invades host cells when proper levels of O,, pH,
and osmolarity are maintained. This sends appro-
priate signals to the PhoP/Q regulon for expres-
sion of specific invasion-associated genes.

Several factors affect pathogens growth and
survival inside a host such as O,, CO,, iron, nutri-
ents, pH, bile salts, mucus composition, the bal-
ance of natural microflora, quorum sensing, and
physiological status such as stress hormone like
epinephrine or norepinephrine.

Pathogens are clonal and they are generally
derived from a single progenitor. They are often
selected by the environmental selective pressures
such as heat, extremes of pH, and antibiotic treat-
ments. However, the emergence of a new or a
highly virulent form of pathogens suggests pos-
sible transfers of virulent genes are occurring
among microorganisms. These novel genetic
variants have arisen due to a point mutation,
genetic rearrangement in the chromosome, and
gene transfer between organisms through hori-
zontal (Shigella to E. coli) or vertical (E. coli to
E. coli) modes (Fig. 1.3). Plasmids, bacterio-
phages, transposons, and pathogenicity islands
(i.e., a large piece of DNA carrying virulence
gene cluster (see Chap. 4) can all serve as a vehi-
cle for gene transfer.

Involvement of a specific gene or genes in
pathogenesis can be studied in the laboratory by
using various molecular tools such as mutation,
genome sequencing, and cloning. In mutation, a
specific gene is disrupted by chemical mutagen-
esis, transposon mutagenesis, site-specific muta-

tions (homologous recombination), or in-frame
deletion. Genetic complementation is often done
to restore the gene function and to confirm the
involvement of that gene in pathogenesis.
Transposon (Tn) elements are used routinely to
induce mutation. The major benefit of using
transposon is that they carry antibiotic markers
that help in locating a specific gene on the chro-
mosome. However, transposon could act as a
transcriptional terminator. If Tn lands on the pro-
moter or the first gene of an operon, it affects the
transcription of the genes located downstream. In
addition, if the transposon is inserted in a house-
keeping gene, essential for bacterial growth or
survival, that bacterium cannot be selected from
that experiment. Transposons carry antibiotic
resistance gene(s) and insertion sequences for
integration into the host chromosome. They may
also carry virulence genes. Transposons are gen-
erally specific for either Gram-positive (Tn916,
Tn917, Tni545) or Gram-negative (Tn5, Tn7,
Tnl0) bacteria. In-frame deletion is highly effi-
cient and is used widely to create a mutant strain
by employing a method called SOE (splicing by
overlap extension). Genome sequence of many
microorganisms is now available; thus, a series of
polymerase chain reaction (PCR) methods is
used to selectively remove a target gene by SOE
to create an in-frame deletion mutant. Whole
genome sequencing is also a powerful tool for
studying pathogenesis. Sequencing of a gene or
its product (amino acid sequence) and subse-
quent matching with the database will reveal the
identity and function of the gene. Genetic cloning
is also an important strategy for studying patho-
genesis. In cloning experiments, a suitable vector
is constructed with a gene of interest and, subse-
quently, transferred to an avirulent strain by elec-
troporation or conjugation. The function of the
gene in the new strain is analyzed by in vitro cell
culture or in vivo animal bioassays.

Sources of Foodborne Pathogens

Many foodborne pathogens are ubiquitous in
nature and generally found in soil, water, ani-
mals, and plants. Pathogens are introduced into a
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food processing plant through raw materials
(Fig. 1.4). Humans, air, water, and equipment
may also bring the organisms to foods in the pro-
cessing plant. Recontamination of processed
food also frequently occurs and contributes to
foodborne outbreaks and illnesses. Some patho-
gens can survive for a prolonged period on the
inanimate objects and serve as a source. A list of
foodborne microorganisms and their survival on
inanimate surface is summarized in Table 1.3.
Pathogenic microbes use various strategies to
persist on food and in food production facilities.
These strategies may include biofilm formation,

Food Supply
Chain

Consumer

quorum sensing, the viable but nonculturable
state (VBNC), spore formation, stress response/
adaptation to intrinsic conditions in food such as
pH, osmotic stress (salt), acid, temperature, and
resistance to sanitizers (see Chap. 4).

When considering a product safety, it is
important to know the type of microorganisms or
toxins likely to be present, their numbers, and
concentrations. In addition, their response to the
heat, pH, salts, and other processing conditions is
important to consider. The numbers and types of
microorganisms present in a finished food prod-
uct are influenced by the original source of the
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Table 1.3 Persistence of pathogens on inanimate

surfaces

Organisms | Duration of survival
Bacterial pathogens

Campylobacter jejuni Up to 6 days
Escherichia coli 1.5 h—16 months
Clostridium difficile (spores) 5 months

Listeria species

1 day—several

months
Mycobacterium bovis >2 months
Mycobacterium tuberculosis 1 day—4 months
Salmonella enterica serovar 6 h—4 weeks
Typhi
Salmonella enterica serovar 10 days—4.2 years

Typhimurium

Shigella species

2 days—5 months

Staphylococcus aureus

7 days—7 months

Streptococcus pyogenes

3 days—6.5 months

Vibrio cholerae

1-7 days

Viral pathogens

Astrovirus 7-90 days
Adenovirus 7 days—3 months
Norovirus 8 h-7 days
Influenza virus 1 day-2 days
Rotavirus 6 days—60 days
Hepatitis A virus 2 h-60 days

Adapted from Kramer et al. (2006). BMC Infect. Dis.

6:130

food, its microbiological quality in the raw or
unprocessed state, the sanitary conditions under
which the product was handled or processed, and
the conditions for subsequent packaging, han-
dling, storage, and distribution (Fig. 1.4). In a
raw agricultural product, generally, the maxi-
mum microbial load is on the food surfaces,
whereas generally there is negligible to none
inside. A list of foods involved in major con-
firmed outbreaks since the year 2000 is summa-
rized in Table 1.4.

Meats, Ground Meat, and Organ
Meats

Raw beef carries a large number of E. coli since
they are natural inhabitants of intestines of mam-
mals; therefore, during slaughter the carcass may
be contaminated with fecal bacteria. Fresh meats
also can be contaminated with Salmonella and
Staphylococcus aureus originating from the skin,

hide, or feathers. Ground beef is made from meat,
trimmings, and fat and has a large surface area
that favors the growth of aerobic bacteria. The
knives of a meat grinder, if not properly sanitized
or washed, may be the source of contamination.
Furthermore, one heavily contaminated piece of
meat may be sufficient to contaminate an entire
lot of ground meat. Pathogens such as Clostridium
perfringens, Bacillus cereus, Listeria monocyto-
genes, and enterohemorrhagic E. coli (EHEC)
are associated with these types of products. The
liver, kidney, heart, and tongue may carry Gram-
positive cocci, coryneforms, Moraxella, and
Pseudomonas. Lymph nodes in food animals are
secondary lymphoid tissues in which pathogens
are supposed to be destroyed biologically but if
there is survival can serve as a major source of
pathogens. Mechanically deboned meat/poultry/
fish generally carry lower microbial loads
because of less handling and minimal human
interventions. In addition, electrical stimulation
converts glycogen to lactic acid, thus resulting in
lowered pH, which suppresses bacterial loads.
During rigor mortis, the release of cathepsin
facilitates muscle tenderization, and lysozyme
reduces the bacterial counts.

Vacuum-Packaged Meats

In products vacuum packaged in oxygen imper-
meable films, air is removed to increase the shelf
life. Generally, the shelf life of vacuum-packaged
meats is about 15 weeks. In another strategy, ini-
tially, an oxygen permeable packaging film
allows the growth of indigenous Pseudomonas
spp., but lactic acid bacteria (Lactobacillus,
Leuconostoc, and Carnobacterium) become pre-
dominant after the Pseudomonas spp. remove
oxygen and increase the CO, level inside the
package, which in turn favors the growth of fac-
ultative anaerobes (lactic acid bacteria) and
anaerobic microbes such as Clostridium species
(Clostridium botulinum, C. perfringens). Later,
lactic acid bacteria such as Lactobacillus
and Brochothrix grow as well as pathogenic bac-
teria such as Yersinia enterocolitica and
Staphylococcus aureus.
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Table 1.4 Foods and pathogens involved in select outbreaks from 2000-2016

Year Foods involved Place Pathogen No. of illnesses | No. of deaths
2016 Live poultry and backyard | USA Salmonella (multiple 895 3
flock serovars)
2016 Raw scallops (sushi) USA Hepatitis A virus 292 2
2016 Frozen vegetables USA L. monocytogenes 9 3
2015 Ice cream USA L. monocytogenes 10 3
2014 Chicken USA Salmonella Heidelberg | 634 —
2014-2015 | Apple USA L. monocytogenes 35 7 deaths, 1
miscarriage
2012 Tuna fish from India USA Salmonella Bareilly 258 -
2011 Lettuce USA E. coli O157:H7 60 -
2011 Strawberry USA E. coli O157:H7 15 1
2011 Cantaloupe USA L. monocytogenes 148 33
2011 Sprouts Germany | E. coli O104:H4 3911 48
2011 Papaya USA Salmonella 106 —
2011 Alfalfa sprouts USA Salmonella 140 -
2010 Celery USA L. monocytogenes 10 5
2010 Lettuce USA E. coli 0145 26
2010 Eggs USA S. Enteritidis 1939 -
2009-2010 | Black and red pepper USA S. Montevideo 272
2009 Alfalfa sprouts USA Salmonella 235
2009 Frozen Raspberries Finland Norovirus 200
2009 Peanut butter USA S. Typhimurium 714 9
2008 Mexican-grown peppers USA S. Saintpaul 1017 2
2007 Chicken and turkey pot USA Salmonella 401 -
pies
2007 Peanut butter USA Salmonella 425 -
2007 Frozen ground beef patties | USA E. coli O157:H7 40 —
2008 Ground beef USA E. coli O157:H7 45 -
2007 Milk or milk-related USA L. monocytogenes 5 3
products
2006 Green onions USA E. coli O157:H7 67 -
2006 Spinach USA E. coli O157:H7 199 3
2002 Hamburger USA E. coli O157:H7 18 -
2002 Processed chicken USA L. monocytogenes 46 7
2000 Bean sprouts USA Salmonella 23 -
2000 Dairy farms USA E. coli O157:H7 56 -
2000 Delicatessen turkey USA L. monocytogenes 30 4 deaths, 3
miscarriages
2000 Homemade Mexican-style | USA L. monocytogenes 12 5 miscarriages
cheese
Poultry be the source of Pseudomonas, coryneforms, and
yeasts. Ground turkey also may carry fecal
Salmonella  enterica  serovars  Enteritidis, streptococci.
Typhimurium, Infantis, Reading, Blockley, and
Kentucky, Clostridium perfringens,

Campylobacter jejuni, and E. coli are associated
with intact and ground raw poultry. Workers may
also be the source of other Salmonella serovars
like — Sandiego and Anatum. Fresh poultry may

Fish and Shellfish

Microbial loads in shrimps, oysters, and clams
depend on the quality of the water from which
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they are harvested and the months of the year. If
untreated raw sewage is present, the microbial
quality deteriorates. During handling, fecal coli-
forms, fecal streptococci, and Staphylococcus
aureus may be incorporated into the product.
Salmonella also is found in oysters possibly due
to contaminated water. Fish and shellfish also are
the source for Pseudomonas spp., Clostridium
perfringens, Listeria monocytogenes, Vibrio
parahaemolyticus, Vibrio vulnificus, Salmonella
enterica serovar Enteritidis and Typhimurium,
Campylobacter jejuni, Yersinia enterocolitica,
and enteroviruses (hepatitis A). Smoked salmon
and shrimp may carry pathogenic L. monocyto-
genes. Seafood may also be a major source of
algal toxins or neurotoxins originating from sea-
sonal feeding on dinoflagellate algal blooms.
Certain allergic diseases such as scombroid poi-
soning are also associated with fish and shellfish
(see Chap. 9).

Fruits and Vegetables

Sources of human pathogen contamination in
fruits and vegetables at preharvest stage include
soil, irrigation water, inadequately composted
animal manure, dust, wild and domestic animals,
human handling, and water used for pesticide
spray, foliar treatments, and growth hormones
(Fig. 1.5). The sources of contamination at post-
harvest stage include human handling (workers,
consumers), harvesting equipment, transport
containers, wild and domestic animals, pests,
dust, wash and rinse water, sorting, packing, cut-
ting and further processing equipment, cross-
contamination, transportation, and sales.

Human pathogens interact with fresh produce
not merely in a physical manner but attach to the
surface by employing fimbriae, pili, and flagella
involving biochemical signals and multiple com-
pounds for such adherence. Furthermore, patho-
gens on the produce surface can be attached as
aggregates, partially buried in the surface wax or
in cracks in the cuticle, and are protected against
environmental stress and surface disinfectants.
Furthermore, human pathogens can also enter
into tissues (xylem) of fresh produce, through

cuts, wounds, roots, insect, and animal bites.
These pathogens residing inside the plant tissue
will not stimulate plant defense system because
they are not harming living tissues. In the absence
of plant defense, these pathogens will not be
exposed to plant antimicrobials since these are
compartmentalized in  specialized  cells.
Additionally, vacuum and hydrocooling such as
showering or washing warm produce with chilled
water may help create a partial internal vacuum,
facilitating internalization of pathogens into
produce.

Bacterial species commonly found on plant
surfaces are  Enterobacter  agglomerans,
Pseudomonas syringae, and Pseudomonas fluo-
rescens. These microorganisms can coexist with
the normal microflora on the fresh produce that is
contaminated from the field. Plant pathogens and
spoilage microorganisms such as Agrobacterium
spp., Erwinia spp., Clostridium spp., Bacillus
spp., Klebsiella spp., Pseudomonas spp.,
Ralstonia spp., Xanthomonas spp., and Xylella
spp. can initiate interactions with the plant to
have successful colonization on the plant. Human
pathogens such as E. coli O157:H7, Salmonella
enterica, Clostridium perfringens, C. botulinum,
and Listeria monocytogenes from soil, manure,
irrigation water, wild animals, and insect vectors
can attach to the plant surface through secondary
colonization. Protozoan species such as Giardia
intestinalis, Entamoeba histolytica,
Cystoisospora belli, and Cyclospora cayetanen-
sis are also associated with produce and herbs.
Examples of outbreaks associated with fruits and
vegetables are E. coli O157:H7 in apple cider,
spinach, lettuce, and sprouts; E. coli O104:H4 in
fenugreek sprouts; Salmonella enterica in canta-
loupes, watermelons, cilantro, tomatoes, sprouts,
and almonds; Cyclospora cayetanensis in rasp-
berries; hepatitis A in strawberries and green
onion (scallion); and L. monocytogenes in cab-
bage, celery, cantaloupe, and apples. These
events emphasize the need for further sanitation
and processing or improved quality assurance to
assure the safety of these minimally processed
products. Postharvest and external contamination
has been considered the major concerns in pro-
duce safety; however, recent outbreaks with
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Fig. 1.5 Mode of transmission of foodborne enteric pathogens in fruits and vegetables (Adapted and redrawn from

Brandl 2006. Annu. Rev. Phytopathol. 44, 367-392)

lettuce and spinach suggest that these foods can
take up pathogens internally on the field prior to
harvest (Fig. 1.5). Indeed, in the 2006 spinach
outbreak with E. coli O157:H7, feral pigs and
cattle from the nearby ranch were responsible for
the transmission of this pathogen. Experimental
evidence showed that some pathogens like E. coli
O157:H7 and Salmonella are able to survive and
grow inside the veins of the above two plant tis-
sues and tomatoes due to the abundant supplies
of carbohydrates and moisture.

Dairy Products

Cow’s udder, hide, and milking utensils may
carry predominantly Gram-positive bacteria
such as aerobic spore formers (Bacillus spp.),
psychrotrophic Pseudomonas spp., and others
including Mycobacterium and Clostridium spe-
cies. Historically, cows with mastitis could pro-
duce raw milk infected with Staphylococcus
aureus which if improperly pasteurized can
cause foodborne illness. More recently, food-

borne outbreaks have occurred due to consump-
tion of raw milk, homemade ice cream containing
fresh eggs, or cheese made with unpasteurized
cow’s milk. In 1980-1981, 538 cases of
Salmonella infection occurred with cheddar
cheese and raw milk and certified raw milk. In
1980-1982, 172 cases of Campylobacter infec-
tion occurred with raw milk and certified raw
milk. In 1995, a Salmonella outbreak occurred
with ice cream when a tanker carrying raw liquid
egg also transported pasteurized milk without
proper cleaning and sanitization between prod-
ucts. In 1985, 2000, and 2006, L. monocytogenes
infection occurred due to consumption of
Mexican-style soft cheese (queso fresco). This
ethnic product is made from unpasteurized milk
and has a relatively non-acidic pH. In 2013,
Listeria monocytogenes outbreak associated
with cheese caused six illnesses and one death,
and in 2015, outbreak associated with a nation-
ally distributed brand of ice cream resulted in ten
illnesses and three deaths. In 2016-2017, soft
raw milk cheese was responsible for six illnesses
and two deaths in the USA. Yersinia enteroco-
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litica outbreaks also were associated with pas-
teurized and unpasteurized milk.

Delicatessen Foods

Microbial load and type of pathogens in delica-
tessen foods such as salads, sandwiches, and deli
foods depends on the ingredients, meats, and
vegetables and spices used to make them. Food
handler’s direct contact also can lead to increased
incidences of Staphylococcus aureus via work-
ers’ nasal passages and hands. While considered
to be relatively low-moisture ingredients, spices
(see below) may carry spores of Clostridium,
Bacillus, and molds which are able to survive in
the presence of 8—12% moisture. Delicatessen
foods also carry psychrotrophic Listeria monocy-
togenes. Dehydrated foods such as soups of
chicken noodle, chicken rice, beef noodle, vege-
table, mushroom, and pea may carry as high as
7.3 logyy g7t ml~! of Clostridium perfringens as
well as coliforms.

Spices

Spices constitute seed, flower, leaf, bark, roots, or
bulb and are used whole or ground or singly or
mixed to enhance taste and flavor of food. Spices
are an integral part of many ethnic cuisines and
used in a variety of dishes. Spices include dehy-
drated onion, garlic, mustard seed, red pepper,
sesame seed, black pepper, paprika, cinnamon,
cumin seed, white pepper, oregano, poppy seed,
ginger, allspice, anise, basil, bay leaves, cloves,
fennel seed, sage, thyme, and turmeric. Spices are
considered low-moisture ingredients, and they
contain about 8—12% moisture. Some spices may
contain microorganisms as high as 1057 cfu g~
which include the spores of molds, Aspergillus,
Fusarium, Alternaria, Penicillium, Rhizopus,
Cladosporium, and Trichoderma, and bacteria,
Bacillus and Clostridium spp. In addition,
Salmonella enterica and Staphylococcus aureus
have been found. In 2010, Salmonella enterica
serovar Montevideo outbreak was associated with
salami and contaminated black pepper as an
ingredient was responsible for transmission.

Low-Moisture Products

These include chocolate, powdered infant for-
mula, raw almonds, toasted oats breakfast cereal,
dry seasonings, paprika-seasoned potato chips,
dried coconut, infant cereals, peanut butter, and
children’s snacks made of puffed rice and corn.
Salmonella enterica has been the primary patho-
gen associated with many of these products.
Additionally, Cronobacter sakazakii has been
associated with powdered infant formula. Even
though these pathogens do not grow in these
dried products, but a surviving low infectious
dose allows their transmission to host causing
disease when these foods are rehydrated.

Foodborne Pathogen Statistics
and Socioeconomic Impact

Worldwide, foodborne pathogens cause numer-
ous illnesses and deaths. The World Health
Organization (WHO) estimated that worldwide,
in 2005, 1.4 million people died from diarrheal
diseases due to contaminated water and food. In
2012, the estimated global mortality rates due to
foodborne disease ranged from 0.26 to 15.65
deaths per 100,000 populations. Globally, among
the foodborne pathogens, Norovirus caused 125
million cases, while Campylobacter species
caused 96 million cases. In Africa, Asia, and
Latin America, there are about 1 billion cases of
gastroenteritis per year in children under the age
of 5, leading to 5 million deaths. In Mexico and
Thailand, half of the children aged 0—4 years suf-
fer from the Campylobacter-induced enteritis. In
Europe, 50,000 cases per million population suf-
fer from acute gastroenteritis. In the Netherlands,
about 300,000 cases per million population occur
yearly. In Northern Ireland and the Republic
Ireland, about 3.2 million episodes of gastroen-
teritis are reported each year. In Australia, 5.4
million cases of foodborne gastroenteritis occur
each year. In England, 20% of the population,
i.e., 9.4 million people, suffer from acute gastro-
enteritis each year, and the primary contributing
microorganisms are identified as Norovirus,
Campylobacter species, rotavirus, and nonty-
phoidal Salmonella species.
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In the USA, there are an estimated 48 million
cases with 128,000 hospitalizations and 3000
deaths associated with foodborne infections each
year. Of the 48 million cases, 9.4 million cases
are caused by 31 known pathogens of bacterial
(3.6 million cases, 39%), viral (5.5 million cases,
59%), and parasitic (0.2 million or 2%) origin.
The majority of illnesses were caused by norovi-
rus (58% illnesses), followed by nontyphoidal
Salmonella (11%), Clostridium perfringens
(10%), and Campylobacter spp. (9%). The lead-
ing causes for hospitalizations were Salmonella
spp. (35%), Norovirus (26%), Campylobacter
(15%), and Toxoplasma gondii (8%), while the
most deaths were associated with nontyphoidal
Salmonella (28%), Toxoplasma gondii (24%),
Listeria monocytogenes (19%), and Norovirus
(11%). Foodborne diseases of microbial origin
have become the number one food safety concern
among the US consumers and regulatory agen-
cies, and this trend is probably true in most coun-
tries (Table 1.5).

Food animals and poultry are the most impor-
tant reservoirs for many of the foodborne patho-
gens. Therefore, meat, milk, or egg products may
carry Salmonella enterica, Campylobacter jejuni,
Listeria monocytogenes, Yersinia enterocolitica,
or E. coli O157:H7. Control of pathogens in raw
unprocessed products is now receiving major
emphasis to reduce pathogen loads before arrival
at a processing plant. On-farm, pathogen-
controlling strategies will help achieve that goal.
However, the presence of pathogens in ready-to-
eat (RTE) raw produce products is a serious con-
cern since those products generally do not receive
any treatments lethal to microbes before con-
sumption. Also, many recent foodborne out-
breaks resulted from consumption of undercooked
or processed RTE meats (hotdogs, sliced Iun-
cheon meats, and salami), dairy products (soft
cheeses made with unpasteurized milk, ice
cream, butter, etc.), in addition to minimally pro-
cessed fruits (apple cider, strawberries, canta-
loupe, etc.) and vegetables (sprouts, lettuce,
spinach, etc.).

Annual economic losses in the USA result
from deaths, illnesses, loss of work, loss of man-
power, and product loss account for about $78

billion. Besides acute gastroenteritis, the sequelae
of the foodborne infections result in chronic
rheumatoid conditions; ankylosing spondylitis—
autoimmune disease (HLA); hemolytic uremic
syndrome (HUS) due to Shiga toxin (Stx) from
EHEC; atherosclerosis due to lipid deposition in
arteries; Guillain—Barré syndrome and Miller
Fisher syndrome from Campylobacter infec-
tions; reactive arthritis from Salmonella, Shigella,
and Campylobacter infections; autoimmune dis-
ease such as allergic encephalitis; and autoim-
mune polyneuritis. Foodborne infections also
vary between countries due to eating habits of the
population. In Japan, high Vibrio parahaemolyti-
cus cases are seen due to consumption of raw
fish. Scandinavians and people from middle/east-
ern countries sometimes suffer from botulism
due to consumption of improperly processed fish,
meat, and vegetables.

Why High Incidence of Foodborne
Outbreaks?

It is believed that some new pathogens are emerg-
ing, which are responsible for increased inci-
dences of foodborne diseases (Table 1.1). Some
are recognized recently whose ancestors probably
caused foodborne illnesses for many thousands of
years. An example is E. coli O157:H7, a new
strain first reported on 1982, which is responsible
for numerous outbreaks in recent years. This bac-
terium has evolved relatively recently from an
enteropathogenic E. coli (EPEC) progenitor.
Likewise, E. coli O104:H4, an enteroaggregative
bacterium associated with the sprout outbreak in
2011 in Germany, has acquired bacteriophage-
encoded stx2 gene. It is thought to be a recently
evolved serovar. In addition, many of the older
pathogens are reemerging and contributing to the
overall foodborne outbreak statistics. Besides,
human sufferings and fatalities, the high number
of foodborne outbreaks in recent years have had
devastating economic impacts on food producers
and processors. It has been a challenging task for
scientists to figure out the reasons for the greater
numbers of outbreaks in recent years. Some fac-
tors (Table 1.6) are discussed below which may
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Table 1.5 Estimated yearly cases of foodborne diseases, related deaths, and associated cost in the USA

Pathogens ‘ Cases ‘ Hospitalizations ‘ Deaths (%) ‘ Cost (million dollars)
Bacteria

Bacillus cereus 63,400 20 0 15
Brucella spp. 839 55 1(0.3) 18
Campylobacter spp. 845,024 8463 76 (5.5) 6879
Clostridium perfringens 965,958 438 26 (0.4) 93
Clostridium botulinum 55 42 17.3(0.2) 466
Shigatoxigenic E. coli (STEC), O157 63,153 2138 20 (2.9) 635
STEC, non O157 112,752 271 20 154
Enterotoxigenic E. coli (ETEC) 17,894 12 0 24
Listeria monocytogenes 1591 1455 255 (15.9) 2040
Salmonella spp. (nontyphoidal) 1,027,561 |19,336 378 (0.5) 11,391
Shigella spp. 131,254 1456 10 (0.1%) 1254
Staphylococcus aureus 241,148 1064 6(0.1) 168
Streptococcus group A 11,217 1 0 24
Vibrio parahaemolyticus 34,664 100 4 88
Other Vibrio 17,564 83 8 (1.7) 88
Vibrio cholerae 84 2 0 0.2
Vibrio vulnificus 96 93 36 (1) 268
Yersinia enterocolitica 97,656 533 29 (0.1) 1107
Parasites

Giardia intestinalis 78,840 225 2(0.1) 282
Toxoplasma gondii 86,686 4428 327 (20.7) 3456
Cryptosporidium parvum 57,616 210 4(0.4) 168
Cyclospora cayetanensis 11,407 11 0 17
Trichinella spiralis 156 6 0 2
Viruses

Norovirus 5461 | 14,663 149 (6.9) 3.677
Rotavirus 15,443 348 0 18
Astrovirus 15,443 87 0 19
Hepatitis A 1566 99 7 58
Total 77,671
(known = 32,462 + unknown = 45,208)

Adapted from Scallan et al. (2011). Emerg. Infect. Dis. 17, 7-15

explain the plausible reasons for increased inci-
dence: (1) increased surveillance and reporting,
(2) changes in the food manufacturing and agri-
cultural practices, (3) changes in consumer’s hab-
its, (4) increased at-risk populations, (5) improved
detection methods, and (6) emerging pathogens
with survivability in stressed conditions.

Surveillance and Reporting
In the past, foodborne incidence reporting was

poor or underreported. Sometimes, persons suf-
fering from illness also did not always consult

their doctors, and sporadic cases were not
reported routinely. In addition, the causative
agents were not always identified because of lack
of better methodologies. Sensitive detection
methods are now available, and the epidemiolog-
ical survey has been improved. Computer-based
databases such as FoodNet and PulseNet in the
USA, EC Enter-Net for Salmonella species and
E. coli O157:H7 in Europe, and WHO Global
Salm-Surv are now available to assess the trends,
changes in expected numbers, and types from
historical data (Table 1.7). These following data-
bases are used as an alert mechanism for future
outbreaks.
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Table 1.6 Factors affecting the emergence of increased
foodborne illnesses from food

1. Increased surveillance and reporting

2. The food manufacturing and agricultural practices

Centralized production facility

Distribution to multiple states/other countries
Intense agricultural practices
Minimal processing (produce and fruits)

Increased importation of fresh produce

3. Consumer habits
Eating more meals outside the home
Increased popularity of fresh fruits and vegetables

4. Increased at-risk populations
(immunocompromised, elderly)

5. Improved detection methods and tracking of
pathogens

6. Emerging pathogens with improved survivability in
stressed conditions

Table 1.7 List of surveillance programs currently used
in the USA and other countries

Program Purpose

US surveillance and monitoring programs

FoodNet Foodborne Diseases Active
Surveillance Network (FoodNet):
routine surveillance of select
foodborne pathogens in ten states in
the USA (see Table 1.5)

DNA fingerprints of pathogens based
on pulsed-field gel electrophoresis
Fingerprints of calciviruses
Environmental health and cause of
foodborne diseases

CFSAN Adverse Event Reporting
System for foods, cosmetics, dietary
supplements

PulseNet

CalciNet
EHS-Net

CAERS

eFORS Electronic Foodborne Outbreak
Reporting Systems of CDC (Center
for Disease Control and Prevention)
Electronic Laboratory Exchange
Network (data from FDA, USDA,
DOD) from all 50 states

Global food industries and air travel

EC Enter-Net | European Commission Enter
Networks for Salmonella and E. coli
O157:H7

eLEXNET

OzFoodNet Australian foodborne disease
information for risk assessment and
policy, training for foodborne disease
investigation

WHO Global | Surveillance resources and training in

Salm-Surv foodborne disease for participating

countries

Agricultural Practices and the Food
Manufacturing

Agricultural practices affect the incidence of
microorganisms in the intestinal tract and on the
surfaces of the food animal. High ambient tem-
perature and moisture can encourage salmonellae
growth in animal feed. Use of antibiotics in feeds
generally kills the certain population of microor-
ganisms including pathogens but encourage other
resistant ones to grow. Transportation to the
slaughterhouse in crowded trucks, in extreme
weather conditions, creates stress and weakened
immune systems, thus favoring microbial growth.
Feed withdrawal practice in poultry, if exceeds
more than 12 h before slaughtering, may cause
leaky or thinned gut, vulnerable to rupture during
evisceration and possibly the transfer of patho-
gens to other tissues. High-speed slaughter and
evisceration also can result in the product con-
tamination due to damaged gut. Intensive farm-
ing allows faster growth of pathogens, and
recycling of animal waste products and animal
by-products results in increased opportunities for
transmission of pathogens to humans. Feeding
animal products to another species allows one
pathogen (e.g., a prion) to adapt and transmit to
another host (see Chap. 6). Since 1997, the US
government and several European countries have
banned the use of animal products (MBM, meat
bone meal) as an animal feed ingredient to con-
trol the spread of the prion agent that causes
bovine spongiform encephalopathy (BSE) (see
Chap. 6).

Changes in food manufacture and consump-
tion practices are also contributing factors in
increased foodborne diseases. Consumption of
preprepared foods at home and outside the home,
consumption of chilled and frozen foods, and
increased consumption of poultry and fish as part
of a healthy diet may increase the incidence of
salmonellosis, Campylobacter-induced enteritis,
and Vibrio parahaemolyticus-induced gastroen-
teritis. Cross-contamination of raw foods with
cooked/processed foods and undercooking of
meat and holding at a higher temperature also are
contributing factors. Reduced use of salt, less use
of food preservatives (sorbate and benzoate) for
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health reasons, and demand for more natural,
fresher, healthier, and convenience meals may
also serve as contributing factors. These types of
food require greater care during production, stor-
age, and distribution to ensure pathogen growth
does not occur in these products. Tightening or
enforcing strict hygienic measures in the food
manufacturing facilities is needed to reduce the
incidence of pathogens. Improved sanitary prac-
tices during cleaning of processing plant equip-
ment with the rotation of sanitizers can help
avoid the emergence of resistant microbes.

Ever larger centralized food processing facili-
ties are thought to be a major contributing factor
in recent years. The products produced by such
processors are distributed widely to multiple
states or many countries worldwide. Thus, such
products if contaminated can affect large popula-
tions with devastating consequences. For exam-
ple, in 1985 in a pasteurization plant in Chicago,
raw unpasteurized milk contaminated finished
pasteurized milk at packaging resulting in an
estimated 15,000 cases of illnesses from salmo-
nellosis. In January 1993, in a major fast-food
restaurant chain, undercooking of hamburger
meat resulted in E. coli O157:H7 outbreaks in
which more than 600 persons were infected
including many children. Several were hospital-
ized, 35 showed hemolytic uremic syndrome,
and 3 died. The FDA then declared raw ground
beef contaminated with this pathogen to be
“adulterated,” necessitating that it be recalled and
destroyed. In 1997, E. coli O157:H7-tainted
ground beef resulted in 25,000 pounds of ground
beef recall. In 1998-1999, an outbreak of L.
monocytogenes occurred due to consumption of
hotdogs/lunchmeats resulted in 79 cases with 16
deaths and 3 miscarriages. In 2000-2001, con-
sumption of Mexican-style soft cheese resulted
in 12 cases of listeriosis in the USA. In 2002,
consumption of sliced turkey meat caused a mul-
tistate outbreak of L. monocytogenes with 50
cases, 7 deaths, and 3 abortions. In 2003, raw
milk cheese was responsible for an outbreak in
Texas, and in 2005, a multistate outbreak involv-
ing consumption of turkey deli meat affected
nine states and caused 12 illnesses. In 2006, spin-
ach outbreak with E. coli O157:H7 resulted in

199 illnesses with 3 fatalities in 26 states in the
USA. In 2006-2007, Salmonella enterica serovar
Tennessee contaminated several peanut butter
containing products resulting in 628 cases in 47
states in the USA. In 2011, 3911 people were
infected and 47 deaths were associated with E.
coli O104:H4 contamination of fenugreek sprouts
in Germany and France. In 2010, S. enterica
serovar Enteritidis in eggs were responsible for
1939 illnesses; S. enterica serovar Montevideo
outbreak with salami was responsible for 230 ill-
nesses and 43 hospitalizations. L. monocytogenes
was responsible for several outbreaks between
2010 and 2015: 57 cases with 22 fatalities in
Canada due to consumption of processed RTE
meat products, 27 cases with 8 fatalities from
Quargel sour milk curd cheese in Europe, 146
cases with 32 deaths from cantaloupe, 32 cases
with 7 deaths from caramel apple, and 10 cases
with 3 deaths from a national distributed brand of
ice cream in the USA. The cantaloupe outbreak
led the FDA to press criminal charges against the
grower/owners of the farms and packing sheds
from which this fruit was shipped.

Consumer Habits

Consumption of food outside the home also
increases the chance of foodborne illnesses. Meal
prepared and eaten at home also could cause dis-
ease because of poor hygienic practices during
storage and preparation of food. Persons with
underlying conditions also serve as the contribut-
ing factors: liver disease patients are susceptible
to Vibrio vulnificus infection; therefore, these
patients are advised not to eat raw oysters; and
immunocompromised and pregnant women
should avoid RTE meats, paté, deli, or prepared
meals and cheeses made with unpasteurized milk
because of possible Listeria monocytogenes con-
tamination. If outbreaks occur in public institu-
tions such as restaurants, hotels, hospitals, cruise
lines, manufacturing facilities, institutions, and
so forth, the consequences are devastating
because large numbers of people are at risk. This
happens because of ignorance, poor manage-
ment, sloppy practices, and lack of education or
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understanding principles and practices needed
for safe handling of foods.

Increased at-Risk Populations

Populations that are susceptible to infections are
increasing and people are living longer. Young,
old, pregnant, and immunocompromised (YOPI)
people are susceptible to various foodborne dis-
eases. In addition, diabetes, cancer patients
receiving chemotherapy, patients with organ
transplants, and AIDS (acquired immune defi-
ciency syndrome) patients are vulnerable to
foodborne illnesses. Pathogen-free food may
lead to increased susceptibility to diseases
because subclinical infection may strengthen
immunity. “Delhi belly,” “Montezuma’s revenge,”’
or “traveler’s diarrhea” affects only travelers and
not the indigenous populations. Nutritional fac-
tors, physiological status, and concurrent or
recent infection of intestinal tract also can favor
increased infection.

Improved Detection Methods
and Tracking of Pathogens

Improved detection methods are now capable of
detecting low numbers of pathogens in products.
Biosensors, PCR, immunoassays, mass
spectrometry, and whole genome sequencing
(WGS) techniques are very sensitive, and now
low numbers of pathogens can be detected from
products, which would normally give negative
results with earlier less sensitive detection
technologies.

Emerging Pathogens with Improved
Survivability in Stressed Conditions

Newly identified and emerging pathogens are
also a major contributing factor. Clinical, epide-
miological, and laboratory studies have identified
a number of so-called emerging and new patho-
gens (Table 1.1). Emergence due to unsafe food
handling practices, undercooking of hamburger,

consumption of raw milk, ice cream contami-
nated with raw liquid eggs, consumer demands
for fresher foods, and increased consumption of
chicken that may be undercooked results in high
numbers of enteritis cases. The emergence of
antibiotic or preservative-resistant organisms
also is a contributing factor. Antibiotic and acid-
resistant Salmonella enterica and E. coli and also
heat-resistant Salmonella and Listeria can sur-
vive certain sublethal processing conditions and
persist in the product. Microorganisms acquiring
virulent genes through vertical or horizontal
transfer may become a new pathogen with highly
virulent gene sets. For example, acquisition of stx
genes by E. coli O157:H7 and E. coli O104:H4
strains has been shown. The viable but noncultur-
able organisms are also problematic such as
Norovirus, Campylobacter jejuni, and Vibrio spe-
cies that are difficult to detect.

Food Safety Authorities
and Pathogen Control Acts
in the USA

Federal food safety authorities in the USA
include the US Department of Agriculture
(USDA), Food and Drug Administration (FDA),
Environmental Protection Agency (EPA),
Department of Justice (DOJ), and Department of
Defense (DOD) (Table 1.8). President Lincoln
founded the USDA in 1862. The Pure Food and
Drug Act and the Federal Meat Inspection Act
(FMIA) were passed in 1906. The USDA’s
Bureau of Chemistry and Bureau of Animal
Industry (BAI) were responsible for enforcing
FMIA. In 1927, the USDA’s Bureau of Chemistry
was recognized, and it was renamed in 1931 as
the Food and Drug Administration (FDA). In
1940, the FDA was separated from the USDA. In
1953, the FDA became a part of the Department
of Health, Education, and Welfare and now the
Department of Health and Human Services
(HHS).

In 1938, the Federal Food, Drug, and Cosmetic
Act was passed, and the FDA holds the authority
to establish food safety standards. In 1957, the
Poultry Products Inspection Act; in 1967, the
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Table 1.8 Food safety authorities in the USA

Agency Responsibility
US Department of Meat, poultry, and liquid
Agriculture-Food Safety |egg products

Inspection Service
(USDA-FSIS)

Food and Drug Fruits and vegetables, milk

Administration (FDA) and dairy products, shell
eggs, nuts, flours, spices,
canned low-acid foods

Environmental Waterborne diseases

Protection Agency

(EPA)

Zoonotic diseases, animal
health

Animal and Plant
Health Inspection
Service (APHIS)
Department of Defense
(DOD) and Department
of Justice (DOJ)

Intentional contamination
of products with pathogens,
biothreat agents

Wholesome Meat Act; in 1968, the Wholesome
Poultry Act; and in 1970, the Egg Products
Inspection Act (EPIA) were passed. The FDA
was responsible for inspection of whole egg and
egg products, and since 1995, the FSIS (Food
Safety Inspection Service) is the responsible
agency for inspection of pasteurized liquid, fro-
zen, or dried egg products, and the FDA assumed
responsibility for shell egg safety. In 1996, the
FSIS included Pathogen Reduction/HACCP
(Hazard Analysis Critical Control Points) as a
landmark rule to control and prevent microbial
pathogens.

In 2011, the Food Safety Modernization Act
(FSMA) was passed to prevent foodborne ill-
nesses and deaths. The FSMA enables the FDA
to focus more on preventing foodborne illnesses
rather than reactive response after an outbreak
happens. The key elements of the FSMA are to
supply safe food to consumers by implementing
critical preventive measures through five broad
focus areas: prevention, inspection and compli-
ance, response, imports, and enhanced partner-
ship. (1) Prevention strategy is intended for
science-based decision-making process to con-
trol pathogens across the food supply chain
including food facilities, production and packag-
ing system, and products. Incorporation of
HACCP and HARPC (Hazard Analysis and

Risk-Based Preventive Controls) principles that
are scientifically and technically sound should
be an integral part of prevention. Furthermore,
the FDA assumes the authority to prevent inten-
tional contamination of products. (2) Inspection
and compliance involve mandatory inspection
and laboratory testing, mandated inspection fre-
quency, access to records, and testing by accred-
ited laboratories. (3) In response category, if a
production facility is implicated in an outbreak,
the FDA has the authority for mandatory recall,
suspension of registration of the food production
facility, enhanced product tracing abilities, and
additional record keeping for high-risk foods.
(4) Imports: the imported food must meet the US
standard; third-party certification and the FDA
have the authority to deny entry of food from a
foreign producer who fails to comply with the
US standard. (5) FSMA also requires the
enhanced partnership and collaboration among
all food safety agencies domestic or foreign for
public health safety.

Global Concerns with Foodborne
Pathogens

In 2018, human population in the world is about
7.6 billion. Worldwide, about 852 million people,
one-sixth of the world population, are chronically
hungry due to an extreme poverty. According to
the Food and Agriculture Organization (FAO) of
WHO, up to 2 billion people lack food security
intermittently due to varying degrees of poverty.
Each year about 6 million children die of hunger,
i.e., about 17,000 per day. By 2050, the world
population is expected to be 9.3 billion, and food
demand is anticipated to double as compared to
today’s demand. Besides population growth, cli-
mate change (such as drought, high temperature,
flooding), conflict and war, and social unrest will
also impact farming and food production. In
many economically impoverished countries, lack
of infrastructure for food transportation, process-
ing, unsanitary and unhygienic food production
and preparation practices, insects, uncontrolled/
unregulated use of pesticides, chemicals, and
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antibiotics also affect food production and supply
of nutritious safe food to masses.

The health of food animals is also critical in
food security since the food animal account for
large quantities of protein (meat, milk, egg) in the
daily diet. The Animal Production and Health
Division (AGA) of FAO reports that globally sev-
eral diseases could be problematic including rin-
derpest, avian influenza (H5N1), African swine
fever, contagious bovine pleuropneumonia, foot-
and-mouth disease (FMD), Rift Valley fever,
rabies, and African trypanosomiasis.

The field of food microbiology has a critical
role to play in securing foods to the masses, espe-
cially by preventing food losses from contamina-
tion of food spoilage and pathogenic
microorganisms. Beneficial microorganisms, on
the other hand, will help protect the food supply
by converting nutritionally poor raw materials to
rich nutritious products through active fermenta-
tion. Microbial fermentation processes can also
help preserve seasonal foods to yield self-stable
products for year-round supply. Single-cell pro-
teins from algae and yeasts will also be able to
supplement protein in the diet to curtail food
shortage.

Alternate Protein Source

Consumption of meat from wildlife, often
referred to as “bush meat,” has increased in
Central and West Africa and is perceived as a fac-
tor that can alleviate poverty. Wild animals such
as elephant, gorilla, chimpanzee and other pri-
mates, crocodile, forest antelope (duikers), por-
cupine, pig, cane rat, pangolin, monitor lizard,
guinea fowl, and anteaters have been smoked,
dried, and often exported to other countries. This
rate of harvesting would endanger wildlife popu-
lation to extinction. Moreover, there is a concern
for infectious disease transmission such as mon-
key poxvirus, Ebola virus, HIV-like virus, simian
foamy virus, and Nipah virus to humans (see
Chap. 6).
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Case Study

Seventeen days in June 2008 (29 Air France
flights from Central and West Africa arrived
at Paris), 134 people were searched, 9 car-
rying bush meat and 83 had livestock or
fish. Total amounts of product seized were
414 pounds. One passenger had 112 pounds
of bush meat and no other luggage. Most of
the bush meats were smoked and dried car-
casses. Some were identifiable; others were
not, so those animals were boiled to expose
their skeleton for identification. Eleven
types of bush meats were confiscated: mon-
keys, large rats, crocodiles, small ante-
lopes, and pangolins (anteaters). Forty
percent of which are listed as endangered
species. It is estimated that about 5 tons of
bush meat arrive in Paris each week.
Likewise, bush meats are also imported to
the USA. Kristine Smith, a wildlife veteri-
narian in the US Customs office said, “We
get these big boxes of meat, sometimes you
see primate heads or hands in there.”
R. Ruggiero of the US Fish and Wildlife
Service said, “In Africa today, many wild-
life populations are being eaten to extinc-
tion. The greatest impact to wildlife
populations in Africa is the bush meat
trade.”

Climate Change and Global Warming

Water is called the environmental common since
it links environment, agriculture, animals, and
humans. Without water, life cannot be sustained.
Yet, it can serve as an efficient vehicle for rapid
transportation of pathogens from a local source
to a global scale through tributaries, rivers, and
oceans. The scarcity of water leads to drought,
and that can cause a rise in many pathogens such
as molds and mycotoxins. Global warming and
climate change leading to temperature rise can
have an impact on the persistence and occurrence
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of bacteria, viruses, parasites, and fungi and the
corresponding foodborne diseases. Global warm-
ing can affect microbial ecology and growth,
plant and animal physiology, and host suscepti-
bility resulting in the emergence of plant and ani-
mal diseases and insect infestations, all of which
could influence foodborne diseases and zoono-
ses. The rise in ocean temperature can increase
toxic algal blooms, yielding high levels of bio-
toxins in marine waters and then their bioaccu-
mulation in animals and fish. Hurricane (cyclone/
tornado) and flooding increase waterborne dis-
eases such as cholera and dysentery and fish and
shellfish poisoning. Flash floods can cause
increased runoff of soil nutrients such as nitrogen
and phosphates from agriculture field into rivers,
lakes, and oceans promoting increased toxic algal
bloom which can contaminate potable water and
fish and shellfish growing in that water.

Foodborne Outbreaks Associated
with Imported Foods

According to the Economic Research Service
(ERS) of the USDA, overall, 16 percent of all
foods eaten in the US is imported with 85% of the
seafood and up to 60% of fresh produce being
imported. Increased outbreaks are associated
with imported foods in the USA. According to
CDC, between 2005 and 2010, there were 39 out-
breaks linked to imported foods, fish, and spices,
resulting in 2348 illnesses involving foods from
15 countries (Table 1.9). Fish was the most com-
mon commodity (17 outbreaks) followed by
spices (6 outbreaks). Import from Asia was
responsible for about 45% of the outbreaks.

Travel-Associated Foodborne
Infections

The WHO estimates that about 15-20 million
travelers to developing countries experience diar-
rhea annually. The CDC reported that between
2004 and 2009, travel-associated enteric infec-
tion cases were 8270 excluding enterotoxigenic

Table 1.9 Global concern of food and water associated

organisms
Source Pathogens of concern
Water Shigella, Vibrio, protozoa,

nematodes

Fresh fruits and
vegetables

Protozoan species (Giardia,
Cyclospora), Shigella, nematodes

Dairy products
(milk)

Campylobacter, Staphylococcus,
Listeria

Rice and pasta

Bacillus cereus (Bacillus spp.)

Meats

E. coli, Salmonella enterica

Fresh water fish

Vibrio, Aeromonas

and sea foods
Street foods

Staphylococcus, Bacillus,
hepatitis A, enteric viruses
Cronobacter sakazakii

Powdered infant
formula

Ingredients (spices
and herbs):

Molds and mycotoxins,
Salmonella, Bacillus, and
Clostridium spores

Table 1.10 Travel-associated enteric pathogen infection
in returning Americans from abroad between 2004 and
2009

Travel-associated cases in

Pathogen the USA (2004-2009) %o
Campylobacter 3445 41.7
Salmonella 3034 36.7
Shigella 1071 13.0
Cryptosporidium 317 3.8
STEC 257 3.1
Cyclospora 54 0.7
Vibrio 44 0.5
Yersinia 32 0.4
Listeria 16 0.2
Total 8270 100

Adapted from Kendall et al. (2012). Clin Infect Dis 54,
S480-S487

E. coli (ETEC, responsible for traveler’s diar-
rhea) cases after returning to the USA. Forty-two
percent cases were due to Campylobacter, 32%
due to Salmonella, and 13% due to Shigella
(Table 1.10). The greatest risks were in Africa
(~76 cases per 100,000), Asia (~23 per 100,000),
and Latin America and Caribbean countries (20
per 100,000). During this reporting period, the
top travel destinations were Mexico, India, Peru,
and the Dominican Republic.
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Control of Foodborne Diseases
in Economically Underdeveloped
Countries

Several factors should be considered to improve
food safety in economically poor countries:
improvement in farming practices, infrastructure,
and transportation of food products to market;
availability of clean and potable water; improved
food processing facility, hygienic practices during
food preparation, refrigeration, and storage; per-
sonal hygiene; insect control; street food safety
(Fig. 1.6); food safety training and education; and
implementation of HACCP in food production.

Challenges and Concerns with Global
Food Safety

Foodborne disease statistics and surveillance
data are scanty. Underreporting of foodborne dis-
eases, misdiagnoses, large susceptible popula-
tions, poverty, and lack of infrastructure hinder
data collection by the public health sector. This
lack of public health data can limit policymaking
and the formation of more effective guidelines
for proper farming, processing, cooking, distribu-
tion, and food safety practices. Malnourishment,
undernourishment, immunological health, and
poor education and communication can also hin-
der progress.

Summary

Food microbiology is a branch of microbiology
that focuses on the study of microorganisms that
are associated with food intended for human or
animal consumption. Microorganisms use food
as a source of nutrient for survival and growth or
a vehicle of transmission to the human or animal
host. Food microbiology is broadly classified into
three focus areas: beneficial microorganisms,
spoilage microorganisms, and pathogenic micro-
organisms. Beneficial microorganisms are those
used for making traditional or ethnic fermented
products, and as probiotics, which are gaining
increased popularity because of their health-
beneficial effects. Spoilage microorganisms, on
the other hand, are responsible for product spoil-
age and place an economic burden on the produc-
ers, processors, and retail store owners for
product losses. This is a serious issue in develop-
ing countries because of inadequate processing
and refrigeration facilities. Foodborne pathogen
contamination in foods presents a serious chal-
lenge which may result in severe diseases such as
food intoxication, toxicoinfection, and infection.
Mortality, morbidity, and product recalls are seri-
ous consequences of outbreaks caused by food-
borne pathogens. Most foodborne pathogens
grow in the mesophilic range and a few in the
psychrophilic range and their growth does not
usually alter the aesthetic quality of foods. Some
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pathogenic traits are sometimes acquired through
plasmids, transposons, bacteriophages, or
through pathogenicity islands. Foodborne patho-
gens can be zoonotic, geonotic, or human origin,
and consumption of contaminated foods results
in foodborne diseases. In order for a foodborne
pathogen to cause disease, the microbe must be
able to survive in food and, when transferred to
human hosts, find niches, multiply, and express
virulence factors to cause host cell damage.
Worldwide, foodborne pathogens are responsible
for large numbers of outbreaks, illnesses, and
mortalities. Foodborne pathogens are a serious
public health concern, and outbreaks are attrib-
uted to the emergence of new pathogens and
reemergence of some old pathogens. The routine
epidemiological and food product surveys are
introduced by many countries in order to provide
an accurate picture of global distribution and
occurrence of foodborne diseases. The reasons
for the emergence of increased foodborne dis-
eases have been investigated. Several factors are
thought to be responsible: improved survey sys-
tem and the creation of the database for various
pathogens; changes in agricultural and food man-
ufacturing practices; consumer’s habits of food
consumption and preparation; the increased pop-
ulation of the susceptible group; improved sur-
vival and adaptation of pathogens in harsh food
environments; and improved detection methods.
To control foodborne pathogen-related illnesses
and deaths, the US government has passed the
Food Safety Modernization Act (FSMA) in 2011
as a science-based proactive preventive strategy
rather than a reactive passive approach to the
food safety. Globally, food safety is a major con-
cern due to increasing numbers of food- and
water-associated illnesses and mortality, the
emergence of highly infectious diseases from
bush meats derived from wild animals, travel-
associated intercontinental transfer of pathogens,
and globalization of food supplies.
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Biology of Microbial Pathogens

Introduction

All organisms belong to one of the three domains
of life: Bacteria, Archaea and Eukarya (Fig. 2.1).
The phylogenetic classification of the organisms
is achieved based on the sequence comparison of
small subunit rRNA gene. The classical taxo-
nomic ranks are a domain, phylum, class, order,
family, genus, species, serovar, and strain. An
example for each rank is provided for a strain of
Escherichia coli (Fig. 2.2). In this chapter, gen-
eral properties of microorganisms including bac-
teria, viruses, molds, parasites, and algae (the
source of most seafood-associated toxins) that
are responsible for foodborne diseases are
reviewed. In addition, the morphological and
structural characteristics of microorganisms in
relation to their pathogenesis are discussed so
that this background knowledge will aid in under-
standing the mechanism of pathogenesis and the
host response to pathogens in the subsequent
chapters.

Bacteria

Bacterial genera associated with foodborne infec-
tions or food intoxications are listed in Table 2.1.
Morphologically, bacterial cells are rods
(1-10 pm in length and 0.5-1 pm in diameter),
spherical, curved, or spiral (Fig. 2.3). Some cells
may form long chains depending on the growth

© Springer Science+Business Media, LLC, part of Springer Nature 2018

environments or physiological conditions or
some may exist in singlet or doublet. Some cells
are motile and may display unique motility such
as tumbling, corkscrew rotation, swimming, and
swarming.

Nutrients, temperature, and gaseous composi-
tion of the environment influence bacterial
growth and metabolism. The aerobic bacteria
require oxygen for respiration and energy, while
the anaerobic bacteria grow in the absence of
oxygen. Obligate or strict anaerobes cannot with-
stand traces of oxygen, while aerotolerant anaer-
obes have tolerance for some amounts of
oxygen.

Microbes are also classified based on their
temperature requirements. Some microorganisms
grow at refrigeration to ambient room tempera-
tures (1-25 °C), and they are called psychro-
trophs (cold tolerant). Their optimal growth
temperature is above 15 °C and maximum is
above 20 °C. Psychrophiles (cold loving) can
grow and reproduce at —20 °C to +20 °C with an
optimal temperature of growth at 15 °C.
Psychrophiles are also found in the polar ice,
permafrost, and at the bottom of an ocean.
Mesophiles grow at 25-37 °C and both psychro-
trophs and mesophiles are capable of causing dis-
eases in humans. Some bacteria grow at high
temperatures and are called thermophiles (50—
70 °C); some even grow in hot geysers such as
extremophiles (>70 °C). Maintenance of mem-
brane fluidity is critical for bacterial survival and
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Fig. 2.2 A flow diagram showing the taxonomic classification of bacteria



Bacteria

27

Table 2.1 Bacterial genera associated with foodborne
infections or food intoxication

growth under extreme conditions (both low and
high temperatures) so that the enzyme activity,

Gram-positive Gram-negative electron transport, ion pump, and nutrient uptake
Bac‘”’fs : Aeromonas are possible. Altogether, only a very small frac-
C?OSIrfdl“m Arcobacter tion of all microbes is capable of causing diseases
Listeria Brucella . . .
. in humans or animals. Most of the pathogenic
Mycobacterium Campylobacter . .
Staphylococcus Cronobacter (Enterobacter) ba(':t_ena aFe mesophlh.c and a few are psychr.o—
Escherichia philic, while thermophiles are rarely pathogenic.
Salmonella Based on the microbial response to acidity (pH),
Shigella bacteria are also grouped as aciduric (<pH 7) or
Vibrio alkaliphilic (pH 8.5-11 with an optimum of pH
Yersinia 10.0). Thiobacillus ferrooxidans is an example of
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Fig. 2.3 Bacterial cells: (a) Morphology, (b) Structural
differences in Gram-positive and Gram-negative bacteria,
(¢) Schematics and original (d) transmission electron

Staph yfcus aureus

L. monocytogenes

microscopic cross section of Gram-positive Listeria
monocytogenes and Staphylococcus aureus cells
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extremophile aciduric bacterium that can grow at
pH of ~1.5. Some bacteria also require salt for
their growth, can tolerate moderate to high levels
of salt (1.7-30%), and are called halophiles
(examples are Vibrio vulnificus, Staphylococcus
aureus). Some bacteria that can thrive at high
pressure are called barophiles or piezophiles such
as those found in deep sea or ocean floor and can
withstand pressure exceeding 38 MPa.

Bacteria are divided into two groups based on
their cell wall structures and staining characteris-
tics: Gram-positive and Gram-negative, named
after the Danish bacteriologist, Hans Christian
Gram (1853-1938), who developed the Gram
staining method in 1884. Gram-positive bacterial
cell envelope consists of a thick rigid peptidogly-
can polymer and retains crystal violet—iodine
complex to appear purple to blue after Gram
staining, while the Gram-negative bacterial cell
wall is porous and does not retain this stain.
Counter staining of the Gram-negative cells with
safranin (carbol fuchsin) stains the cells pink to
red. Acid-fast bacteria such as mycobacteria have
mycolic acid and lipid on their cell envelope,
rendering them unstainable with Gram stain.
Mycobacterium retains carbol fuchsin after
acid-fast staining also known as Ziehl-Neelsen
staining. Examples of Gram-positive bacteria

are Listeria, Staphylococcus, Streptococcus,
and Clostridium; Gram-negative examples are
Salmonella, Escherichia, Campylobacter,

Fig. 2.4 A schematic
cross section of the
Gram-positive bacterial
cell wall

Protein

Yersinia, and Vibrio; and the acid-fast bacteria
are Mycobacterium tuberculosis and M. bovis.

The outermost layers of Gram-positive bacte-
ria contain a thick rigid cell wall or peptidogly-
can (PGN) structure. Cell wall also contains
proteins and teichoic acid (TA) or wall teichoic
acid (WTA), teichuronic acid, lipoteichoic acids
(LTA), lipoglycan, and polysaccharides. The
inner layer is a porous cytoplasmic membrane
(CM) which consists of a lipid bilayer (Fig. 2.4).

Gram-negative bacteria, on the other hand,
have an outer membrane (OM) layer, a thin pep-
tidoglycan layer, and an inner cytoplasmic mem-
brane (Fig. 2.5). The OM consists of a lipid
bilayer, in which the lipopolysaccharide (LPS) is
located on the outer leaflet of the bilayer. The
major components of LPS are lipid A, which is a
glycophospholipid  consisting of  f-1,6-D-
glucosamine disaccharide. Phosphate and car-
boxylate groups of the lipid A provide a strong
negative charge to the outer surface.

Gram-Positive Bacteria
Cell Wall and Peptidoglycan

The cell wall consists of a large number of mol-
ecules that have a multitude of functions. In addi-
tion, the cell wall protects cells from mechanical
damage or osmotic lysis. The major component

Teichoic
Acid (TA)

Lipoteichoic
Acid (LTA)

I~ «—Peptidoglycan
(PGN)

_ Cytoplasmic
24« Membrane (CM)
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Fig. 2.6 The structure of cell wall (peptidoglycan) from
a typical Gram-positive bacterial species (Staphylococcus
aureus). Enzymes are marked by an oval circle showing
their site of action. NAG N-acetyl-glucosamine, NAM

of the cell wall is peptidoglycan (about 20—-80 nm
thick) and is known as murein, which consists of
peptides and sugar moieties (Figs. 2.4 and 2.6).
PGN is highly complex and dynamic structure,
which contains a disaccharide N-acetyl-D-
glucosamine (NAG) and N-acetylmuramic acid
(NAM) and linked by f-1,4-glycosidic linkage
(GIcNAc-(f1-4)-MurNAc) and pentapeptide
(Fig. 2.6). The enzyme transpeptidase (e.g., sor-
tase) helps in the formation of peptide cross-link

N-acetylmuramic acid (Adapted and redrawn from
Navarre and Schneewind. 1999. Microbiol. Mol. Biol.
Rev. 63:174-229)

with disaccharide GlcNAc-(#1—4)-MurNAc mol-
ecules and provides stability to the peptidoglycan
backbone. In Staphylococcus aureus, the tetra-
peptide, consisting of Ala, Glu, Lys, and Ala,
forms a bridge with the pentaglycine (Glys) pep-
tide. In Listeria monocytogenes, pentaglycine is
absent, but the crossbridge is formed by an amide
bond between the e-amino group of a meso-
diaminopimelic acid (m-Dpm) and the p-Ala of
the adjacent cell wall (Fig. 2.6). Cell wall
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peptidoglycans with a low degree of cross-link-
ing are much more susceptible to the degradation
by the cell wall hydrolases than are those with a
high degree of cross-linkers. Penicillin or other
B-lactam antibiotics inhibit transpeptidases used
for cell wall formation, hence affecting the bacte-
rial cell wall growth in Gram-positive bacteria. In
addition, p-lactam can activate autolysin, which
degrades  peptidoglycan. A  carbohydrate-
hydrolyzing enzyme, lysozyme (M,. 14.4 kDa),
breaks down peptidoglycan. Lysozyme present in
body fluids, such as saliva and tears, and in the
avian egg white is also known as f-1,4-N-
acetylmuramidase and cleaves the glycosidic
bond between the C-1 of NAM and the C-4 of
NAG in the peptidoglycan (GlcNAc-(f1-4)-
MurNAc). Lipoteichoic acid, teichoic acid, and
surface proteins can prevent lysozyme action and
protect the bacterium from lysis. Other enzymes
that hydrolyze PGN are glucosaminidase, endo-
peptidase (e.g., lysostaphin from S. aureus),
muramidase, amidase, and carboxypeptidase
(Fig. 2.6). Cell wall peptidoglycan helps main-
tain the structural integrity and the shape of cells;
therefore, when the PGN is totally removed, the
bacterium forms a structure called protoplast
while the bacterial cell wall with some remnants
of PGN called a spheroplast.

Cell wall also carries several surface proteins
containing an amino acid sequence motif
consisting of L (Leucine), P (Proline), X (any), T
(Threonine), and G (Glycine) in the C-terminal
end, where X could be any amino acid. This
LPXTG motif helps bacterial surface proteins to
anchor to the peptidoglycan backbone. Examples
of proteins that contain LPXTG motif are intern-
alin in Listeria monocytogenes, the M protein in
Streptococcus ~ pyogenes, protein A in
Staphylococcus aureus, and fibrinogen-binding
protein in S. aureus and S. epidermidis. These
proteins serve as adhesion factors or binding
molecules for the host cell receptors. An immune
response against Gram-positive bacterial patho-
gens often targets PGN as an antigen.

PGN performs multiple functions in a host.
PGN is a strong vaccine adjuvant and activates
dendritic or macrophages and monocytes for
improved antigen presentation, cytokine produc-
tion, and strong immune response against an

antigen. PGN also initiates complement activa-
tion through the alternative pathway and sup-
presses appetite by inducing increased tumor
necrosis factor (TNF-a) production (see Chap.
3). During innate immunity against bacteria, toll-
like receptor (TLR) of immune cells such as the
macrophage binds to PGN for recognition.
TLR-2 was thought to interact with PGN; how-
ever, it was later determined that the nucleotide-
binding oligomerization domain protein (Nod)-1
and Nod-2 serve as mammalian pattern recogni-
tion receptor for PGN (see Chap. 3). PGN can be
cytotoxic to some host cells.

Teichoic Acid and Lipoteichoic Acid

Teichoic acid is a polyanionic polymer and has a
polysaccharide backbone, which consists of
glycerol or ribitol linked by phosphodiester
bonds, i.e., sugar—alcohol-phosphate, and is bur-
ied in the peptidoglycan backbone (Fig. 2.4). Cell
wall TA or WTA is uniformly distributed over the
entire peptidoglycan exoskeleton. The function
of TA is not fully known, but it is thought that the
negatively charged TA captures divalent cations
or provides a biophysical barrier that prevents the
diffusion of substances and binds enzymes that
hydrolyze peptidoglycan. TA or WTA also plays
an important role in bacterial physiology, cell
division, ion homeostasis, biofilm formation,
bacterial pathogenesis, and host immune response
including complement activation and phagocyto-
sis (opsonization) (see Chap. 3).

Lipoteichoic acid being a polyanionic poly-
mer is inserted into the lipid portion of the outer
leaflet of the cytoplasmic membrane (CM), trav-
els through the peptidoglycan, and is exported
outside the cell wall (Fig. 2.4). Both WTA and
LTA are unique for Gram-positive bacteria and
are absent in Gram-negative bacteria. The func-
tion of LTA is unknown, but it serves as species-
specific decorations of the peptidoglycan
exoskeleton. LTA and the surface proteins pro-
vide unique serotype characteristics of a bacte-
rium, for serological classification. LTA with
different sugar molecules determines the sero-
type of the bacteria. This antigenic classification
is called somatic antigen or O antigen.
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Cytoplasmic Membrane

The cytoplasmic membrane consists of a lipid
bilayer and carries transport proteins, which bind
specific substrate and transport unidirectionally
toward the cytoplasm. The proteins are responsi-
ble for secretion of periplasmic extracellular pro-
teins, energy metabolism (electron transport
system, ATPase), and cell wall synthesis

Gram-Negative Bacteria
Outer Membrane

The cell envelope of Gram-negative bacteria is
surrounded by an outer membrane (OM), which
is about 7.5-10 nm thick and consists of phos-
pholipids, proteins, and lipopolysaccharide
(LPS) (Fig. 2.5). The OM has a lipid bilayer
arrangement; the outer leaflet consists of LPS
and the inner leaflet has phospholipid. The LPS
monomer has a strong lateral interaction with
other LPS in the OM thus providing rigidity and
gel-like appearance. LPS consists of three dis-
tinct regions: O side chain, core oligosaccharide,
and lipid A (Fig. 2.7). The O side chain consists
of repeating polysaccharide subunits of mannose,
rhamnose, and galactose and is the most variable
part of the LPS and can even show variability in
strains within a species. The core oligosaccharide
of LPS is covalently linked to the lipid A through
the acidic sugar, 2-keto-3-deoxyoctanate (KDO).
The lipid A is the most conserved region in the
LPS and it secures LPS in the OM architecture.
Lipid A is very toxic, and it is one of the most
important molecules involved in bacterial patho-
genesis and immune modulation. In Gram-
negative bacterial pathogens when LPS is
sloughed off, it is referred to as endotoxin or
pyrogen. LPS induces host cytokine (TNF-a,
IL-1) production by macrophages and increased
body temperature (fever).

The OM is also embedded with many proteins
and is collectively called OMPs (outer membrane
proteins). The OMPs serve as a transporter of
nutrients and ions across the OM to the periplasm
and are residence sites for membrane-bound
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Fig. 2.7 Structure of lipopolysaccharide (LPS) from
Salmonella enterica serovar Typhimurium. It has three
regions: O side chain, core oligosaccharide, and the lipid
A. Abe abequose, Man mannose, Rha rhamnose, Gal
galactose, Glc glucose, GlcNAc N-acetylglucosamine,
Hep heptulose, KDO 2-keto-3-deoxyoctonate, GlcN glu-
cosamine, P phosphate, EtN ethanolamine

enzymes, such as protease and phospholipase.
The OMPs serve as the adhesin for interaction
with mammalian cells. The most abundant pro-
teins in OM are porins, which are trimeric
B-barrels forming channels. The pore diameter in
porins varies from 6A to 15A, and porins serve as
a selective transport system for small molecules
(<600 Da). Porins are filled with water, and they
help in the passive diffusion of small solutes
without binding them. Nutrients can diffuse
through porins, but if the concentration is very
low, transport can occur via a substrate-specific
active transporter system. Some porins may be
substrate-specific such as the sucrose-specific
porin, ScrY in Salmonella, and
maltooligosaccharide-specific maltoporin, LamB
in E. coli. Porins also play an important role in
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bacterial pathogenesis by activating an immune
response, signaling pathway, and antibiotic resis-
tance. Porins can activate both classical and alter-
native complement pathways and induce an
inflammatory response.

Peptidoglycan

The peptidoglycan structure of Gram-negative
bacteria is similar to that seen in Gram-positive
bacteria, but it is much thinner (about 5-10 nm)
and is less defined. It is attached to the OM by a
lipoprotein, wherein the lipid moiety remains
embedded in the inner leaflet of the OM. PGN is
sensitive to lysozyme, but this enzyme is too
large to pass through the porin in Gram-negative
bacteria, which are thus resistant to lysozyme.

Periplasmic Space

Periplasmic space (PS) is the area or the compart-
ment located between peptidoglycan and the
cytoplasmic membrane. PS contains a concen-
trated gel-like matrix called periplasm and serves
as the storage space for numerous enzymes (e.g.,
phosphatases), proteins that bind nutrients (sug-
ars, amino acids, vitamins, ions) and direct them
to the cytoplasmic membrane for transport, oli-
gosaccharides (prevent changes in osmolarity),
toxins, and some peptidoglycans which cross-
linked into gel. Gram-negative bacteria also con-
stantly release membrane vesicles (MVs) from
OM. These MVs contain an OMP, LPS, phospho-
lipids, and a periplasm containing protease, phos-
pholipase C, alkaline phosphatase, and autolysin.
MVs are released from both planktonic and bio-
film forming cells and attack other vulnerable
bacterial clones under nutrient starvation condi-
tions providing selective growth or colonization
advantages. MVs are thought to play a role in
pathogenesis by delivering virulence factors such
as phospholipase C, protease, and hemolysins
directly to the host cells without being degraded
by inactivating environmental enzymes. In many
bacteria such as Pseudomonas, Proteus, Serratia,
Vibrio, Haemophilus, Neisseria, Escherichia and
others, these MV participate in pathogenesis.

Protein Secretion Systems

Several nanomachine channels also known as
secretion systems exist in both Gram-positive
and Gram-negative bacteria to transport proteins,
DNA, and certain virulence factors across the
bacterial cell envelope (Table 2.2). In Gram-
negative bacteria, six secretion systems facilitate
protein export from the cytosol across the outer
membrane. Those systems are type I secretory
system (T1SS), type II (T2SS), type III (T3SS),
type IV (T4SS), type V (T5SS), and type VI
(T6SS). T1SS, T2SS, T3SS, T4SS, and T6SS
span from cytoplasmic membrane (CM) to the
outer membrane (OM), while T5SS spans only
the OM. TISS exports a large variety of protein
substrates from cytosol to the extracellular milieu
in both pathogenic and nonpathogenic Gram-
negative bacteria. Examples of type I exporter are
those proteins belonging to ATP-binding cassette
(ABC), iron-binding proteins, and hemolysins.
T2SS is also found in a wide range of pathogenic
and nonpathogenic Gram-negative bacteria and
helps in secretion of the protein from periplasm
into the extracellular milieu. Examples are
pseudolysin of Pseudomonas aeruginosa and
cholera toxin of Vibrio cholera. T3SS is primarily
found in pathogenic bacteria and exports effector
proteins (virulence proteins) directly into the
cytoplasm or the plasma membrane of target
eukaryotic cells. T3SS is present in Gram-
negative bacterial genera of Salmonella, Shigella,
Pseudomonas, and Yersinia and enteropatho-
genic (EPEC) and enterohemorrhagic (EHEC)
Escherichia coli. It is also known as a “molecular
syringe,” which directly delivers virulence pro-
teins across the cytoplasmic membrane of the
host without exposing the proteins to extracellu-
lar milieu. 74SS is present in both Gram-positive
and Gram-negative bacteria and exports proteins
and DNA-—protein complexes from the bacterial
cell into the cytoplasm of the recipient cell (both
prokaryote and eukaryote). This system is ubig-
uitous and promiscuous and is capable of trans-
porting DNA—protein complex to other bacteria,
archaea, yeasts, molds, and plants. For example,
VirB in Agrobacterium tumefaciens allows the
transfer of DNA—protein complex in plant tissues
causing cancerous growth. Other examples of
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Table 2.2 Protein secretion systems in bacteria

Name

Source

Function

Type I secretion
system (T1SS)

Gram-negative

Exports a large variety of protein substrates from cytosol to
extracellular milieu in both pathogenic and nonpathogenic bacteria.
Examples: proteins with ATP-binding cassette (ABC), iron-binding
proteins, and hemolysins

Type II secretion
system (T2SS)

Gram-negative

Secretes protein from periplasm into extracellular milieu such as
pseudolysin of Pseudomonas aeruginosa and cholera toxin of Vibrio
cholera

Type 111 secretion

Gram-negative

Exports effector proteins (virulence proteins) directly into the

system (T3SS) cytoplasm or the plasma membrane of target eukaryotic cells

Type IV secretion Gram-negative and Exports proteins and DNA—protein complexes from the bacterial cell
system (T4SS) Gram-positive into the cytoplasm of the recipient prokaryote and eukaryote cell
Type V secretion Gram-negative Secretes virulence factors and involves in cell-to-cell adhesion and
system (T5SS) biofilm formation

Type VI secretion

Gram-negative

Translocates toxic effector proteins into both prokaryotes and

system (T6SS) (Proteobacteria) eukaryotes

Type VII secretion Mycobacterium A specialized secretory system for export of virulence proteins in
system (T7SS) (Gram-positive Mpycobacterium tuberculosis and M. bovis

SecA, SecA2 Gram-negative Export virulence proteins and enzymes

Gram-positive

type IV system include CAG and ComB system
in Helicobacter pylori, Ptl system in Bordetella
pertussis, and Dot in Legionella pneumophila.
T4SS is also responsible for the transfer of
plasmid-borne antibiotic resistance gene. T5SS is
a single membrane-spanning secretion system
and is an autotransporter. It secretes virulence
factors and is involved in cell-to-cell adhesion
and biofilm formation. 76SS is widely distributed
in Proteobacteria, and it translocates toxic effec-
tor proteins in both prokaryotes and eukaryotes.
It plays an important role in bacterial pathogene-
sis and competition. An additional secretory
system, 77SS, was originally isolated from myco-
bacteria and is a specialized secretory system for
export of virulence proteins in Mycobacterium
tuberculosis and M. bovis. Mycobacteria have
mycomembrane consisting of free lipids and
mycolic acid linked to the peptidoglycan via ara-
binogalactan, and T7SS translocates protein from
CM to the extracellular milieu. Interestingly,
T7SS gene clusters are also found in some non-
acid-fast bacteria such as Listeria monocyto-
genes, Bacillus subtilis, and Staphylococcus
aureus.

In Gram-positive bacteria, most secreted pro-
teins are translocated across the cell envelope by
Sec pathway consisting of membrane protein

complex comprised of SecY, SecE, and SecG and
are mediated by ATPase SecA. Precursor proteins
acquire their folded structure after being translo-
cated out of the cytosol by either SecAl or
SecA2. SecA2 is also present in Gram-negative
bacteria. Most proteins are exported by SecAl,
while only limited proteins including some viru-
lence proteins are translocated by SecA2. Sec-
dependent proteins contain a classical Sec signal
sequence at the amino terminus; however, SecA2
can translocate proteins bearing no classical Sec
signal sequence. The virulence factors that are
translocated by SecA2 are superoxide dismutase
(SodA) in L. monocytogenes and Mycobacterium
and LAP (Listeria adhesion protein) in L.
monocytogenes.

Accessory Structures in Gram-
Positive and Gram-Negative
Bacteria

The accessory extracellular structures including
fimbriae, pili, flagella, and capsules provide struc-
tural integrity and facilitate bacterial colonization,
motility, exchange of genetic materials, and sur-
vival in in vitro and in vivo environments. These
structures also serve as important virulence



34

2 Biology of Microbial Pathogens

factors for pathogenic bacteria by promoting bac-
terial adhesion, colonization, motility, and eva-
sion of host immune system (see Chap. 4).
Mutations in the genes encoding these accessory
structures provide antigenic shift thus allowing
pathogens to overcome host immune defense sys-
tem. Furthermore, genetic and phenotypic proper-
ties of the accessory structures allow bacterial
classification. The following key antigens are
used as a target for serotyping or serogrouping.

Fimbriae (Pili) and Curli

Gram-negative bacteria carry cilia-like long
appendages composed of glycoproteins, which
can be used by bacteria to exchange genetic
materials between organisms or used for attach-
ment to a different substrate including the host
cell. Fimbrial antigens are also called coloniza-
tion factor antigens (CFA) and are important in
bacterial adhesion, motility, and inter-bacterial
communication (see Chap. 4 for details). Curli
are extracellular amyloid-like protein fibers and
are involved in bacterial adhesion, surface colo-
nization, and biofilm formation.

Flagella

The flagellar antigen is designated “H,” which
stands for “Hauch” in German. Both Gram-
positive and Gram-negative bacteria may carry
one or more filamentous whiplike structures
extending outward from their cell wall, called fla-
gella. Flagella aid in bacterial motility or loco-
motion and reaching the nutrient-rich
environment. Flagella may exist as either single
polar flagellum or multiple flagella surrounding
the bacterium. They are designated as monotri-
chous, a single polar flagellum such as in Vibrio
cholera; amphitrichous, one on each pole, for
example, are Alcaligenes faecalis and
Campylobacter jejuni; lophotrichous, multiple
flagella in each pole, for example, Vibrio fischeri,
and peritrichous, multiple flagella surrounding
the bacterial cell, for example, Salmonella
enterica and E. coli (Fig. 2.8).

Monotrichous

Amphitrichous

Lophotrichous

Fig. 2.8 Flagellar arrangements in bacteria

The flagellum, a complex self-assembling
nanomachine, consists of a woven structure of
flagellin proteins. There are three main struc-
tures: an engine, a propeller, and a universal joint
that connects them to form the bacterial flagel-
lum. The engine includes a rotor and a stator,
which are embedded in the cytoplasmic mem-
brane, and a rod that acts as a drive shaft, which
extends from the rotor through the peptidoglycan
layer to the outer membrane. The helical filament
acts as a propeller for locomotion and movement.
The proteins involved in the flagellar assembly
are similar to the proteins seen in T3SS in Gram-
negative bacteria. In some bacteria, flagella are
considered important virulence factors aiding in
adhesion and invasion by bacterial pathogens
such as Campylobacter jejuni, Legionella pneu-
mophila,  Clostridium  difficile,  Salmonella
enterica serovar Typhi, and Vibrio cholera. In
some other pathogens, flagella are also involved
in secretion of virulence factors.

O (Somatic) Antigen

In Gram-negative bacteria, O antigen represents
O side chain, core oligosaccharide of the LPS
located in the outer membrane (Fig. 2.8).
O-polysaccharide is conserved, but it may be
shared among different genera of Gram-negative
bacteria. For example, E. coli O8 antigen is
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shared by Klebsiella pneumoniae and Serratia
marcescens; E. coli O157 antigen is shared by
Citrobacter freundii and Salmonella enterica. In
addition, proteins in OM may contribute to O
serotyping profile. In Gram-positive bacteria,
O-antigenic profile is shared by peptidoglycan,
TA or WTA, LTA, and surface proteins.

Capsule

The capsule is a thick layer of a gel-like structure
composed of complex polysaccharides (i.e.,
sialic acid, N-acetylglucosamine, glucuronic
acid, glucose, galactose, fucose) and located out-
side the cell envelope. In some bacteria, the cap-
sule may be thin and is called glycocalyx. The
capsule is generally visualized by negative stain-
ing (generally stained with India ink). It is also
known as the K antigen and helps protect the
cells against desiccation. The capsule acts as a
virulence factor and it helps bacterial adhesion to
the host cells. It protects cells from engulfment
by macrophages and other phagocytic cells. The
Gram-positive bacteria that produce capsules
include Bacillus cereus, Bacillus anthracis,
Streptococcus mutans, Streptococcus pyogenes,
and S. pneumoniae, while the Gram-negative
bacteriaare Haemophilus influenza, Pseudomonas
aeruginosa, Escherichia coli, Agrobacterium
tumefaciens, and Acetobacter xylinum. The latter
two are not normally pathogenic to man.

Fig. 2.9 Drawing of an
electron microscopic
image of a clostridial
bacterial spore,
exosporium, coat, outer
membrane, cortex, germ
cell wall and inner
membrane, and core

Germ cell wall
and inner
membrane

Endospore Formation

Some bacterial species forms spores as a survival
mechanism. Only a few bacterial genera, namely,
the Gram-positive Bacillus, Alicyclobacillus,

Clostridium, Sporolactobacillus, and
Sporosarcina and the Gram-negative
Desulfotomaculum, are capable of forming

spores. Among these bacteria, Bacillus (B.
cereus, B. anthracis) and Clostridium (C. per-
fringens, C. botulinum) cause foodborne diseases
in humans. Bacterial spores are called endospores
since they are produced inside a cell and there is
only one spore per cell. Endospores may be
located terminal, central, or off-center, causing
bulging of the cell. Under a phase-contrast micro-
scope at 1000 x magnification, spores appear
refractile spheroid or oval. The surface of a spore
is negatively charged and hydrophobic; hence, it
is sticky. Spores are much more resistant to phys-
ical and chemical antimicrobial treatments as
compared to vegetative cells. This is because the
specific structure of bacterial spores is quite
different from that of vegetative cells from which
they are formed (Fig. 2.9). In the core of the
spore, protoplasm contains DNA, RNA, enzymes,
dipicolinic acid (DPN), divalent cations, and very
little water. The core is surrounded by an inner
membrane, which is the predecessor of the cell
cytoplasmic membrane. The germ cell wall sur-
rounds the inner membrane, which is the prede-
cessor of the cell wall in the emerging vegetative

Coat

QOuter
membrane
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cell. The cortex located surrounding the cell wall
is composed of peptides, glycan, and an outer
forespore membrane. The spore coats located
outside the cortex and the membrane are com-
posed of layers of proteins such as small acid-
soluble proteins (SASP), which protect spore
DNA from thermal denaturation and other harsh
treatments. Spores of some species may have a
structure called exosporium located outside the
spore coat. During germination and outgrowth of
spore, the cortex is hydrolyzed, and outer fore-
spore membrane and spore coats are removed by
the emerging vegetative cell.

The spores are metabolically inactive or dor-
mant, and can survive for years, but are capable
of emerging as vegetative cells (one cell per
spore) under a suitable environment. The life
cycle of spore-forming bacteria has a vegetative
cycle (by binary fission) and a spore cycle, which
goes through several stages in sequence, during
which a cell sporulates and a vegetative cell
emerges from a spore (Fig. 2.10). These stages
are genetically controlled and influenced by dif-
ferent environmental parameters and biochemi-
cal events, which are briefly discussed here.
Sporulation in bacteria is triggered by the changes
in the environmental factors such as reduction in
nutrient availability (particularly carbon, nitro-
gen, and phosphorous sources) and changes in
the optimum growth temperature and pH. The
transition from the cell division cycle to sporula-
tion is genetically controlled, involving many
genes. A cell initiates sporulation only at the end
of completion of DNA replication and synthesis
of adenosine bis-triphosphate (Abt) by spore-
formers under carbon or phosphorous depletion.
Sporulation events have several stages: (1) termi-
nation of DNA replication, alignment of chromo-
some in axial filament, and formation of
mesosome; (2) invagination of cell membrane
near one end and completion of the septum; (3)
engulfment of prespore or forespore; (4) forma-
tion of germ cell wall and cortex, accumulation
of Ca?*, and synthesis of DPN; and (5) deposition
of spore coats. In general, Gram-positive spore-
formers in the Bacillus group can form mature
spores in the absence of carbon and nitrogen
sources on a substrate such as soil extract agar.

)
V%?g‘tﬁﬂ“e‘l‘ Sporulation
) ¢

( Mo e
| Q )

©

t germination

) SPOTe  Mother cell

Fig. 2.10 Schematic presentation of the cycles of cell
division and endospore formation, germination, and out-
growth of spore forming bacteria (Adapted and redrawn
from Foster 1994. J. Appl. Bacteriol. 76:5S25-S39)

Conversely, Clostridia usually require the pres-
ence of carbon and nitrogen substrates to produce
mature heat-resistant spores.

Viruses

Virus means “poison” in Latin. Food virology
includes the study of viruses that are transmitted
via food and are commonly known as enteric.
Enteric viruses are transferred via fecal-oral or
fecal-water—oral routes and are highly infectious.
Viruses are shed in large numbers (10° particles
per gram) from infected patients through feces
and a slightly lower numbers by vomitus. Person-
to-person or fecal-oral transmission is a common
mechanism for viral infection. The infectious
dose is about 10-100 particles. Infection is also
referred as “stomach flu” characterized by watery
diarrhea, nausea, and vomiting and resembles
bacterial food poisoning. Viruses are obligate
intracellular parasites, i.e., they require a living
host for replication and cannot grow outside their
specific host nor in the food. Viruses are generally
“host-specific,” i.e., a virus can be a plant, animal,
or human, or bacteria-specific and generally do
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not show cross-species infection. However, some
zoonotic viruses are able to infect both humans
and animals, and some viruses undergo genetic
modifications to adapt themselves to different
hosts. Viruses are metabolically dependent on the
host. Animal cell culture or chick embryos are
used for viral growth, replication, and isolation.
Viruses replicate rapidly to yield prodigious titers
in the host cells. Though there are a few antiviral
drugs, viruses generally do not respond well to the
conventional antibiotics. Hence, prevention strat-
egies involve appropriate vaccination and proper
hygienic practices.

Virus Classification/Taxonomy

Enteric viruses are generally nonenveloped RNA
viruses and belong to the family of Adenoviridae,
Caliciviridae, Hepeviridae, Picornaviridae, and
Reoviridae. Viruses are classified based on the
size, shape, structure, and nucleic acid content.
Viruses contain either DNA or RNA. The nucleic
acid may be single- or double-stranded nucleic
acid molecules. DNA viruses generally have
double-stranded DNA, and RNA viruses have
single-stranded RNA molecule. Enteric viruses
are found in the gastrointestinal tract, and small
round structured viruses are called “SRSVs,”
which are found in feces. Based on the genetic
elements, Dr. David Baltimore has classified
viruses into seven types (1) dsDNA, (2) ssDNA,
(3) dsRNA, (4) (+) sense ssRNA, (5) (—) sense
ssRNA, (6) RNA reverse transcribing viruses,
and (7) DNA reverse transcribing viruses. Later,
Baltimore received the Nobel Prize for discover-
ing that the RNA viruses reproduce by using a
novel enzyme, RNA reverse transcriptase.

Virus Structure

Common particle shape of a virus may be cubical
or icosahedral, i.e., a polyhedron with 20 triangu-
lar faces, 12 corners, and spherical or helical
shape. The size of the virus is determined by an
electron microscopy or virus’s ability to pass
through a defined membrane filter. Viruses are

small particles generally ranging from 20 to
300 nm. The smallest virus is picornavirus (20—
30 nm), a causative agent of foot-and-mouth dis-
ease (FMD). Some of the large viruses are the
poxvirus or vaccinia virus (~300 nm), Nipah
virus (500 nm), and Ebola virus (1200 nm). Virus
structure varies — picornavirus has an icosahedral
symmetry, tobacco mosaic virus (TMV) is heli-
cal, and herpesvirus, vaccinia virus, and poliovi-
rus are spherical. The nucleic acid core is
surrounded by a “protein coat” called nucleocap-
sid, which consists of capsomere. In some cases,
protein coat is surrounded by an envelope made
up of a lipid bilayer and accessory protein mole-
cules. The envelope is sensitive to solvents. This
envelope carries specific surface molecules that
aid viral interaction with the host cell receptors.
For example, hemagglutinin (H) and neuramini-
dase (N) in human influenza virus or bird flu
virus bind to glycoside receptors on the host epi-
thelial cells (Fig. 2.11).

Viral Replication

Environmental survival is critical for viral persis-
tence and transmission and enteric viruses can
survive in the stomach acid. Viruses are obligate
intracellular parasites and require a living host
for their replication. The virus life cycle has
seven steps: (1) attachment to the host receptor,
(2) penetration into the cell, (3) uncoating of
DNA/RNA, (4) transcription and/or translation,
(5) nucleic acid replication, (6) assembly of viral
nucleic acid and coat proteins, and (7) release of
matured virus particles (Fig. 2.12). RNA viruses
encode genes for RNA-dependent RNA poly-
merase, a nonstructural enzyme (replicase),
which is needed for RNA replication inside the
host. On the other hand, DNA-dependent RNA
polymerase is also called RNA transcriptase
responsible for transcription of RNA from DNA
leading to structural protein synthesis. The struc-
tural proteins such as capsid proteins are needed
for viral packaging.

For gastroenteritis caused by Norovirus, the
virus enters, replicates, and destroys mature
enterocytes, triggering decreased absorption/
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Fig.2.11 Schematic
viral structure (influenza
virus)

f%\.s

Fig. 2.12 Viral replication in a host cell: (/) attachment
to the host cell receptor; (2) penetration, (3) uncoating, (4)
transcription and/or translation, (5) nucleic acid replica-
tion, (6) assembly of viral proteins and nucleic acids, and
(7) release of matured virus particles

reabsorption resulting in epithelial inflammation
and diarrheal symptoms. Even though the dam-
aged enterocytes are replaced by the immature
enterocytes, gastroenteritis continues since these

Envelope

Capsomere

immature cells are unable to perform a normal
physiological function. Viruses are shed in high
numbers and are stable outside the host environ-
ment. Norovirus and Rotavirus are true gut
inhabitants, while poliovirus, hepatitis A virus
(HAV), and hepatitis E virus (HEV) are found in
nonenteric locations. An elaborate description of
several key enteric viral diseases is described in
Chap. 6.

Parasites

Parasites are another type of organisms that
require living host cells in which to grow and
reproduce by deriving nourishment and protec-
tion from the host. Parasites are unicellular or
multicellular and can be transmitted by vectors
such as flies, mosquitos, ticks, or food. Parasites
may be ectoparasite such as ticks and mites,
endoparasite such as Trichinella, and epiparasite
that feeds on another parasite. Foodborne para-
sites (Table 2.3) are considered endoparasites
including protozoa, cestodes (tapeworms), nema-
todes (roundworm), and trematodes (flatworms
or flukes). Some endoparasites are unicellular
(protozoa) and some are multicellular (metazoa).
A majority of parasitic diseases are considered
zoonotic. Immunocompromised people are
highly susceptible to the intracellular protozoan
parasites. Contamination of food products
(generally fresh produce) with parasites often
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indicates inadequate sanitary hygienic practices
employed during production and processing.
Water, fresh fruits, and vegetables are known to
be the major source of parasites. Globalization of
food supply presents a favorable condition for
spread and distribution of parasites thus present-
ing a major challenge in prevention and control
of foodborne parasites.

Life Cycle and Growth Characteristics

Parasites are significantly larger than the bacteria
and vary in their sizes. Many are intracellular.
The general life cycle consists of a stage in which
parasites are maintained as a cyst or oocyst (egg)
in the environment (feces, soil, water, produce)
and can contaminate food products. Parasites can
be also transmitted through meat if the meat
animal harbors the parasite. Oocysts are then
transformed into the larvae stage called trophozo-
ites, bradyzoites, or merozoites, which then
mature into adults. The larval stage is the most
infective stage. Parasites often require more than
one animal host, i.e., an intermediate host to
complete their life cycle. The parasites that com-
plete their life cycle in a single host are known as
homoxenous  (Example, Giardia lamblia,
Trichinella spiralis). Parasites that require more
than one host to complete their life cycle are
called heteroxenous (Toxoplasma gondii, Taenia
solium, Taenia saginata). Parasites do not prolif-

Table 2.3 Foodborne parasites

Group
Protozoa

Genus/species
Giardia lamblia
Entamoeba histolytica

Cyclospora cayetanensis

erate in food; therefore, they are only detected by
direct means using microscopy or molecular and
antibody-based assays. Parasites cannot be cul-
tured even in a rich growth medium but require a
living host. Details of individual foodborne para-
sitic diseases are presented in Chap. 7.

Molds and Mycotoxins

Molds or fungi are ubiquitous in nature and cause
diseases in humans, animals, and plants. Molds
also cause significant food spoilage affecting
grains, nuts, fruits, and vegetables. Some molds
produce mycotoxins, which may be carcino-
genic, teratogenic, and/or retard growth of the
infected host (Table 2.4).

Mold Structure

Molds are multicellular microorganisms, and a
typical mold possesses hyphae, conidiophore —
consisting of stalk, vesicle, sterigmata, and
conidia (spores) (Fig. 2.13). Often the identifica-
tion of a mold species is done by examining the
morphological shape and size of the spores under
a light microscope. The cell wall of a mold
(hypha) consists of a polymer of hexose chitin
and N-acetylglucosamine (NAG). Mold spores or
hyphae may be allergenic to some humans, and
mold hyphae may proliferate in damp environ-
ments such as in buildings and walk-in coolers
with high humidity and poor air circulation.

Table 2.4 Foodborne molds and mycotoxins

Cryptosporidium parvum Mold Mycotoxin
Cystoisospora belli Aspergillus flavus Aflatoxin
Toxoplasma gondii Aspergillus parasiticus
Trypanosoma cruzi Aspergillus ochraceus Ochratoxin
Cestodes (tapeworms) Taenia saginata, T. solium Penicillium verrucosum Ochratoxin
Echinococcus spp. Aspergillus carbonarius Ochratoxin
Nematode Anisakis simplex Fusarium verticillioides Fumonisin
(roundworms) Ascaris lumbricoides Fusarium verticillioides Deoxynivalenol-DON
Trichinella spiralis Fusarium graminearum Zearalenone
Trematodes (flatworms | Schistosoma mansoni Penicillium expansum Patulin

or flukes)

Fasciola hepatica

Claviceps purpurea Ergot (alkaloid)
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Fig. 2.13 Schematic structure of molds: (a) Aspergillus species and (b) Penicillium species. Panels (¢) and (d) are the
light microscopic photograph of Aspergillus niger (¢) and Penicillium citrinum (d) (magnification 400x)

Mycotoxins

Toxigenic molds produce a variety of mycotoxins
as secondary metabolites (Table 2.4), and the

optimal condition for mycotoxin production is at a
water activity (A,) of 0.85-0.99 and a temperature
range of 10-30 °C. Some of the same mycotoxins
can be produced by different mold species.
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The toxigenic molds are a major problem in
agriculture commodities such as the grains,
cereals, nuts, and fruits. Mycotoxins produced in
these products can cause severe health problems
in both humans and animals. Mycotoxins are
produced as secondary metabolites that are low
molecular weight molecules. Mycotoxins are
highly stable and are difficult to destroy by tradi-
tional food processing conditions. Some myco-
toxins emit fluorescence when exposed to the
ultraviolet (UV) light; thus, UV can be used for
screening of contaminated food/feedstuff.
Mycotoxins can cause acute disease affecting
the kidney and liver leading to chronic diseases
such as liver cancer, birth defects, skin irritation,
neurotoxicity, and death. Three general mecha-
nisms of mycotoxin action are described: muta-
genic, teratogenic, and carcinogenic. During the
mutagenic action, the mycotoxin (e.g., aflatoxin)
binds to DNA, especially the liver mitochondrial
DNA resulting in point mutation or frameshift
mutation due to deletion, addition, or substitu-
tion in DNA, and affects liver function (hence
hepatotoxic). The teratogenic action causes
DNA breakage and leads to birth defects, while
the carcinogenic effect causes irreversible
defects in cell physiology resulting in abnormal
cell growth and metastasis. In recent years, the
importance of mycotoxins has been highlighted
for their potential use as a weapon for bioterror-
ism. Three major genera of molds, Aspergillus,
Fusarium, and Penicillium, are of significant
interest in food safety for their production of
mycotoxins. Details of several key mycotoxins
are presented in Chap. 8.

Fish and Shellfish Toxins

Fish and shellfish toxins are derived from single-
cell marine plant, algae (marine dinoflagellates),
bacteria (Cyanobacteria), or microbial actions
originated from marine, brackish (a mixture of
freshwater and seawater), and freshwater envi-
ronments. In general, the seafood toxins are small
molecules and are heat-stable. Six classes of tox-
ins are significant: paralytic shellfish poisoning
(PSP), diarrhetic shellfish poisoning (DSP),

neurotoxic shellfish poisoning (NSP), ciguatera
fish poisoning (CFP), azaspiracid shellfish poi-
soning (AZP), and amnesic shellfish poisoning
(ASP). These toxins are neurotoxins and are
known as Na channel blockers. The symptoms
vary from a tingling sensation in the lips, prostra-
tion, and a reduced heart rate, and depending on
the severity of the disease, patients may suffer
from paralysis and succumb to death. In addition,
the scombroid toxin or histamine food poisoning
is associated with scombroid fish such as tuna
and mackerel due to the microbial metabolic
action. First, microbial proteinases attack fish
proteins to release free histidine, which is then
decarboxylated to form biogenic amines: hista-
mine, cadaverine, and saurine. These amines
elicit a typical allergic response in humans.
Details of the fish and shellfish toxins are dis-
cussed in Chap. 9.

Summary

All organisms belong to one of the three domains
of life: Bacteria, Archaea, and Eukarya. As food-
borne pathogens, general properties such as the
morphological and structural characteristics of
bacteria, viruses, molds, parasites, and algae are
reviewed in this chapter. The cell walls of Gram-
positive bacteria contains a thick peptidoglycan
(PGN), which is highly complex and dynamic
containing a  disaccharide  N-acetyl-D-
glucosamine (NAG) and N-acetylmuramic acid
(NAM) and linked by - 1, 4-glycosidic linkage
(GIcNAc-(f1-4)-MurNAc) and pentapeptide.
The PGN not only protects the bacterial cells
against mechanical or physical damages but also
hosts a numerous structural and functional pro-
teins for rigid exoskeleton and for functional
attributes such as bacterial pathogenesis and
induction of host immune response. The Gram-
negative cell envelope consists of the outer mem-
brane (OM) which carries LPS (an endotoxin), a
thin PGN layer, and a cytoplasmic membrane.
Due to the presence of OM, the protein secretion
system in Gram-negative bacteria is mediated by
several secretory pathways designated as tType
I-Type VI secretory pathways,. Oof which tType
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IIT secretion system is known as the molecular
syringe that delivers bacterial virulence proteins
directly to the interior of the host cell. Some bac-
teria produce endospores, which are essentially a
long-term survival strategy for the bacteria.

Most foodborne viruses cause severe gastro-
enteritis and affect a large number of people
every year. Foodborne enteric viruses are shed in
large numbers (10° particles per gram) from
infected patients through feces or vomitus.
Person-to-person or fecal—oral transmission is a
common mechanism for the spread of such viral
infection. Since viruses are highly infectious,
only a small dose of 10—100 particles is required
to infect a person. Protozoan parasites are
increasingly becoming a major concern due to
their spread through fresh vegetables and fruits.
Immunocompromised people are highly suscep-
tible to the intracellular protozoan parasites.
Water and soil tainted with feces generally serve
as the major contamination sources, and the pres-
ence of these pathogens indicatesing breaches in
the hygienic or sanitary practices during food
production and harvest. Mycotoxins are small
molecules produced as secondary metabolites by
the toxigenic molds. Mycotoxins may exert car-
cinogenic, mutagenic, or teratogenic activities.
Seafood toxins are generally associated with fish
and shellfish that acquire toxins from ingested
algae or are due to the bacterial enzymatic activi-
ties on fish proteins.
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Host Defense Against Foodborne

Pathogens

Introduction

Interaction of pathogenic microbes with their
hosts leads to two consequences: a full-blown
disease or a subclinical or no infection at all.
Pathogen dominance results in either morbidity
or mortality, while a successful protective host
response averts disease. The immune system
plays a key role in both of these outcomes. In
1798, Edward Jenner (1749-1823), a British sci-
entist, first noticed that the milkmaids recovering
from cowpox (vaccinia virus infection) never
contracted smallpox. Later, he injected the con-
tent from a cowpox pustule (pox lesion) into an
8-year-old boy, who subsequently never devel-
oped smallpox after a challenge with the patho-
gen. He termed this phenomenon as “vaccine,” a
Latin word derived from “vaccinus” meaning
“from cow.” This work is regarded as the founda-
tion of immunology. Later, Louis Pasteur (1822—
1895) developed vaccines against anthrax and
rabies. In addition, the pioneering works of Paul
Ehrlich (1854-1915) and Emil von Behring
(1854-1917) demonstrated the importance of
passive vaccination or acquired immunity in dis-
ease defense. At the same time, Elie Metchnikoff
(1845-1916) discovered that the innate immunity
plays an important role against an infection.
Collectively these early pioneering works laid the
foundation for our understanding of the modern-
day immunology and vaccinology.

The ability of the human body to protect
against microbial infections is continuously
evolving because of continued exposure to differ-
ent microbes and their components. Ironically,
microbes are also evolving in the same manner so
that they can adapt themselves to the host. The
human body has a rich source of nutrients, miner-
als, vitamins, and trace elements that support the
growth of both pathogens and commensal
microbes. Though the pathogens are the primary
disease-causing organisms, the commensals can
also cause disease but only under a favorable
condition; hence, these are referred to as opportu-
nistic pathogens. In most situations, the immune
system restricts the spread of an infective agent;
however, a breach in the immune system or an
overt response toward the pathogen results in the
onset of clinical symptoms. Therefore, to under-
stand the disease process, one has to have a
deeper knowledge of the host immune system
and the underlying defense mechanism. The host
immune system can be compared to “an impene-
trable fort” impervious to attack by enemies and
that is guarded by the soldiers like immune cells,
armed with deadly weapons such as cytokines,
toxins, antimicrobial peptides, complement pro-
teins, and antibodies to stay at an “alert” position
to combat sudden or deliberate attack by unsus-
pected enemies as pathogens.

Foodborne pathogens enter the body primarily
through oral route; therefore, the immune
response in the gastrointestinal (GI) tract is
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Fig. 3.1 Schematic drawing showing the gastrointestinal
tract, various immunologic organs, and tissues in human.
(a) Light microscopy image of mouse ileal section (H&E
stained) showing villi, crypt, mucus, and mucus-secreting

critical in preventing localized or systemic infec-
tion. Adult human GI tract is over 23 ft. long
starting from the mouth to the anus, and the dif-
ferent parts, the mouth, esophagus, stomach,
small intestine (duodenum, jejunum, and ileum),
and large intestine (cecum, colon, and rectum),
each possess unique physiological and immuno-
logical defense barriers against enteric pathogens
(Fig. 3.1). Immunological defense is of two
types, innate and adaptive, which are described
below (Table 3.1).

Innate Immune Response

Innate immune response is naturally present in the
body and is the first line of defense against a
pathogen. It is constitutive but not antigen-
specific. It can be activated but cannot be induced
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goblet cells (b) and (¢). Transmission electron microscopy
images of mouse ileum showing goblet cells and mucus
secretion (Courtesy of Rishi Drolia and Arun Bhunia)

by subsequent exposure to invading agents. The
major site of action of a foodborne pathogen or
their toxins is the gastrointestinal tract; therefore,
the onset of clinical symptoms such as nausea and
vomiting could start as early as 30 min to 1 h from
ingestion. The natural enteric defense is the most
crucial against intoxication or infection. Enteric
host defense is multifaceted, and several factors
work in concert to achieve protection against a
pathogen in the intestinal tract. These include
intestinal epithelial barrier, mucus, complement
proteins, antimicrobial peptides (AMPs), resident
microbiota, and pattern recognition receptor of
pathogens or pathogen-associated molecular pat-
tern (PAMP) such as a toll-like receptor (TLR)
and nucleotide-binding oligomerization domain
(NOD) protein. PAMP, TLR, and NOD can initi-
ate signaling events for enhanced phagocytosis to
eliminate pathogens from the host.
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Table 3.1 The major differences between the innate and adaptive immunity

Characteristics Innate Adaptive
Specificity Lack specificity (fewer shared antigens) High (microbial and
nonmicrobial antigens)
Diversity Limited (narrow) Very large
Memory None Yes
Cellular/chemical | Skin, mucosal epithelial, antimicrobials Lymphocytes in epithelia,
barriers secreted antibodies on the surface
Proteins Complement, PAMP, TLR, cytokines, antimicrobial peptides | Antibodies, cytokines
Cells Phagocytes (macrophages, neutrophils, eosinophils, Lymphocytes
keratinocytes, Langerhans cells, dendritic cells), natural
killer (NK) cells
Action Immediate Slow to develop, takes at least
4-7 days

In the intestinal architecture, immediately
below the mucus layer, an epithelial cell lining
provides protection against luminal microbes/
pathogens from entering into the host. The epi-
thelial lining consists of four cell lineages:
absorptive epithelial cells, hormone-producing
enteroendocrine cells, mucus-secreting goblet
cells, and antimicrobial peptide-producing
Paneth cells (Fig. 3.1). Lamina propria (LP) is
located immediately beneath the epithelium,
home to monocytes and macrophages, dendritic
cells (DCs), and lymphocytes, which play an
important role in innate and adaptive immunity.
DCs extend their appendages in between the indi-
vidual epithelial cells and samples the luminal
content to initiate an innate response. DC also
presents antigens to T and B lymphocytes for a
subsequent adaptive immune response. Peyer’s
patch and lymphoid follicles located in the sub-
mucosal layer are part of the adaptive immune
system and provide specific immune response
against pathogens in the intestine.

Adaptive Inmune Response

Adaptive immunity is also referred to as acquired
immune response. It is induced or stimulated by
the pathogen, and the response is generally
pathogen-specific. The response increases in
magnitude with successive exposure to an anti-
gen, and the response is mediated by immune
effector cells or molecules: cytotoxic T lympho-
cytes (CTL), antibodies, cytokines, and chemo-

kines. The adaptive immune response is slow to
develop and typically requires 4—7 days. During
foodborne pathogen infection, the adaptive
immune response may have a significant role
only against a limited set of pathogens that
require a long incubation period and cause sys-
temic infection. These include Listeria monocy-
togenes, Shigella species, Salmonella enterica,
Yersinia enterocolitica, hepatitis A virus,
Toxoplasma gondii, Trichinella species, and
some additional viral and parasitic pathogens.
Adaptive immune response to some of the food-
borne bacterial pathogens may also lead to
adverse outcomes such as reactive arthritis and
Guillain—Barré syndrome for life.

Innate Immunity of Intestinal Tract

The intestinal environment is a complex ecosys-
tem and consists of gastrointestinal epithelium,
immune cells, antimicrobial molecules, oxygen
deficiency, and resident microbes. Pathogens
overcome these barriers to cause infection.
Pathogens first adhere and colonize the gut and
then activate the signaling pathways to induce
pathological effects. Pathogen colonization may
be transient or long-term. Some may also use
host cell cytoskeleton as a target to gain entry
(see Chap. 4). The intestinal environment is also
conducive for pathogen survival and growth.
Roles of each innate or natural immune compo-
nent in protection against pathogens are dis-
cussed below.
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Skin

The skin is the first line of defense against many
pathogens including the foodborne pathogens
since food handlers may encounter pathogens
during handling. Human skin is made up of epi-
dermis and dermis layers. The epidermis con-
sists of stratum corneum, stratum lucidum,
stratum granulosum, stratum mucosum, and stra-
tum germinativum. The dermis layer contains
glands, adipose tissues, and lymphoid tissues.
The skin has a slightly acidic pH (pH 5.0) and
acts as a natural barrier for pathogen entry. The
epidermis is dry; thus, it prevents bacterial
growth since bacteria require moisture for active
replication. In addition, the resident microflora
on the skin prevents colonization of harmful bac-
teria. Lysozyme secreted from the sweat glands
in the hair follicle has antibacterial effect by dis-
rupting the peptidoglycan architecture of bacte-
rial cell wall. Skin-associated lymphoid tissue
(SALT) is located in the dermis and provides
specific immune response against infective
agents. Several phagocytic and antigen-present-
ing cells (APC), Langerhans cells (localized
phagocytic cells), dendritic cells, and keratino-
cytes, are also located in the skin and may help
eliminate the pathogen. The major APC of the
epidermis are keratinocytes, which maintain the
acidic environment, produce cytokines, and
ingest and kill skin-associated bacteria such as
Pseudomonas aeruginosa and Staphylococcus
aureus.

Mucus Membrane

The mucus membrane (Fig. 3.1) forms the inner
layer of the gastrointestinal tract, respiratory
tract, and urogenital tract. Mucus membranes
consist of epithelial cells, and depending on the
location, the shape and organization of the cells
may vary. Cells may appear as stratified, squa-
mous, cuboidal, or columnar. There are four epi-
thelial cell lineages in the gastrointestinal tract:
epithelial cell, Paneth cells, goblet cell, and
enteroendocrine cell.

The epithelial layer environment is moist,
warm, and suitable for bacterial colonization and
growth. Epithelial cells are tightly bonded to form
a barrier against pathogens or microbes in the
intestine. They are highly selective in translocat-
ing molecules across the membrane. This con-
trasts to the endothelial cells, located in the blood
vessels, that are loosely bound and allow move-
ment of blood cells and bacterial cells. The junc-
tion between two epithelial cells has four areas:
tight junction (TJ), adherens junction (AJ), des-
mosome (Des), and gap junction (Gap) (Fig. 3.2).
TJ consists of about 40 proteins including zona
occludin (ZO-1, ZO-2, and ZO-3), membrane-
associated guanylate kinase family, occludin,
claudin, cingulin, and phosphoproteins. TJ pro-
teins are regulated by classical signal transduction
pathways such as heterotrimeric G proteins, Ca*,
protein kinase C, and raft-like membrane micro-
domains. AJ consists predominantly of cadherin—
catenin complex (E-cadherin, a-catenin, and
p-catenin), vinculin, actin, and so forth.
Desmosome architecture is shaped by desmopla-
kin, plakophilin and plakoglobin, desmoglein,
and desmocollin. TJ and AJ maintain cell polar-
ization; however, certain pathogens or toxins such
as Clostridium perfringens enterotoxin (CPE) and
Vibrio cholerae ZOT toxin target TJ domain to
modulate intestinal epithelial permeability.

Epithelial cells also carry several receptor
molecules for interaction with microorganisms.
Those are called (1) pattern recognition receptor
(PRR), (2) toll-like receptor (TLR), (3)
nucleotide-binding  oligomerization  domain
(NOD) protein, and (4) pathogen-associated
molecular pattern (PAMP), which bind to bacte-
rial lipopolysaccharide (LPS), peptidoglycan
(PGN), and lipoteichoic acid (LTA).

Paneth cells located in the crypt, or folded
area, of the mucosal layer are phagocytic cells and
produce lysozyme and cryptdin, a 35-amino acid-
long antimicrobial peptide. Cryptdin is inhibitory
to Listeria monocytogenes, Escherichia coli,
Salmonella enterica, and other pathogens. Goblet
cells are located in between the epithelial cells.
They secrete mucus and play a major role in the
intestinal natural immunity as discussed below.
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Fig. 3.2 Schematics of intestinal villi, epithelial cell lining, and cell junctions (TEM image; Courtesy of Rishi Drolia

and Arun Bhunia)

Goblet Cells and Mucus

Mucus is an important natural protective barrier
against microbial colonization and infection. The
thickness of mucus layer varies throughout the
gut. The stomach and colon have two layers of
mucus while the remaining gut has one layer.
Mucus thickness is greater in the large intestine
than in the small intestine, and the thickness

increases progressively distally along the
intestine. Mucus is produced by the goblet cells,
which are derived from the stem cells located in
the crypt. As they mature, they ascend upward to
the villus (Figs. 3.1 and 3.2). They are polarized
cells containing apical and basolateral domains.
Brush border (BB), also known as microvillus, is
located on the apical side of the goblet cells. BB
consists of actin filaments and actin-bundling
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proteins (villin and fimbrin), and it is responsible
for vesicle trafficking. Mucin, after synthesis, is
packaged in the secretory granule and is released
into the lumen after 5-7 days during goblet cell
exfoliation (death). Goblet cell proliferation and
differentiation is regulated by Wnt and Hedgehog
signaling pathways. Exfoliation occurs near the
tip of the villi, which is initiated by a cell death
program called “anoikis.” Anoikis is mediated by
focal adhesion kinase or pl-integrin-related
events such as protein kinase signaling pathways:
PI-3-kinase/Akt,  mitogen-activated  protein
kinase, stress-activated protein kinase/Jun amino-
terminal kinase, and Bcl-2. Goblet cell function
and the composition of mucus are affected by
numerous factors including changes in the resi-
dent microbial flora, the presence of harmful
enteric pathogens, and nutritional deficiencies.

Mucus consists of mucin protein and polysac-
charide. The polysaccharide makes mucus sticky.
Mucin is a glycoprotein. The core protein moiety,
apomucin, is cross-linked with carbohydrate
chains or O-linked oligosaccharides (O-glycans)
that are attached to the serine and threonine resi-
dues by a glycoside bond. Mucin forms a high-
order structure through polymerization of several
molecules resulting in a large molecule with
molecular weights in millions of daltons. There
are three subfamilies of mucin: gel forming, sol-
uble, and membrane bound. Eighteen genes
encode for mucin (MUC) synthesis, and the
mucins are designated as MUCI, MUC2,
MUC3A, MUC3B, MUC4, MUC5B, MUCS5AC,
MUC6-MUC13, and MUC15-MUC17. Among
them, the MUC2, MUCS5AC, MUCS5B, and
MUCS6 exist in the secreted form and assemble
via interchain disulfide bridges. Mucins on the
membrane are found either as membrane-bound
or the secreted form. Membrane-bound mucin is
highly adherent and remains associated tightly
with the membrane, while the secreted form is
loosely attached. The secreted form remains
associated with the membrane-bound mucus by
forming covalent and noncovalent bonds.

Mucin secretion occurs by two processes: (1)
immediate exocytosis, i.e., the mucin is produced
and is released immediately from the cells by

exocytosis, and (2) delayed release, i.e., mucin is
first stored in a large vesicle after synthesis and
then is released. The release is regulated by spe-
cific stimuli involving activation of signaling
pathways. The activators may include acetylcho-
line, vasoactive peptides, neurotensin, IL-1, nitric
oxide (NO), and cholera toxin. In contrast,
Clostridium difficile toxin A downregulates exo-
cytosis thus favoring bacterial colonization and
survival in the intestine.

Mucin binds small molecules and proteins.
The complex architecture of mucin performs sev-
eral functions: (i) binds water (hygroscopic), (ii)
selective transport of molecules toward the mem-
brane due to gel-filtration effect, (iii) ion-
exchange molecule, and (iv) sequestration
function due to its ability to serve as a receptor
for selectins, lectins, adhesion molecules, and
microorganisms.

Mucus acts as a barrier network for patho-
gens. Mucus contains sIgA, lactoferrin, lyso-
zyme, and lactoperoxidase. Lactoferrin binds
iron intimately, thus sequestering it from bacte-
rial utilization. Lysozyme breaks down peptido-
glycan of bacterial cell wall, and lactoperoxidase
produces superoxide “O” radical, which is toxic
to bacteria. Ciliated cells in the mucus mem-
brane also propel or sweep away invading patho-
gens. Mucus gel is a source of energy and
nutrients for resident microflora and promotes
microbial colonization. Mucus also protects the
epithelial cells against inflammation and injury
from pathogens or toxins. For example, mucin
inhibits the adhesion of enteropathogenic E. coli
(EPEC), Yersinia enterocolitica, Shigella, and
rotavirus. However, some pathogens regulate
mucin secretion and favor bacterial colonization.
For example, Helicobacter pylori colonizes
mucus and reduces mucin exocytosis. L. mono-
cytogenes induces exocytosis of mucin through
listeriolysin O (LLO) and inhibits bacterial
entry. Probiotic bacteria such as Lactobacillus
spp. induce mucin production and prevent patho-
gen attachment. Mucus also protects and lubri-
cates epithelial surface. It helps in fetal
development, epithelial renewal, carcinogenesis,
and metastasis.
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In the mucus membrane, M (microfold) cells
located in the intestine as part of the gut-
associated lymphoid tissue (GALT) or Peyer’s
patches deliver pathogens to the local lymphoid
tissue by transporting them across the mucosa
(Fig. 3.3). M cell is naturally phagocytic and
serves as the gateway for translocation of intra-
cellular bacteria such as L. monocytogenes,
Salmonella, Yersinia, and Shigella across the epi-
thelial barrier. M cells constitute only less than
0.1% of the epithelial cells in the lining of the
intestine and are present in the follicle-associated
solitary lymphoid structure throughout the intes-
tine. Mucus-associated lymphoid tissue (MALT)
is synonymous to GALT and is a secondary lym-
phoid tissue, which responds selectively to the
pathogen.

Lumen

Pathogens M cell

Macrophage

Lamina Propria

N\

Dendritic cell

Helper T cell (Th)

Fig. 3.3 Specific immunity in the mucosal surface.
Bacteria are engulfed by M (microfold) cells and translo-
cated across the mucosal barrier. Resident macrophages
or dendritic cells can engulf the bacteria, process antigens,

Antimicrobial Peptides

Antimicrobial peptides (AMPs) are produced by
many vertebrates including fish, frogs, and mam-
mals. AMPs have broad-spectrum antimicrobial
activity and are associated with the airways, gin-
gival epithelia, and corneas. AMPs are also pres-
ent in the reproductive, the urinary, and the GI
tract. They play a major role in innate immunity
and assist in pathogen elimination. AMPs are
small peptides of 2040 amino acids long and
have a-helix and f-sheets. Intrachain disulfide
bonds formed between cysteine residues stabilize
the structure. AMPs are produced as inactive pre-
propeptides and are activated after removal of the
N-terminal signal sequence. Their antimicrobial
activity is nonspecific. Peptides are inserted into
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and present them to the T cells for the production of anti-
body (sIgA) by B cells. sIgA (secretory IgA) travels
through the epithelial cells and is secreted into the lumen
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the membrane to form pores by “barrel-stave,”
“carpet-like,” or “toroidal pore” mechanism.
They induce leakage of ions from cells and cause
the collapse of the proton-motive force (PMF). In
addition, the peptides may affect the cytoplasmic
membrane, septum, cell wall, nucleic acid and
protein, and enzyme activity in microbes. They
are effective against bacteria, and enveloped
viruses, but not against the nonenveloped viruses.
Pathogens may develop resistance by expelling
AMPs by energy-dependent pumps, altering
membrane fluidity, and cleaving the AMPs with
proteases.

AMPs are produced by epithelial cells, Paneth
cells, neutrophils, and macrophages. Examples
of AMPs are lysozyme, phospholipase A2,
ol -antitrypsin, defensin, cryptdin, angiogenin 4,
and cathelicidins. Human f-defensins 1, 2, and 3
are cationic and are cysteine-rich peptides of
3.5-4 kDa and are produced by intestinal epithe-
lial cells. Human o-defensins 5 and 6 are pro-
duced by the Paneth cells.

Toll-like Receptor

Toll-like receptors (TLRs) are transmembrane
proteins known as signaling molecules and were
originally discovered in Drosophila (fruit fly).
These evolutionarily conserved pattern recogni-
tion molecules are typically expressed in intesti-
nal epithelial cells and immunocompetent cells in
the lamina propria. They are present on the cell
surface and in endosomal membranes (Fig. 3.4).
Several TLRs are now identified, and they play a
major role in innate immunity through activation
of NF-kB, cytokine production, and recruitment
of inflammatory cells. For example, TLRs are
present in macrophages and are known to form a
“microbial recognition” system. Toll-like mole-
cules are analogous to the IL-1 receptor. Different
TLRs are activated by different types of micro-
bial factors (Table 3.2). For example, TLR-1 rec-
ognizes bacterial lipoprotein and unconventional
LPS; TLR-4 is activated by bacterial lipoarabino-
mannan (LAM), bacterial lipoprotein (BLP), and
yeast cell wall particles (zymosan). TLR-4/
TLR-6 are activated by LPS and LTA, TLR-5 by
bacterial flagella, and TLR-11 by profilin. TLR-2

was thought to recognize peptidoglycan, but it
was shown that it interacts with lipoprotein or
lipoteichoic acid often present in the peptidogly-
can preparations as a contaminant. Peptidoglycan
interacts with intracellular NOD-1 and NOD-2
receptors in mammalian cells. TLR-3 recognizes
viral dsRNA; TLR-7 and TLR-8 recognize
single-stranded viral RNA and small synthetic
compounds and TLR-9 bacterial DNA. Following
recognition of the microbes by TLR on macro-
phage or other immune cells, a cascade of signal-
ing pathways is activated to allow transcription of
proinflammatory immune response genes for
IL-1, TNF, TGF-f, IL-6, IL-8, IL-12, IL-17,
IL-18, and a variety of other chemokines. The
transcription factor NF-xB regulates the expres-
sion of these cytokines. These cytokines eventu-
ally help eliminate the microbes through lysis of
target cells or by inducing an adaptive immune
response. For example, IL-1 and TNF activate T
cells, IL-6 activates B cells, and IL-12 activates
NK cells to provide protective immunity.

PML polymorphonuclear leukocytes, DC den-
dritic cells, NK natural killer cells, NOD
nucleotide-binding oligomerization domain pro-

tein, dsDNA double-stranded DNA, ssRNA
single-stranded RNA.

NOD Proteins

Nucleotide-binding  oligomerization —domain

(NOD) proteins are also another class of PAMP-
recognizing molecules that play an important
role during innate immune response. The
nucleotide-binding domain leucine-rich repeat-
containing receptors (NLRs) serve as innate
immune receptors. The first identified NLRs are
NOD-1 and NOD-2. NOD-1 expressed in intesti-
nal epithelial cells binds to peptidoglycan (DAP,
diaminopimelic acid) of the invasive Gram-
negative pathogen and other commensal bacteria.
NOD-1 is thought to be highly active in intestinal
cells in Crohn’s disease patients and is responsi-
ble for an uncontrolled inflammatory response.
NOD-2 is highly expressed in the Paneth cells
and monocytes, and it recognizes muramyl
dipeptide (MDP) of PGN of both Gram-positive
and Gram-negative bacteria. NOD-2 promotes
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Fig. 3.4 Schematic of

toll-like receptor (TLR) PGN Lipo-
location in a cell and Lipoprotein LAM protein LPS g, gella
their corresponding LPS g = Profilin

ligands. DAP,
diaminopimelic acid;
MDP, muramyl
dipeptide; PGN,
peptidoglycan; LPS,
lipopolysaccharide;
NOD, nuclear
oligomerization domain;
LAM,
lipoarabinomannan

Table 3.2 Toll-like receptors (TLRs) and the corresponding ligands

Receptor | Cell type Ligand
TLR1 Ubiquitous Bacterial (triacyl) lipoproteins
TLR2 PML, DC, monocytes Lipoteichoic acid from G(+) bacteria
TLR3 DC, NK dsRNA
TLR4 Macrophages, DC, endothelial cell LPS
TLRS Monocytes, immature DC, epithelial cells, NK, Flagellin
and T cells
TLR6 High in B cells, lower in monocytes and NK cells | Bacterial (diacyl) lipoproteins
TLR7 B cells, DC ssRNA recognition on endosomes (mouse)
TLR8 Monocytes, low in NK and T cells ssRNA recognition on endosomes (human)
TLR9 DC, monocyte, macrophages, PML, NK, CpG (unmethylated DNA)
microglial cells
NOD-1 DC, macrophages, epithelial cells Diaminopimelic acid (DAP) of peptidoglycan from
Gram-negative bacteria
NOD-2 DC, monocytes, macrophages, paneth cells, Muramyl dipeptide from peptidoglycan of both
epithelial cells Gram + and Gram- bacteria

Paneth cell activation for increased cryptdin pro-
duction, while DC and macrophage activation
result in proinflammatory cytokine production
and augmented bacterial killing.

Resident Microbiota
All mammals are born without any microorgan-

ism in their system; however, they begin to
acquire microbes during and immediately after

birth, and eventually, every surface exposed to
the external environment becomes inhabited by
commensal bacteria. Microbes are aerobic, facul-
tative anaerobic, and anaerobic. In the GI tract,
the facultative anaerobes are associated close to
the epithelial layer for oxygen. The proportion of
anaerobic bacteria increases from proximal to
the distal part of the intestine. Contents of the
stomach and duodenum contain approximately
10'-103 cfu g~!, of the proximal small bowel 10*-
10® cfu g7!, of the terminal ileum to colon 10"
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Table 3.3 The major bacteria phyla in the gut

Firmicutes Proteobacteria

Bacteroidetes

Approx. 255 genera; 2475 species

Approx. 366 genera; 1644 species

Approx. 20 genera; 130 species

Lactobacillus

Bacillus Escherichia
Bifidobacterium Salmonella
Clostridium Shigella
Streptomyces Proteus
Mycoplasma Enterobacter
Klebsiella
Serratia

Enterobacteriaceae family:

Non-Enterobacteriaceae family
Vibrio and nitrogen-fixing bacteria

Bacteroides genus (major)

cfu g7, and of the colon to rectum 10" cfu g
The major phyla present in the gut are Firmicutes,
Proteobacteria, and Bacteroidetes (Table 3.3).
The Firmicutes represent approximately 255
genera and 2475 species, and the major genera
include Lactobacillus, Bacillus, Clostridium,
Streptomyces, and Mycoplasma. The
Proteobacteria represent approximately 366
genera and 1644 species, and the major genera
belong to the Enterobacteriaceae (EB) family
comprising Escherichia, Salmonella, Shigella,
Proteus, Enterobacter, Klebsiella, and Serratia
and non-EB such as Vibrio and nitrogen-fixing
bacteria. Phylum Bacteroidetes comprises
approximately 20 genera and 130 species, and
Bacteroides is the major genus related to human
gut microbiota.

Interestingly, the host requires the coloniza-
tion by commensal microbiota for its develop-
ment and maintenance of health. Indigenous
(autochthonous) bacteria provide essential nutri-
ents and help in the metabolism of indigestible
compounds by synthesizing necessary enzymes.
Microbiota also influence the release of biologi-
cally active gastrointestinal peptides, regulate
intestinal endocrine cells, and contribute toward
the development of intestinal architecture. They
also influence nutrient absorption, mucosal bar-
rier fortification, xenobiotic metabolism, angio-
genesis, and postnatal intestinal maturation.
They also prevent colonization by opportunistic
pathogens and participate in innate and the adap-
tive immune response. The imbalance between
microbiota and the pathogens may lead to
dysbiosis or a disease state. During dysbiosis,

epithelial cells secrete IL-1 and IL-6, DCs
secrete IL-12 and IL-23, Thl and intraepithelial
lymphocyte cells (IEC) release IFN-y, Thl7
secretes IL-17A, macrophages produce TNF-a
and IL-12, and B cells secrete commensal-spe-
cific IgG. Epithelial barrier function is also com-
promised during dysbiosis. While the pathogens
induce a proinflammatory response by activating
NF-kB, the natural microbiota (example,
Lactobacillus spp.) suppress unnecessary inflam-
matory response and help maintain immune
homeostasis and prevent epithelial barrier
dysfunction.

Microflora or their components such as LPS,
PGN, and FMLP (formylated chemotactic oligo-
peptide) translocate actively through the mucosal
barrier (mucus and epithelium) and are found in
the lamina propria. There they activate macro-
phages, dendritic cells, neutrophils, NK cells,
and T cells (Fig. 3.3). Microflora together with
the immune system regulate intestinal motility,
secretion, proliferation, villous length, and the
crypt depth. Furthermore, the amount of IgA pro-
duced is directly dependent on the number of gut
flora. For example, germ-free animals have low
levels of plasma cells, IgA, and a decreased num-
ber of immune cells. Overall, the natural micro-
flora help in the development of the immune
system. Ironically, in some individuals, the
immune response against natural microflora may
lead to the onset of inflammatory bowel’s disease
(IBD): Crohn'’s disease (CD) and ulcerative coli-
tis (UC).

Natural microflora in the gut act as probiotics
and prevent invasion of enteric pathogens. For
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Table 3.4 Role of intestinal flora in intestinal function
and immune response

Influence the release of biologically active peptides,
regulate intestinal endocrine cells and epithelial
structure

Nutrient absorption, mucosal barrier fortification,
xenobiotic metabolism, angiogenesis, postnatal
intestinal maturation

Participate in innate and adaptive immune system
Pathogens induce proinflammatory response by
activating NF-kB and by production of IL-1p, TGF-p,
TNF-a, IL-6, IL-8, IL-12, IL-17, IL-18, IL-23, and
other chemokines

Natural microbiota (e.g., Lactobacillus spp.) suppress
unnecessary inflammatory response — help maintain
immune homeostasis

Microflora or components, i.e., LPS, PGN, and FMLP,
translocate actively through mucosal barrier (mucus
and epithelium) and found in lamina propria

Activate macrophages, dendritic cells, neutrophils,
NK, T cells

Microflora plus immune system regulate intestinal
motility, secretion, proliferation, villous length, and
crypt depth

Amount of IgA produced is directly dependent on the
gut flora

Microbiota activate plasma cells to produce IgA
Decreased diversity of flora leads to decreased number
and activation of immune cells

Bottom line: natural microflora help develop immune
system

example, microcin produced by E. coli prevents
invasion of Salmonella, Shigella, and Listeria.
Lactobacillus and Bifidobacterium, which remain
stable throughout life, can inhibit Salmonella
invasion. Lactobacillus may reduce the pathogen-
induced loss of epithelial integrity. Bacteriocins
produced by some natural flora can kill certain
pathogens in the gut. In summary, the AMPs and
the microbiota together provide frontline defense
by inducing mucus secretion and activating
immune response thereby protecting the host
against invading pathogens (Table 3.4).

Gut microbiota also play an important role
outside the gut. A balanced gut microbiota is
essential for brain development and psychologi-
cal well-being and prevents the onset of many
chronic diseases and disorders including obesity,
type I diabetes, autoimmune disease, allergy and
asthma, autism, atherosclerosis, and cancer.

Other Components of Innate
Immunity

Transferrin is a glycoprotein abundant in the liver
that can prevent bacterial growth by sequestering
iron. Complement proteins, especially those
activated in the alternative pathway by bacterial
LPS or LTA or by viral proteins, are present in
the blood circulation (see subsection on
Complement). The complement activation prod-
uct “C3b” acts as an opsonin and facilitates
enhanced phagocytosis by macrophages, and the
“membrane attack complex” (MAC) directly
destroys microbes by exerting in the cytoplasmic
membrane by forming pores. Macrophages, neu-
trophils, and NK cells also eliminate pathogens
nonspecifically during the early phase of infec-
tion. Macrophage-derived cytokines, o and f3
interferons (IFN), and TNF are important during
innate immune response. Interferons inhibit viral
replication, and TNF initiates inflammation to
protect against bacteria-induced damage.

Immune Response
in the Gastrointestinal Tract

Mouth/Throat/Respiratory Tract

Saliva in the mouth contains lysozyme, lactofer-
rin, and sIgA and provides protection against
pathogens. Resident bacteria compete for
nutrients and the colonization sites with invading
pathogens. Ciliated epithelial cells sweep away
pathogens, and the mucus ball helps remove
pathogens. Epithelial cells are sloughed off peri-
odically to dispose of colonized bacterial cells on
them as a strategy to eliminate pathogens. Large
particles are sometimes expelled by coughing.
Alveolar macrophages in the respiratory tract or
nasopharynx also remove pathogens.

Stomach
Gastric juice has a low pH (2-2.5) due to the

secretion of HCI from parietal cells, and most
foodborne pathogens are inhibited by acid. Food
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can neutralize the pH of stomach juice to pH 4—
pH 5; thus, acid-resistant or acid-tolerant patho-
gens are unaffected and can pass through the
stomach to the small intestine where the pH is
about 6.8. In addition, liquid food like milk, soup,
and beverages can rapidly transfer bacteria
through the stomach thus preventing longer expo-
sure to acid. Psychosomatic disease or physiolog-
ical abnormalities, such as achlorhydria, may also
raise the stomach pH making the individuals vul-
nerable to a foodborne infection. The stomach
also secretes some proteolytic enzymes that can
destroy pathogens. Natural microflora such as
Lactobacillus, Streptococcus, and some yeast are
present at 10'-10° cfu ml~' in the stomach and
may contribute toward the innate immunity.

Small Intestine

The small intestine has three regions: duodenum,
jejunum, and ileum. In the small intestine, bile
salts (sodium taurocholate and sodium glyco-
cholate) are secreted from the gall bladder, and
their detergent-like action helps destroy the cell
walls of Gram-positive bacteria. There is a fast
flow of mucus and cell sloughing, and peristaltic
movement of the intestine may eliminate patho-
gens from the gut. As mentioned earlier, the
Paneth cells located in the crypt of the mucosal
layer (Fig. 3.2) in the small intestine also provide
protection against enteric pathogens. These cells
possess phagocytic activity and produce lyso-
zyme and cryptdin that inhibit foodborne patho-
gens. GALT also removes bacteria by inducing a
specific immune response. Natural microbiota
present in the jejunum and ileum are in the range
of 10*~10% cfu ml~!. The major genera present
in this part of intestine are Lactobacillus,
Enterobacter, Streptococcus, Bacteroides,
Bifidobacterium, and Fusobacterium; they pro-
vide protection against pathogen colonization.

Large Intestine
The large intestine has three segments: cecum,

colon, and rectum. The epithelial lining is covered
with inner and outer mucus layers. The inner layer

is highly adherent and rich in sIgA and AMPs,
while the loosely attached outer layer carries resi-
dent microbes. The large intestine is home to an
abundant resident microflora (10''* cfu g7'), 97%
of which are anaerobic. The microbial genera pres-
ent in the large intestine include Bifidobacterium,
Lactobacillus, Escherichia, Clostridium,
Bacteroides, Streptococcus, Peptostreptococcus,
Ruminococcus, Fusobacterium, Pseudomonas,
Veillonella, Proteus, yeast, and protozoa. These
microbes prevent colonization of pathogens in the
gut by physical hindrance and by producing meta-
bolic by-products such as short-chain fatty acids
(SCFA: formic acid, acetic acid, butyric acid, pro-
pionic acids, and valeric acid) and bacteriocins that
are inhibitory to the transient pathogens. Epithelial
cell sloughing also occurs in the colon and, together
with mucus, can prevent colonization and attach-
ment of pathogens.

Adaptive Immunity

Adaptive immunity is characterized by specific
response to a particular antigen resulting in the
production of specific antibody or cytokines. The
most important characteristics of adaptive
immune response are that it remembers each
encounter, i.e., a memory response, and that the
responses are amplified with each successive
encounter with the pathogen (Fig. 3.5). Specific
immunity can be active or passive based on the
form of immune response it generates. Active
immunity is developed when the host immune
system is stimulated by an antigen. For example,
immunization with the tetanus toxoid, an inactive
form of tetanus toxin, develops an antibody
response that is capable of neutralizing tetanus
toxin in the subsequent exposure. Passive immu-
nity is achieved when the serum or cells from a
previously immunized host are introduced to a
recipient to confer immediate protection against
the pathogen. Examples of passive immunity are
anti-botulinum serum against botulism and anti-
venom serum given after a snakebite.

Adaptive immunity is also classified based on
the components of the immune system that pro-
vide the response, i.e., humoral or cell mediated.
Humoral immunity involves the production of



Adaptive Immunity

55

Fig.3.5 A graph
showing the primary and
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hypothetical antigens A
and B
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antigen-specific antibodies by B lymphocytes.
Generally, extracellular antigens such as protein
toxins or soluble protein antigens induce humoral
immunity. Cell-mediated immunity (CMI)
involves activation of T-lymphocyte subsets that
are involved in the elimination of pathogens.
Generally, intracellular pathogens such as bacte-
ria, viruses, or parasites induce CML.

Characteristics of Adaptive Inmune
Response

The adaptive (specific) immune response is
highly specific, diverse, and self-regulated,
remembers the first antigen encounter (memory
response), and is able to discriminate self-
antigens from nonself. Properties of specific
immune response are:

1. The specific immune response is generally
raised against structural components of com-
plex proteins or polysaccharides. Antigenic
determinants or epitope-specific lymphocyte
clones are selected during an immune
response, and these clones continue to pro-
duce specific antibodies or cytokines during
their life spans.

2. The specific immune response can respond to
a large number (~10°) of antigenic determi-
nants due to the broad “lymphocyte reper-
toire” in a host.

4. The specific

1 2 3 4 65 6 7 8

3. Specific immune response remembers the first
encounter of an antigen, and the response is
enhanced during the subsequent exposure due
to the presence of memory cells, which sur-
vive for prolonged period even in the absence
of an antigen. Memory cells respond to a very
low concentration of antigen with increased
immune response and with higher affinity.
Memory response is larger, more rapid, and
qualitatively different from the first.

immune response is self-
regulated, and it does not produce antibodies
or cytokines in the absence of an antigen.
Lymphocytes perform the initial response
function for a brief period and then convert to
the memory cell. Feedback mechanisms also
control the immune response with the help of
a blocking antibody or increased concentra-
tion of cytokines. Antigen—antibody complex
also regulates T-cell response and alter cyto-
kine cascades to control the immune response.

5. The specific immune response can discrimi-
nate self from nonself. It is an important fea-
ture of the specific immune response to be able
to distinguish self-antigens from a foreign
antigen. T or B cells that are stimulated by
self-antigen are generally eliminated from the
body. Self-antigens are also known as tolero-
gens since no immune response is developed
against them. Immunologic unresponsiveness
is called “anergy.” Foreign antigens may act as
tolerogens or immunogens depending on the
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physicochemical state of the antigen, the dos-
age, and the route of administration. An anti-
gen administered orally or intravenously may
not elicit a response; however, if the same anti-
gen is administered subcutaneously or intra-
peritoneally, it may induce an immune
response. If an immune response is generated
against a self-antigen, it leads to autoimmune
disease. For example, systemic lupus erythe-
matosus (SLE) is a condition where the anti-
body is produced against cellular nucleic acids
resulting in glomerular nephritis and vasculi-
tis. In myasthenia gravis, the antibody is devel-
oped against the acetylcholine receptor and
thus interferes with the transmission of nerve
impulses causing muscular weakness.

Phases of Inmune Response

The introduction of an antigen initiates a cascade
of events leading to the immunologic response
and the elimination of the pathogen from a host
(Fig. 3.6). Each antigen has the capacity to acti-
vate separate existing clones, and each clone can
proliferate to produce a specific effector response.
In the cognitive phase, initially an antigen binds
to the membrane receptor of resting lymphocyte

Plasma or Effector cells Memory cell

where membrane-bound IgM and IgD serve as
receptors. In the activation phase, the clones are
activated and enlarged and begin to proliferate
and differentiate into the effector and the mem-
ory cells. The effector cells produce antibodies or
cytokines to initiate effector functions through
complement activation or activation of phago-
cytes to neutralize antigens, while the memory
cells remain dormant, circulate in the body, and
are involved in the immune surveillance. When
the memory cells encounter an antigen, they con-
vert into effector cells and respond to the antigen
with vigor. Memory cells can survive for a pro-
longed period depending on the antigen type and
the frequency of exposure. The most effective
vaccine against an infectious agent is the one that
is capable of generating a robust long-lasting
memory cell response.

Tissues and Cells of Inmune System
Tissues

The primary lymphoid organs are bone marrow
and the thymus in mammals. In avian species, the
bursa of Fabricius, a specialized gland located in
cloaca, is equivalent to the mammalian bone mar-
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row. The secondary lymphoid organs are lymph
nodes, spleen, and lymphoid tissues such as gut-
associated lymphoid tissue (GALT, Peyer’s
patch) (Figs. 3.1 and 3.3), mucus-associated lym-
phoid tissue (MALT), and skin-associated lym-
phoid tissue (SALT).

Bone Marrow

Bone marrow contains stem cells which are
responsible for hematopoiesis, i.e., all blood cells
are originated from these stem cells. Bone mar-
row also serves as the site for B-cell growth and
the early phase of maturation. Growth factors or
colony-stimulating factors for B cells such as
granulocyte—monocyte colony-stimulating factor
(GM-CSF) and for macrophages such as granulo-
cyte—colony-stimulating factor (G-CSF), mono-
cyte colony-stimulating factor (M-CSF), IL-1,
IL-2, and IL-7 are produced in the bone marrow.
In birds, the bursa is the site for B-cell growth
and maturation.

Thymus

The thymus is located adjacent to the larynx in
the upper part of the thoracic cavity and provides
the microenvironment for T-lymphocyte matura-
tion and growth. It is a bilobed organ containing
multiple lobules. The cortex of the lobule is the
resident site for thymocytes (T lymphocytes) that
are found at various stages of their maturation.
Immature T cells do not carry any antigen recep-
tors. Mature T cells migrate from the cortex to
medulla and encounter “self-antigen” for the first
time. Depending on the type of antigens they
encounter, these T cells differentiate into either
CD4* or CD8" T cells and express co-receptor
molecules, CD4 or CDS, respectively. In the
medulla, the epithelioid cells, also known as
giant macrophages, and the resident macrophages
present ‘“‘self-antigens” to the T cells. During
development in the thymus, only T cells that do
not react to “self-antigens” are allowed to mature
and enter the blood circulation.

Lymph Node

Lymph nodes are secondary lymphoid tissue and
are part of the lymphatic system in mammals but
are absent in birds. An adult human body may
have 400—450 lymph nodes distributed through-
out the body. Examples are cervical lymph nodes
(neck area), axillary lymph nodes (armpit area),
bronchial lymph nodes (bronchus), mesenteric
lymph nodes (intestinal tract associated), inguinal
lymph nodes (groin area), and so forth. For food-
borne diseases, mesenteric lymph nodes (MLN)
play an important role during infection, and they
serve as a firewall to prevent live organisms from
the systemic spread. In humans, there are about
100-150 MLN distributed in the mesentery.
Structurally, a lymph node has three regions: an
outer cortex, paracortex, and inner medulla. The
cortex has lymphoid follicles containing a distinct
germinal center in each follicle. Germinal centers,
also called B-cell zones, are where B cells prolif-
erate and differentiate into the antibody-secreting
plasma cells. In the cortex, macrophages, den-
dritic cells, and interdigitating reticular cells are
localized and can process and present antigens to
B cells. The paracortex has the T-cell zone and is
primarily occupied by the helper T cells (Th or
CD4"). Cytotoxic T cells (T¢ or CD8*) are also
found in this area. The medulla is home to the
matured antibody-secreting B cells (plasma cells),
Th cells, macrophages, and dendritic cells.

Spleen

The spleen is a secondary lymphoid organ and is
the largest in the lymphatic system, present in
virtually all vertebrates. It is located in the left
upper quadrant just above the stomach. The
spleen is brownish in color. It filters blood and
helps remove dead blood cells from the circula-
tory system. It has two regions of interest: white
pulp and red pulp. White pulp has periarteriolar
lymphoid sheaths that contain lymphoid follicles.
Lymphoid follicles contain germinal centers
which are home to B cells. White pulp also
contains CD4* and CD8* T cells. The red pulp
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contains macrophages, dendritic cells, and the
plasma cells, and the antigen-specific interaction
takes place on this site.

Lymphoid Tissue

The mucosal immune system is a regional lym-
phoid tissue such as gut-associated lymphoid tis-
sue or Peyer’s patch or solitary intestinal
lymphoid tissue (SILT). It contains “M” cells that
engulf bacteria and transport them to the subepi-
thelial region in the lamina propria. Localized
dendritic cells present antigens to T cells, which
in turn activate plasma cells for production of
immunoglobulins. Dendritic cells also transport
the pathogens to the deeper tissues such as the
liver, spleen, and lymph nodes. The primary
immunoglobulin type found in the gut is secre-
tory IgA (sIgA), which is transported to the
lumen for neutralization of the antigen.

Cells of Inmune System

Cells that are important in immune response are
originated from pluripotent stem cells in the bone
marrow and belong to two distinct lineages:

myeloid lineage and the lymphoid lineage
(Fig. 3.7). Cells originated from the myeloid lin-
eage are granulocytes; neutrophil, basophil,
eosinophil, and phagocytes; monocyte, and mac-
rophage. The lymphoid lineage comprises T lym-
phocytes, B lymphocytes, and natural killer (NK)
and natural killer T (NKT) cells.

Monocytes and Macrophages

Monocytes are originated from the bone marrow
and then migrate to blood circulation. Matured
monocytes differentiate into macrophages and
reside in various tissues. The tissue-specific mac-
rophages are known as histiocytes, epithelioid
cells (skin), or multinucleated (polykaryon fused
cells) giant cells. Macrophages are also present in
various organs and differentiate into alveolar
macrophages (lungs), Kupffer cells (liver),
splenic macrophages (spleen), mesangial cells
(kidney), synovial A cells (joints), microglial
cells (brain), and Langerhans cell (skin).

The cytoplasm of macrophages appears gran-
ular due to phagocytic vacuoles (phagosomes)
and lysosomes. Lysosomal contents have low pH
and contain proteolytic enzymes, reactive “O”
radicals, NO (nitric oxide), prostaglandin,
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defensin, and lysozyme. After phagocytic
engulfment, the antigen is trapped inside the
phagosome. The phagosome then fuses with the
lysosome  creating the  phagolysosome.
Lysosomal antimicrobial components inactivate
and subsequently degrade the pathogen.
Macrophages also possess surface receptors for
antibody (FcR), complement, IL-2, and transfer-
rin. During the oxidative burst, NO is produced
by the macrophage and attacks metalloenzymes
of bacteria to produce the superoxide peroxyni-
trite (OONO~) which can also cause collateral
damage to the host. Macrophages have three dis-
tinct functions: professional phagocytosis, anti-
gen presentation, and production of cytokines.

Professional Phagocytosis

As the first line of defense, macrophages engulf
pathogens and destroy them (Fig. 3.8).
Macrophages can readily recognize antibody-
coated pathogen using the Fc (fragment crystal-
line) part of an antibody binding receptor (FcR)
for elimination. Antibody, complement, or lectin-
like molecules that help macrophages to recog-
nize antigens are called “opsonins,” and the
phagocytosis process is known as “opsonization.”
Macrophages remove dead or injured self-cells,
tissues, tumor cells, and apoptotic cells. Thus,
they prevent inflammation which may be trig-
gered by the dead or injured cells and their

Fig. 3.8 Steps showing
phagocytosis and
destruction of a
pathogen by a
macrophage

Destruction
of bacterium

contents. The phagocytosis process involves sev-
eral steps. First, the macrophage recognizes an
opsonin-coated target with or without using a
specific surface receptor and then forms a
pseudopod to trap it inside the phagosome. The
phagosome fuses with the lysosome forming the
phagolysosome. Lysosomal contents aid in the
pathogen destruction and degradation. The
vesicle-containing degraded products are eventu-
ally transported outside the cell by exocytosis.

Antigen Presentation

Macrophages are rich in the major histocompati-
bility complex (MHC) class II protein; hence, it
is considered an efficient antigen-presenting cell
(APC). Macrophages process the antigen (patho-
gen) by using the lysosomal proteolytic enzymes
and then present the peptide fragments using
MHC class II molecules to T or B cells for effec-
tor function. Macrophages found in the skin,
lymph nodes, spleen, and thymus are involved in
antigen presentation in these sites.

Production of Cytokines

After encountering an antigen, macrophage
releases soluble effector molecules called cyto-
kines that recruit inflammatory cells such as
neutrophils, eosinophils, basophils, monocytes
and other macrophages, and lymphocytes.
Macrophages also produce growth factors for

Phagosome__ Lysosome
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fibroblasts and vascular endothelium to repair
injured tissues resulting from inflammation. The
cytokines produced by macrophage are IL-la,
IL-1p, TNF-a, IL-6, IL-10, and IL-12.

Dendritic Cells

Dendritic cells (DCs) have a starlike appearance
resembling the dendrites of a neuron. DCs are
phagocytic and known antigen-presenting cells
similar to macrophages. DCs originate from the
bone marrow from the progenitor cells (stem
cell). The immature DCs circulate throughout the
body and convert into matured DCs in the pres-
ence of antigens and cytokines. They migrate to
different organs and tissues including the skin,
airways, intestine, and lymphoid organs (spleen
and lymph nodes). They play important roles in
both innate immunity and adaptive immunity.
They are professional antigen-presenting cells;
they phagocytose antigens, process them, and
present them to T and B cells using MHC class 11
molecules on their surface. DCs express mem-
brane markers CD40, CD70, and CD86, and they
secrete IL-12 and interferons. During enteric
pathogen infection, they are known to carry intra-
cellular pathogens such as Salmonella enterica
and Listeria monocytogenes from submucosal
locations to extraintestinal sites.

Granulocytes

Neutrophil

Neutrophils are polymorphonuclear (PMN) leu-
kocytes and contain granules and multilobed
nuclei (Fig. 3.9). Granules known as lysosomes
contain protease, myeloperoxidase, lysozyme,
elastase, defensins (cysteine-rich cationic pep-
tides), and acid hydrolases, such as
B-glucuronidase and cathepsin B. Neutrophils
also contain a receptor for antibody (FcR) and
complement. They are attracted to the site of
infection during inflammation where they act as
professional phagocytes and aid in chemotaxis of
other immune cells. Neutrophils are primarily
effective against bacterial infection.

Eosinophil

Eosinophil, a polymorphonuclear leukocyte,
responds during inflammation. The cytoplasmic
granules (lysosome) stain intensely with an
acidic red dye, eosin, hence the name eosinophil
(Fig. 3.9). Granules contain acid phosphatase,
peroxidase, cationic protein, and reactive oxygen
species (ROS). They carry receptors for IgE
(FcR,) and other immunoglobulins. Eosinophils
are also professional phagocytes and assist in
chemotaxis of other immune cells. They are
effective against parasitic infection such as proto-
zoa and helminths, which are often resistant to
the degradation by lysosomal enzymes of neutro-
phils and macrophages. Eosinophil counts in the
blood are high in patients showing immediate
hypersensitivity (allergic) reactions or suffering
from parasitic infections.

Basophil

The cytoplasmic granules of some leukocytes
stain intensely with the basophilic dye, hematox-
ylin, and hence are given the name basophil
(Fig. 3.9). Basophils are circulating counterpart
of mast cells located in tissue, and the granules
contain vasoactive amines such as histamine and
serotonin. They also carry receptor (FcR) for
IgE. Binding of IgE-antigen complex to the
receptor of basophils or mast cells triggers a sig-
naling cascade resulting in the release of vasoac-
tive amines, which are key mediators of
immediate (type I) hypersensitivity reactions.
Basophils are primarily effective in removing
allergens from the system by increasing the
membrane permeability due to the action of vaso-
active amines and allowing other cells such as
NK and macrophages to reach to the sites. They
are nonphagocytic in nature.

Lymphoid Tissue

The lymphoid lineage consists of two popula-
tions of lymphocytes: B lymphocytes and T lym-
phocytes (Fig. 3.10). B lymphocytes are derived
from the bursa of Fabricius in birds and in an
equivalent organ, bone marrow, in mammals. B
lymphocytes differentiate into plasma cells which
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Fig.3.9 Granulocytes have a multilobulated nucleus and
contain numerous granules. The granular contents are
proteolytic enzymes, “O” radical, or amines, which aid in

Fig.3.10 T- and
B-lymphocyte lineages:
origin, differentiation,
and maturation
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produce antibodies. T lymphocytes undergo their
maturation phases in the thymus and produce
interleukins, interferons, and cytokines. T lym-
phocytes differentiate into T-cell subsets: cyto-
toxic T cells (CTL or Tc), helper T cells (Th), and
regulatory T cells (Ti).

T Lymphocytes

T lymphocytes originate in the bone marrow.
They migrate to the thymus where they differen-
tiate into Th and CTL. They produce a plethora
of cytokines. They also express MHC (classes |
and II) molecules on their surface and recognize
peptide antigens presented in association with
MHC molecules with the T-cell receptor (TCR).
They do not respond to soluble antigens. They

have receptors for immunoglobulins (Ig). They
carry specific surface markers which are desig-
nated as CD (cluster of differentiation) followed
by a number. For example, the CD2 molecule is
expressed on all T cells and binds to sheep red
blood cell (RBC) forming a rosette-like appear-
ance. Numerous CD molecules are identified so
far, and T-cell subsets are classified based on the
presence of different surface CD markers
(Table 3.5).

Helper T Cells

Helper T cells are also designated as Th or CD4*
T cells because of the presence of the unique
CD4 surface marker. Th cells are classified into
Thl, Th2, Thl7, and regulatory T cells (Ty,).
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Helper T cells recognize antigens when presented
in association with an MHC class II molecule and
subsequently secrete cytokines which activate B
cells and macrophages.

Thl In general, Thl cells induce a cellular
inflammatory type of response. Th1 cells respond
to antigens when presented by macrophages, and
in turn, they further activate macrophages
(Fig. 3.11). They secrete 1L-2, IL-3, interferon-y
(IFN-y), lymphotoxin, GM-CSF, TNF-f, and
lymphokines that promote B-cell proliferation.
Th1 cells help B cells to synthesize IgG2a. Thl
cells are not stimulated by IL-1 (macrophage
derived). Thl cells help in cell-mediated immu-
nity and delayed (type IV) hypersensitivity reac-
tions. Thl cells are preferentially developed
during intracellular bacterial and viral infections.
IL-12 and IFN-y produced by macrophage and
NK cell support the development of Th1 cell.

Th2 Th2 cells respond to the antigens presented
by B cells and play an important role during
humoral immune response (Fig. 3.11). Th2
expresses membrane CD30, a member of TNF
receptor superfamily. The Th2 population is

Table 3.5 Selected surface markers for T lymphocytes

developed during helminth infection and with
exposure to common environmental allergens,
and they are responsible for removal of extracel-
lular infective agents. IL-4 production by other
cell types favors the development of Th2 cell.
Th2 cells secrete IL-3, IL-4, IL-5 (eosinophil
activation factor), IL-6, IL-10, IL-13, and
GM-CSF. They stimulate B-cell proliferation and
isotype switching for IgE, IgM, IgGl, and
IgA. IL-4 promotes IgE and IgG1 production by
B cells (plasma cells).

Th17 The Th17 cell lineage is characterized by
its capacity to produce IL-17, but not IFN-y or
IL-4. However, the development and the expan-
sion of Th17 cells are dependent on IL-23. Th17
cells and the T, cells share common develop-
mental pathways. Th17 cells carry a transcription
factor, RORyt (RAR-related orphan receptor
gamma), while T, carries FoxP3 (forkhead box
P3) protein, also known as scurfin. TGF-f is
required for the development of Th17 and T,
cells from naive T cells. In the presence of TGF-f§
or TGF-f plus IL-6, T cells can differentiate into
FoxP3* T, cells or RORyt" Thl7 cells,
respectively.

Th17 cells are a key pathological marker for
many human diseases. Th17 cells regulate inflam-
mation by producing IL-17 and its family mem-

Cluster designation Distribution
bers: IL-17A, IL-17B, IL-17C, IL-17D, and
CD1 Thymus )
CcD2 AIL T cells: rosette formation IL-1.7.E. IL-17E is also referred to as IL-25. In
CD3 Mature T cells addition, Th17 cells produce TNF-a, IL-6, IL-21,
CD4 Helper T cells (Th1, Th2, Th17) IL-22, and IL-26. IL-17 has diverse biological
CD8 Cytotoxic T cells functions: it recruits neutrophils, activates mac-
CD4*/CD25"/Foxp3* | Regulatory T cells (Treg) rophages, and stimulates the production of
Fig.3.11 Differences MHC Il TCR
in antigen presentation
by helper Th1 and Th2
cells and their respective :
effector functions — Cytokine ™I
Macrophage Antlgen (
@@
Bcell Cytokine B cell
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proinflammatory cytokines (IL-la, IL-1p, IL-6,
TNF-«, IFN-y) and AMPs from a variety of
immune and nonimmune cells. IL-17 can also
enhance the capacity of CD4* T cells to produce
IL-2 and promotes the proliferation of both con-
ventional T cells and T, cells. IL-17 is necessary
for protective immunity against Escherichia coli,
Salmonella enterica, Klebsiella pneumoniae,
Bordetella pertussis, and other infective agents.
Th17 cells are also involved in the pathology of
many autoimmune diseases such as allergy, rheu-
matoid arthritis, multiple sclerosis, and inflam-
matory bowel disease.

T.s A subpopulation of T lymphocytes carrying
the transcription factor FoxP3 is now recognized
as the regulatory T lymphocyte (T,,), which con-
trols the immune response in a specific manner.
T, cells maintain tolerance to self-antigens and
immune homeostasis. Ty, cells originate from
thymus, and they are mostly CD4* T cells and
express CD25; hence, they are designated CD4+/
CD25*/Foxp3* T lymphocytes. They can sup-
press the activation, proliferation, and effector
functions of CD4* and CD8* T lymphocytes, NK
cells, B cells, and APC and can control autoim-
mune disease, immunopathology, allergic
response, tolerance to tissue grafts, and fetal
maintenance during pregnancy. They release
IL-10 and TGF-f. T, cell numbers increase in
blood and other tissues in cancer patients, thus
favoring tumor progression. Chemotherapeutic
drugs such as dacarbazine prevent tumor prolif-
eration and thus have an immunosuppressive
effect on T-lymphocyte populations including the
T, cells.

reg

Cytotoxic T Lymphocytes

Cytotoxic T cells (CTL), also known as CD8* T
cells, provide immunity against viral and intra-
cellular bacterial infections and cancer. They are
responsible for graft rejection and are the primary
effector cells in tumor immunity (antitumor
activity). They recognize antigens through T-cell
receptor (TCR) when presented in association
with the MHC class I molecule and selectively
kill the target cell with the help of cytotoxin with-

Virus

TCR MHCI

Viral
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Cytotoxin

|_‘J & i
@
Apoptosis

Fig. 3.12 Cytotoxic T-lymphocyte (CTL)-mediated kill-
ing of target cells

out affecting the neighboring cells (Fig. 3.12).
The cytotoxin or perforin (pore-forming toxin)
produced by the CTL induces apoptosis in the
target cells. CTL also produce granulysin, which
kills host cells infected with intracellular bacteria
such as Listeria monocytogenes. CTL-mediated
killing is antigen-specific and requires cell-to-
cell contact; however, the CTL itself is not injured
during this interaction. They secrete large
amounts of IFN-y which in turn increases expres-
sion of MHC class I molecules by the infected
cells for enhanced killing.

Natural Killer Cells

Natural killer (NK) cells are prototypical mem-
ber of the innate lymphoid cell (ILC) family and
classified as group 1 ILC. NK cell function and
development are mediated by the transcription
factor T-bet, but it is not strictly dependent on
T-bet. NK are called large granular lymphocytes
(LGL) because they carry numerous large cyto-
plasmic granules containing cytotoxic perforin
and granzymes to cause programmed cell death
of targets. They are called non-T and non-B cells
because of lack of characteristic T-cell receptor-
like CD3 or B-cell receptor-like immunoglobu-
lin. NK cells express CD56 and depending on the
stage of the development, some may express
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Fig. 3.13 Specific destruction of virus-infected cell by
the natural killer (NK) cell with the help of virus-specific
antibody. This event is also called antibody-dependent
cell cytotoxicity (ADCC)

CD16 and hence are designated CD3*/CD56*/
CD16" NK cell. They are also known as
lymphokine-activated killer (LAK) cells and are
activated by IL-12 for enhanced cytotoxic effect.
NK cells secrete IFN-y and IL-2 and are effective
against tumor cells or virus-infected cells. The
target cell killing is generally nonspecific, i.e.,
not restricted to antigen-MHC presentation;
however, specific target cell destruction is
achieved by using immunoglobulin and is termed
antibody-dependent cell cytotoxicity (ADCC)
(Fig. 3.13).

Natural Killer T Cells

Natural killer T (NKT) cells share properties of
both NK and T cells and express variants of TCR,
CD3, and CD4. They carry the nonclassical MHC
class I molecule CD1d and are activated in the
presence of microbial lipids including those of
Mycobacterium and Leishmania. NKT cells
secrete IFN-y, TNF-a, IL-2, IL-4, IL-5, IL-13,
and GM-CSF. NKT cells contribute to the innate
and preadaptive immune response.

lymphocytes are called lymphokines, and those
produced by leukocytes are called interleukins
(IL). Cytokines play important roles in both
natural immunity and adaptive immunity and
regulate lymphocyte activation, growth, and
differentiation. Cytokines also activate nonspe-
cific inflammatory cells and stimulate immature
leukocyte growth and differentiation.

Properties of Cytokines

1. Cytokines are produced during the effector
phase of natural and specific immunity. For
example, LPS activates macrophages which
produce IL-1 during natural immunity. IL-1
stimulates the thermoregulatory center that
increases body temperature (fever) to inhibit
bacterial growth.

2. Cytokine secretion is brief and self-limiting
because the cytokine mRNA is unstable.

3. Many individual cytokines are produced by
multiple diverse cell types. For example, IL-2
is produced by T and NK cells, while IL-6 is
produced by B cells, T cells, macrophages,
fibroblasts, and endothelial cells.

4. Cytokines act upon different cells. Cytokine
action is redundant, and many cytokines have
a similar function.

5. Cytokines often influence the synthesis of
other cytokines and can have antagonistic or
synergistic action.

6. Cytokine action is mediated by binding to its
receptor. Cytokine action can be autocrine
(the action is on the secreting cell), paracrine
(the action is on nearby cell), or endocrine
(systemic circulation allows action on dis-
tantly located cells) similar to hormones.

7. Cytokines regulate cell division. For example,
GM-CSF helps granulocyte—monocyte cell
division and growth.

Cytokines

Cytokines are protein hormones produced by
immune cells. Cytokines produced by mono-
nuclear phagocytes (monocytes) are called
monokines. Cytokines produced by activated T

Cytokines in Innate and Adaptive
Immunity

Two major cytokines are produced during innate
immunity: Type I interferon (IFN) and
TNEF. During adpative immune response, Type 11



Cytokines in Innate and Adaptive Immunity

65

interferon and interleukins are predominant.
Cytokines promote growth, differentiation, and
activation of immune cells and can initiate
inflammatory reactions that protect against
microbial infections.

Interferon

Interferons (IFN) are of two types: type I and
type II. The type I interferon is again divided
into two groups depending on the molecular
weights and the type of cells that produce them:
IFN-a and IFN-P. IFN-« is an 18 kDa polypep-
tide and is called leukocyte interferon since it is
produced by the mononuclear phagocytes. IFN-f3
is a 20 kDa polypeptide and is called fibroblast
interferon since it is produced by fibroblast cells.
Type I is involved in the natural immunity and
inhibits the viral replication by establishing the
“antiviral state” in infected cells. Type I IFN
stimulates the production of oligoadenylate syn-
thetase, which acts on adenosine triphosphate
(ATP) to produce adenine trinucleotide (AT). AT
activates RNase L (endoribonuclease) which
cleaves the viral mRNA, thus inhibiting viral
protein synthesis resulting in “antiviral state.”
Interferon action is host species-specific but not
virus-specific.

An example of type II interferon is IFN-y
which has both immunostimulatory and immuno-
modulatory effects and plays a key role in adap-
tive immunity. IFN-y is a 21-24 kDa polypeptide
and is produced by NK and NKT cells during
innate immune response and by Thl CD4* and
CD8* cells during the adaptive immune response.
IFN-y upregulates both MHC class I and class 11
molecules. It activates mononuclear phagocytes,
increases MHC class II expression, and increases
phagocytosis and antigen presentation. It also
aids in T- and B-cell differentiation. IFN-y plays
an important role in clearance of intracellular
pathogens including bacterial (Salmonella,
Listeria), viral, and protozoan (Toxoplasma,
Leishmania) diseases. IFN-y is also involved in
tumor immunity.

Tumor Necrosis Factor

Tumor necrosis factor (TNF) is one of the major
cytokines in innate immunity and is responsible
for immune cell regulation and cell signaling.
Originally, it was discovered for its activity to
induce cell death and suppress tumor growth.
Two TNF have been described: TNF-a and
TNF-f (lymphotoxin). TNF-a consists of three
subunits of 17 kDa each with a total molecular
mass of 51 kDa. It is produced primarily by mac-
rophages but also by other cell types such as
CD4* T cells, NK cells, eosinophils, neutrophils,
mast cells, fibroblasts, epithelial and endothelial
cells, and neuron. TNF-a is produced largely in
response to bacterial infections primarily due to
the release of elevated levels of LPS from Gram-
negative bacteria and peptidoglycan and other
components of Gram-positive bacteria. TNF
induces inflammation and activates NF-kB and
MAPK (mitogen-activated protein kinase) path-
ways to produce inflammatory cytokines for
immune cell recruitment, differentiation, and
proliferation. TNF-a also stimulates macro-
phages to produce IL-1. TNF-a, together with
IL-1, raises body temperature (fever) through a
prostaglandin-mediated pathway to inhibit bacte-
rial growth. TNF-a blocks lipoprotein lipase
action; therefore, the fatty acids are not released
from lipoprotein for use by the body cells. As a
result, the patient loses muscle mass and the body
weight leading to cachexia (a wasting condition
characterized by loss of body mass). The cachec-
tic condition is also mediated by TNF-induced
appetite suppression in the host. Large amounts
of TNF-a production affects heart muscle con-
traction and vascular smooth muscle tone result-
ing in lowered blood pressure and ultimately
septic shock.

Interleukins
Interleukins (ILs) are produced by leukocytes in

response to antigens and serve as effector mole-
cules in innate and adaptive immune response by
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Table 3.6 Summary of interleukins and their target cells

Name Produced by Target cells

IL-la Macrophages T,.B

IL-1B Macrophages T.B

IL-2 T, NK T (Th, CTL), B, NK, macrophages

IL-3 T Hematopoietic stem cells, B, mast, macrophages

1L-4 Th2 Stem cell, T, B, macrophages

IL-5 Th2 T, B, eosinophil

1L-6 T, B, macrophage, fibroblast, endothelial B, T, stem cells, neurons, hepatocytes, macrophages
cells

1L-7 Bone marrow stromal cells Pre-B, pre-T, and T cells (immature lymphocytes)

1L-8 Macrophages, lymphocytes, hepatocytes, T, neutrophil, basophil (chemoattractant)
endothelial cells

IL-9 CD4*T Th cells, none on CTL

IL-10 Macrophages, T, cells Macrophages, DC

IL-11 Stromal cell B cells, platelet production

IL-12 NK, macrophage Thl, NK

IL-13 CD4+ T B cell, epithelial, fibroblast, macrophages

IL-15 Macrophage NK, T cells

IL-16 T, mast, epithelial, eosinophils CD4 + T, monocytes, eosinophils

IL-17A/B/C/D/F | Thl7 Mucosal tissues, epithelial and endothelial cells

IL-18 Monocytes, macrophage, DC NK, Th1, monocyte, neutrophils

IL-19 Monocytes, macrophages Keratinocytes, macrophages

IL-20 Monocytes Keratinocytes

1L-21 Th2, Th17 Th17, B cell, NK, DC

1L-22 Thl, Th17, NK Fibroblasts, epithelial cells, hepatocytes

1L-23 Macrophage, DC Th17 differentiation

1L-24 Monocytes, CD4* T Keratinocytes

1L-25 (IL-17E) Th2, mast cells, eosinophils, macrophages | NK?

1L-26 Activated T cells, monocytes Unknown

1L-27 Activated DC, macrophages T cells, NK

1L-28/1L.-29 DC? Unknown

1L-31 Activated T cells, Th2 Myeloid progenitor, keratinocytes

1L-33 Smooth muscle cells, keratinocytes, Th2, mast cells
fibroblasts

1L-35 Tree Effector T cells

activating other cells (NK, T, B, and hematopoi-
etic stem cells). Several interleukins are identi-
fied and their source and functions are
summarized in Table 3.6.

B Lymphocytes and Antibodies

B lymphocytes express surface receptors that
interact with antigens. The B-cell receptors are in
fact membrane-bound antibody. Antibodies
secreted from B cells are present in the y-globulin
fraction of the serum and hence called immuno-
globulin (Ig). Immunoglobulins are produced by

mammals and avian species, and there are subtle
differences among them, which are described
below.

Structure of Immunoglobulin

A typical immunoglobulin (Fig. 3.14) consists
of two identical heavy chains and two light
chains. Two heavy chains (55 or 70 kDa) are
joined by two disulfide bridges in the hinge
region. Heavy chains have one variable domain
called Vy and three constant domains designated
Cyl, Cy2, and Cy3. The variable domain (V)
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Fig.3.14 Structure of
immunoglobulin and the
products of proteolytic
(papain and pepsin)
digestion

Hypervariable Fab o

(COR3) ~ ’\<i§inding site

has a hypervariable region, which is also called
complementarity-determining region (CDR).
The CDR again has three subregions, CDRI,
CDR2, and CDR3, of which CDR3 is the most
variable and is located close to the N-terminal
end. Two light chains k and 4 (24 kDa each) con-
tain one variable (V;) and one constant (C})
domain. Light chains are linked to the heavy
chain by disulfide bonds. Each structurally dis-
tinct domain (such as Cyl, Cy2, and Cy3) in
each chain consists of 110 amino acids, and
each domain is joined by disulfide bridges.
Based on the heavy chain types, immunoglobu-
lins are classified as IgA, IgG, IgM, IgE, and
IgD (Fig. 3.15). IgA is made with a-heavy
chain, IgG with vy, IgE with ¢, IgD with 9, and
IgM with p-heavy chain (Table 3.7).

The antigen-binding end, which is also the
N-terminal end, is called Fab, and the C-terminal
end is Fc (fragment crystalline). It is the
C-terminal end that binds Fc receptors present on
various cell types. The Fc region contains carbo-
hydrate molecules and a complement-binding
site. Proteolytic enzymes are used to cleave Fab
from Fc region. Papain cleaves immunoglobulin
molecule in the hinge region resulting in two
separate Fab molecules and 1 Fc molecule, while
pepsin cleaves the hinge region below the disul-
fide bond to produce an intact F(ab), appearing
as the letter “V” and fragmented Fc.

Classes of Imnmunoglobulins

IgA It consists of a heavy chain type al or o2
and exists either as a monomer or a dimer. In the
dimeric form, a joining chain (15 kDa) holds two
monomers together. IgA is found in the serum at
low concentrations (3 mg ml™'). Dimeric IgA
also exists as a secretory form (sIgA) where a
secretory molecule of 70 kDa is attached that
protects sIgA from proteolytic degradation. sIgA
is about 400 kDa and is abundant in saliva,
mucus, and other body fluids (bile, synovial flu-
ids, respiratory and intestinal tract secretions).

IgE It is about 190 kDa and contains an addi-
tional domain in Fc region. Generally IgE level is
very low in serum (0.05 mg ml~!), but its concen-
tration increases during an allergic response or
during parasitic infection such as helminth
infection.

IgD It is about 180 kDa and remains mostly
membrane bound. Thus, it is present in serum in
trace amounts. IgD acts as a receptor for antigens
when B cells serve as an APC.

IgM It is present in pentameric form (950 kDa)
where 5 units are joined by a joining chain
(J-chain). This is the predominant antibody in the
blood (1.5 mg ml™") during primary immune
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Fig. 3.15
Immunoglobulin
structures of different
classes of
immunoglobulin

Table 3.7 Classes and subclasses of immunoglobulins

Heavy Molecular weight

Class | chain type | Subclass (kDa)

IgA  al, a2 IgAl, IgA2, 150, 300, or 400
sIgA

IgD ) None 180

IgE None 190

IgG |y Mouse: IgG1, | About 150 each
1gG2a, 1gG2b,
1gG3
Human: IgG1,
1gG2, 1gG3,
I1gG4

IeM None 950 (pentamer)

response when challenged with an antigen. [gM
is very unstable and rapidly loses its activity if it
is subjected to temperature abuse.

IgG The molecular mass of IgG is 150 kDa.
Subclasses of IgG vary between mice and humans
depending on the heavy chain type. In mice, sub-
classes are IgGl, 1gG2a, IgG2b, and IgG3; in
humans, subclasses are IgGl, 1gG2, 1gG3, and
IgG4. 1gG concentration in blood is very high
(IgGl1, 9 mg ml™; 1gG2, 3 mg ml™!; IgG3,
1 mg ml~%; IgG4, 0.05 mg ml™!) and is the pre-
dominant immunoglobulin during secondary
immune response. [gGs are very stable.

Avian (chicken) antibodies consist of three
immunoglobulin subclasses: IgA, IgM, and IgY.
IgA and IgM are similar to mammalian IgA and
IgM, while IgY is equivalent to mammalian IgG.
These antibodies are found in serum as well as in
eggs. In eggs, IgA and IgM are present in albu-
men in low concentrations (0.15 and 0.7 mg ml~',
respectively), while IgY is found in yolk in a
large amount (~25 mg ml™). Structurally, IgY
(180 kDa) is larger than the mammalian IgG
(150 kDa), and it can be readily harvested in
large quantities from eggs. The H-chain in IgY is
68 kDa and consists of four constant domains
(Cv1-Cv4) instead of three for IgG. IgG constant
domains Cy1, Cy2, and Cy3 are equivalent to IgY
Cvl, Cv3, and Cv4, respectively. IgY lacks a
hinge region (Fig. 3.15).

Diversity of Antibodies

A total number of antibody specificities that an
individual can produce is called the “antibody
repertoire.” There are about 107-10° different
antibody molecules with unique amino acid
sequences in the antigen-binding site. This gener-
ates significant diversity in a host. The variable
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Fig.3.16 B-cell
maturation, growth
phases, and synthesis of
immunoglobulin
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region has a hypervariable region or CDR. The
unique determinant of the CDR varies from anti-
body to antibody and is called idiotope, while the
collection of idiotopes on a particular antibody
molecule constitute idiotype.

Antibody Production

The sequence of events that takes place for B
cells to produce antibody molecules for a specific
antigen begins in the stem cell (Fig. 3.16). B cells
originate from stem cell and give rise to pre-B,
immature B, and mature B cells, sequentially.
Immature and mature B cells leave bone marrow
and migrate to secondary lymphoid organs such
as the lymph nodes and spleen where they
transform into antibody-secreting B cells.
Immunoglobulin isotype switching takes place at
this stage and depending on the antigen type B
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cells can produce antibody subclass of IgM, IgG,
IgA, or IgE (Fig. 3.17).

Function of Antibody

Acts as B-Cell Receptor Membrane-bound
antibody binds antigens which allow B cells to
process and present antigenic peptides to T cells
via MHC class II molecules. Hence, B cells are
efficient antigen-presenting cells.

Neutralization of Antigen Antibody neutral-
izes toxins, viruses, or bacteria. It binds to the
antigenic determinant and prevents the antigen
from interacting with the host cell by “steric
hindrance.”

Activation of Complement IgG or IgM after
forming a complex with an antigen activates
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complement cascade via the classical pathway to
produce complement by-products such as C3b
and membrane attack complex (MAC) that facili-
tate lysis of the microorganism.

Opsonization The antibody also serves as an
opsonin, a molecule that facilitates the recogni-
tion of target microorganisms by phagocytic cells
(e.g., macrophages) for elimination. Antibody
first forms a complex with microbes, and then
the Fc domain of the antibody binds to the Fc
receptor on the phagocytic cells (macrophage,
neutrophil or eosinophil) for engulfment and
destruction.

Antibody-Dependent Cell Cytotoxicity
(ADCC) NK, neutrophil, and eosinophil recog-
nize and specifically destroy target cells when
coated with antibodies (IgG, IgE, and IgA). A
target cell coated with antibody binds to the Fc
receptor (CD16) of the phagocytic cell for spe-
cific recognition and destruction of virus or tumor
infecting a target cell.

Immediate Hypersensitivity Reaction by
IgE Basophils or mast cells have Fc receptor
(FceR1) for IgE. IgE forms a complex with the
antigen (allergen) and binds to the Fc receptor of
the mast cell. This interaction prompts the release
of wvasoactive amines such as histamine,
leukotrienes, or prostaglandins that are responsi-
ble for immediate hypersensitivity reaction
(Fig. 3.18). Examples are hay fever, asthma, and
food allergy.

Fig.3.18 Allergen-
mediated activation of
basophil and mast cell
for secretion of
vasoactive amines in the
IgE-mediated
hypersensitivity
response

Basophil

Allergen
'

Mucosal Immunity by IgA Secretory IgA
(sIgA) is abundant in mucus and other bodily
fluids and provides specific or nonspecific
immunity at the mucosal surface.

Neonatal Immunity-Mediated by
IgG Colostrum, milk produced by mother
immediately after the birth of the fetus, contains
a high level of maternal IgG, which protects neo-
nate against pathogens in the early part of its life.

Feedback Inhibition of Immune Response Is
Mediated by IgG Binding of excess circulating
IgG to Fcy receptor on the B-cell surface inhibits
further activation of B cells. This process is called
antibody feedback inhibitions.

Antigen

A foreign molecule that is capable of stimulating
immune system is called an antigen or immuno-
gen. Most effective antigens are large, rigid, sta-
ble, and chemically complex. Factors that
influence antigenicity are:

Molecular Size of the Antigen Large molecules
are more antigenic than the small molecules. For
example, 14.4 kDa lysozyme is better antigen
than 1 kDa angiotensin, the 69 kDa albumin is
better antigen than lysozyme, vy-globulin
(156 kDa) is better than albumin, fibrinogen
(~340 kDa) is better than y globulin, and IgM
(900 kDa) is better than the fibrinogen.

Histamine
Serotonin
Prostaglandin
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Complexity of Antigen LPS and proteins are
complex, whereas lipid, carbohydrate, and
nucleic acids as polymers of repetitive units are
considered poor antigens.

Structural Stability of Antigen Immune
response recognizes shape and stability. Flexible
molecules have no shape and thus are considered
poor antigens. For example, gelatin is wobbly
and is a poor antigen. Similarly, flagella are struc-
turally unstable and thus are considered poor
antigens.

Degradability of Antigen Antigens should be
degraded relatively easily for processing and pre-
sentation by APC. Stainless steel pins and plastic
joints are made of large inert organic or inorganic
polymers, which the immune system cannot
degrade. Thus, they are recognized as poor anti-
gens. Proteins made of p-amino acid isomeric
forms are poor antigens because immune cells
cannot degrade them. Only L-amino acid iso-
forms are used by cells.

Foreignness The immune system does not
respond to self-antigens, and the immune cells
which respond to self-antigens are eliminated or
turned off. The degree of foreignness also deter-
mines the antigenicity.

Types of Antigens

Microbial and nonmicrobial antigens are diverse.
Bacterial antigens include cell wall or somatic
antigen (O), capsule (K), pili or fimbriae (F), fla-
gella (H), cell membrane, proteins, ribonucleo-
protein, enzymes, and toxins (endotoxins and
exotoxins).

Viral antigens include envelope (lipoprotein,
glycoprotein), capsomere (a subunit of capsid),
and receptor proteins. Cell surface antigens of
mammalian cells include (1) blood group anti-
gens, ABO, Rh, MN, Kell, Duffy, Luthern, and
Lewis; (2) histocompatibility antigens (MHC
class I, class II); (3) cluster differentiation (CD)
or lymphocyte surface antigens; and (4) autoanti-
gens such as hormones, myelin, and DNA. Protein

antigens are called T-dependent antigen, i.e.,
these antigens activate T cells for effector func-
tion, whereas lipopolysaccharide (LPS) or pepti-
doglycans (PGN) consisting of carbohydrates are
called T-independent antigens which activate B
cells. However, some zwitterionic polysaccha-
rides that carry both positive and negative charges
such as polysaccharide A from Bacteroides fragi-
lis can activate T cells (Th1 cells).

Epitope or Antigenic Determinant

Antigenic determinant, or epitope, is the most
immunodominant structure in an antigen and
binds to the antibody. The number of epitopes in a
molecule depends on the size of the antigen; larger
antigens have multiple epitopes. Epitopes can be
either linear, conformational, or neoantigenic.
Linear antigenic determinants remain intact even
after denaturation by the action of physical or
chemical treatments. Conformational epitopes are
destroyed by denaturation and are unable to bind
to the antibody. In this case, an antibody only rec-
ognizes the natural conformation of the antigen.
Neoantigenic determinants are unraveled only
after treatment of the antigen with an enzyme or
heat that allows binding to an antibody.

Hapten

Hapten means “to grasp” or “fasten.” Small mol-
ecules that are unable to induce an immune
response by themselves are called haptens.
Examples are penicillin, allergens, and peptides.
They need carrier molecules to induce antibody
production. Carrier molecules such as KLH (key-
hole limpet hemocyanin) and BSA (bovine serum
albumen) are large and immunogenic and are
used as carriers for experimental production of
antibodies against haptens. Naturally, in some
individuals, penicillin or allergens, though small,
can interact with serum proteins in the blood
forming a larger complex that is capable of induc-
ing an immune response. Generally, an immune
response against penicillin leads to a hypersensi-
tive, or allergenic, response.
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Antigen-Antibody Reaction

Antigen—antibody reactions are specific and
reversible. Binding forces involved during anti-
gen—antibody reactions are (1) Vander Waal force,
where transient dipole interactions allow weak
bonding between the antigen and antibody, (2)
hydrogen bond [O]-H-[O] or [N]-H-[N] which
forms between molecules in an antigen and anti-
body, (3) electrostatic bond ([+]-[—]) which forms
by positive and negative charges contributed by
both antigen and antibody, and (4) hydrophobic
bond which forms by removing water molecules
from the binding sites of antigen and antibody.
Binding strength between an antigen and anti-
body molecule is expressed as affinity. Affinity is the
strength of binding between a single complemen-
tary site of the antibody and an epitope of an anti-
gen. The avidity of an antibody defines the strength
of attachment of combining sites of all available
epitopes, i.e., the overall strength of binding.

The Major Histocompatibility
Complex

The major histocompatibility complex (MHC)
molecules, or MHC antigens, are expressed on the
surface of a variety of cells. They are essential for
antigen presentation to T cells. They are also
responsible for graft rejection. During organ or
graft transplant, if the host receives tissues or
organs that are expressing the same MHC, the
graft is accepted, but if the MHC are different, the
graft is rejected. There are two classes of MHC
antigens: class I and class II. T cell recognizes for-
eign antigen only when presented within MHC
class I or class II. Exogenous peptide fragments
always bind to the class II (example, bacterial exo-
toxins or other surface proteins), whereas endoge-
nously synthesized peptides are presented with
class I (example, viral proteins or tumor proteins).

Structure of MHC
MHC Class |

MHC class I proteins consist of a single a-chain
(also known as a heavy chain) (Fig. 3.19). The

molecular mass of a-chain in human is 44 kDa
and in mouse 47 kDa. The a-chain has three
domains, ol, a2, and o3, which resemble the
constant regions of an immunoglobulin. The
B-chain (12 kDa; a P2-microglobulin), a non-
MHC coded gene product, noncovalently inter-
acts with the a-chain to provide stability to the
MHC class I molecule. An antigen-binding
pocket is formed by the al and a2 domains,
which can accommodate a small peptide (pro-
cessed antigen) consisting of 8—10 amino acid
residues. MHC class I molecules are expressed
by most nucleated cells in the body and present
antigen to CD8* T cells (CTL) for effector func-
tion (Fig. 3.19). In other words, during infection
with intracellular pathogens (bacteria, virus, and
protozoa), pathogen-specific antigens are pre-
sented on the surface of infected host cells by
MHC class I for targeted destruction by CTL
cells.

MHC Class Il
The MHC class II antigen consists of two nonco-
valently  associated  polypeptide  chains

(Fig. 3.19). The a-chain is about 32-34 kDa,
while the B-chain is 29-32 kDa. The peptide-
binding pocket is made up of both al and f1
domains that hold a peptide of 13-25 amino
acids. Both o- and p-chains are encoded by two
separate MHC genes and are expressed only in
few cells: macrophages, dendritic cells,
Langerhans cells, B cells, some T cells in humans
and rats but not in mice, and some endothelial or
epithelial cells after induction by IFN-y. CD4* T
cells (T helper cells) respond to the antigen when
presented by class II molecules (Fig. 3.20).

Antigen-Presenting Cells

Antigen-presenting cells (APC) are defined as
those which after internalization of an antigen
(either by phagocytosis or by the active invasion
of intracellular microbes) process and present
antigens on their surface either in association
with MHC class I or in class II molecules for rec-
ognition by T or B cells. Most cells in the body
when infected by intracellular pathogens (virus,
intracellular bacteria, protozoa) or tumors can
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(8-10 aa)

Peptide
(13-25 aa)

Fig.3.19 Structure of MHC class I and class II molecules

R2-micro
globulin

MHC Class|

express class I molecule, while only a limited
number of specialized cells can express class II
molecules and present the antigen. Cells that use
MHC class II for antigen presentation are:

1.

Mononuclear  phagocytes: ~ Macrophages
actively phagocytose large particles and infec-
tious organisms such as extracellular bacteria
and parasites and degrade them, and the
immunodominant peptide is presented in
association with class II molecules to the Th
or B cells.

. Dendritic cells: DCs are originated from bone

marrow. They reside in the spleen, lymph
nodes, and submucosa. They process and
present antigen to T cells.

. Langerhans cells: These cells are located in

the skin. They contain characteristic Birbeck
granule (rod shaped or tennis racket shaped)
in their cytoplasm, express class II molecules,
and serve as APC of the skin.

. Venular endothelial cells: These cells also

express class II molecule and present antigen
to T cells.

. Epithelial cells: They also can express class 11

molecules and serve as APC when activated

Cytoplasmic
region

C
MHC Class |l

by IFN-y. Note: In general, [FN-y can induce
class II expression in any APC cells.

6. B lymphocytes: They are considered highly
efficient antigen-presenting cells because they
carry surface immunoglobulin (IgD or IgM),
which serves as a receptor for a protein anti-
gen, and they present antigens to Th cells. B
cells bind antigen efficiently even at a low con-
centration with high affinity. They are impor-
tant for T-cell-dependent antibody production.

MHC-Restricted Antigen Processing
and Presentation

Endogenously synthesized antigens are restricted
to class [-mediated presentation, while the exog-
enously synthesized antigens are restricted to the
class II-mediated presentation.

Class lI-Restricted Antigen
Presentation

Class II-restricted antigen processing takes place
with an exogenous protein antigen. The sequence
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Fig. 3.20 MHC class I- and class Il-restricted exogenous and endogenously synthesized antigen processing and

presentation

of events that take place for antigen processing and

presentations are summarized below (Fig. 3.20):

. Initially, binding and internalization of protein
antigens or native proteins occur by phagocy-
tosis, endocytosis, or pinocytosis, and the
antigens are trapped in the endosome or
phagosome.

. In the processing step, a fusion of the phago-
some with the lysosome (carries degradative
enzymes) results in the proteolytic digestion
of proteins in the acidic environment and the
generation of immunogenic peptides.

. Next, the fusion of endosome containing pep-
tides with the MHC class II proteins containing
vesicle takes place. In this stage, class II mole-
cule binds to the appropriate immunodominant

peptide fragments (13-25 amino acids).
Unbound peptides are further degraded to
amino acids and discarded from the cells by
exocytosis.

. In the subsequent step, a fusion of vesicles

containing MHC class II with the bound pep-
tide and the cytoplasmic membrane occurs.
Through exocytosis (reverse phagocytosis),
the MHC with bound peptide is displayed out-
side for recognition by CD4* T cells.

Class I-Restricted Antigen
Presentation

Intracellular bacteria, viruses, parasites, or tumor
antigens are capable of infecting different types
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of host cells and are processed and presented by
MHC class I molecule on the surface of infected
cells also known as “target cells.” After the inva-
sion, intracellular pathogens escape from the
phagosome and multiply inside the host cyto-
plasm. Thereafter, the sequence of events are
somewhat similar to class II-mediated pathways;
however, in this case, the pathogen-specific pro-
teins are synthesized inside the host cell through
active gene transcription and translation process
(Fig. 3.20). (1) In the first step, the bacterial DNA
or viral DNA or RNA is transcribed to synthesize
proteins. At the same time, DNA for MHC class I
is also transcribed to synthesize class I molecules.
(2) Pathogen-derived proteins are synthesized in
the cytoplasm and then are degraded by host cell
proteasome into small peptides. (3) The peptides
(eight to ten amino acids) are transported into the
lumen of the rough endoplasmic reticulum and
bind to MHC class I molecules. The peptide-
bound MHC complex is transported to the Golgi
for further processing. (4) Vesicles containing
MHC class I with bound peptides are fused with
cytoplasmic membrane and are transported to the
exterior of the cells through exocytosis and pre-
sented to the CD8* T (CTL) cells.

Accessory Molecules Involved
during MHC-Restricted T-Cell
Activation

During the antigen presentation by MHC class 1
or class II molecules to T cells, several other mol-
ecules are also involved (Fig. 3.21). T-cell recep-
tor (TCR) consisting of afj- or yd-chains are the
primary component that recognizes the MHC-
peptide complex on the surface of APC. The CD3
and CD4/CDS8 present on T cells also bind to the
MHC—peptide complex and stabilize the struc-
ture. In addition, the CD2 molecule on the sur-
face of T «cell interacts with the LFA-3
(Iymphocyte function-associated antigen) of
APC, and LFA-1 of T cell interacts with ICAM-1
(intracellular adhesion molecule) of APC. These
accessory molecules increase the strength of the
adhesion between T and APC or target cells,
serve as surface markers, and transduce the bio-
chemical signal to the interior of the cell.

LFA-1
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Fig. 3.21 Involvement of accessory molecules during
antigen presentation to T cells

The Complement System

The complement proteins are synthesized in the
liver and are present in serum. They play impor-
tant roles during both innate and adaptive immune
response. Jules Border in his classical experiment
demonstrated that if an antibacterial antibody is
mixed with fresh serum at 37°C, it caused lysis of
the bacteria; however, when the serum was heated
to 56°C or higher prior to mixing, lysis did not
occur. Bacterial lysis was reestablished when the
fresh serum was added, suggesting the involve-
ment of a heat-labile component, which can com-
plement the antibody function, and hence was
given the name “‘complement.” Complement con-
sists of a series of proteins designated C1 to C9,
each of which remains in serum in an inactive
form. Complement cascade can be activated
sequentially by proteolytic enzymes through
three mechanisms: (1) classical pathway, (2)
alternative pathway, and (3) lectin pathway
(Fig. 3.22). The classical pathway is activated by
an antigen—antibody (IgG or IgM) complex dur-
ing the adaptive immune response. An infectious
agent and a lectin-like glycoprotein can activate
alternative and lectin pathways, respectively,
generally during innate immune response. The
primary and the most abundant component of the
complement cascade is C3, which is converted to
C3a and C3b by C3 convertase. Individuals with
complement deficiency are susceptible to many
infective agents.
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Fig.3.22 Activation of
complement by the
classical, alternative, and
lectin pathways
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The Classical Pathway

The classical pathway is activated during the
specificimmune response (Fig. 3.23). Circulating
IgG or IgM in the blood form a complex with the
specific pathogen or antigen and activates the
inactive form of the protein C1. C1 is a large
multimeric protein consisting of three subunits:
Clq, Clr, and Cls. The active protein complex
Clgrs then catalyzes inactive C4 to produce
active C4b and a soluble by-product, C4a. C4
can also be activated by mannose-binding lectin
(MBL), which is a pattern recognition receptor-
specific to bacterial carbohydrates. C2 catalyzes
the C4b to form C4b2. Clqrs complex can also
activate C4b2 to form the C4b2a, which is also
called C3 convertase. The C3 convertase cata-
lyzes the C3 to form C3a and C3b, a major com-
ponent of the complement activation pathway.
C3b also forms a complex with C4b2a forming
the C4b2a3b complex, which is known as C5
convertase. The C5 convertase catalyzes C5 to
form C5a and C5b. C5b forms a complex,
C5b6789, also known as membrane attack com-
plex (MAC) through a sequential reaction of
C5b with C6, C7, C8, and C9 components. MAC

Lectin
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C3b

C5-C9
(MAC)

forms a donut-shaped hole on the surface of the
target pathogen. The complement activation by-
products C3a, C4a, and C5a are collectively
called anaphylatoxins, which are a chemoattrac-
tant for immune cells and are known to induce
hypersensitivity response.

Alternative Pathway

During the innate immune response, the comple-
ment system plays a major role in protecting the
host against invading pathogens in the absence of
antibodies. Viral proteins, bacterial LPS, peptido-
glycan, teichoic acid (TA), lipoteichoic acid
(LTA), and microbial surface polysaccharide can
activate complement directly via the alternative
pathway. The resulting complement by-products
play important roles in the host natural immunity.
In the alternative pathway (Fig. 3.24), several
serum factors including B, D, H, I, and properdin
systems are involved. Initially, microbial factors
activate C3 to form C3b. In the presence of factor
B, factor D catalyzes C3b to form C3bBb. The
C3bBb complex is called C3 convertase and is
very unstable. Factor I rapidly degrades this pro-
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Fig. 3.23 Complement
activation through
classical pathway

tease. Properdin proteins, however, bind and sta-
bilize C3 convertase. C3 convertase catalyzes C3
to form C3b and a small molecule, C3a. C3b
forms a complex with C3bBb to produce
C3bBb3b, a C5-convertase, which converts C5 to
form C5b and C5a. Sequential catalysis of C6,
C7, C8, and C9 results in the formation of
C5b6789 complex, called the MAC, similar to a
by-product generated in the classical pathway.

Function of Complement

The complement system plays a major part in the
defense against microbes in both innate and
adaptive immune responses.

1. Complement-mediated bacterial lysis is
accomplished by MAC, which is produced in
both classical and alternative pathways. MAC
also can attack host cells by inserting into the
plasma membrane causing collateral damage

(Fig. 3.25); however, a majority of the host
cells are protected by CD59, a membrane-
bound glycoprotein that inhibits MAC forma-
tion by blocking the aggregation of C9.

. Complement protein C3b aids in the opso-

nization (phagocytosis) process by serving as
an opsonin, which binds to microbes.
Phagocytes (macrophages and neutrophils)
express the C3b receptor (CD35) which binds
to the opsonin-coated microbes for engulf-
ment. The opsonization process can be
enhanced several-fold when both antibody
and C3b coat the target pathogen as an
opsonin.

. Complement protein by-products C3a, C4a,

and C5a also serve as anaphylatoxins. They
induce the release of soluble inflammatory
mediators such as histamine to increase mem-
brane permeability, smooth muscle contrac-
tion, and diffusion of inflammatory cells such
as neutrophils and macrophages. C5a acts as a
chemoattractant for neutrophils at the site of
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Fig. 3.24 Complement
activation through
alternative pathway

Properdin binds
& stabilizes the

Factor |l inhibits
C3bBb protease

Fig. 3.25 Diagram
showing the insertion of
MAC (membrane attack
complex) into the
plasma membrane

Membrane attack
complex (MAC)

inflammation thus facilitating increased antigen—antibody complex is rapidly cleared
clearance of the pathogens from the site of from the body by phagocytes, thus preventing
infection. ill effects of the antigen—antibody complex.

4. Complement proteins also aid in the phago-
cytic clearance of immune complexes.
Antigen—antibody complexes formed during Control of Complement Activation
immune response may be trapped in a variety
of organs/tissues including the kidneys result-  Activation of complement and resulting by-
ing in pathological consequences such as products are able to eliminate pathogens from the
glomerulonephritis. Since the complement host; however, activation can also cause collateral
system enhances phagocytic activity, the damage to the nearby host cells. If C3b binds to
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the host cells, those cells become the target of
phagocytic cells causing cell/tissue damage. In
addition, the MAC can cause host cell damage. As
a protective measure, the host cells carry surface
proteins which prevent C3b from binding to host
cells. For example, the C3bH formed during the
alternative pathway of activation allows degrada-
tion of C3b by protein I that in turn prevents the
formation of C3bBb. In addition, the host cells
contain sialic acids, and C3b does not bind to sialic
acid. However, some bacteria take advantage of
the situation by producing a capsule that contains
sialic acid, thus preventing C3b from binding to
self and phagocytic killing. Mannose-binding pro-
tein also prevents activation of complement. Some
bacteria express mannose on their surface, thus
preventing complement activation. Macrophages
produce IL-6, which can activate liver cells to pro-
duce mannose-binding protein, which binds to
mannose on the bacterial surface. This alters the
configuration and can activate complement.

Immunity to Microbes

The principal physiological function of the
immune system is to protect the host against
pathogenic microbes such as extracellular bacte-
ria, intracellular bacteria, viruses, and parasites.
Important characteristics of immune response to
microbes are as follows. (1) Defense against
microbes is mediated by both innate and adaptive
immunity. (2) Different types of microbes stimu-
late distinct populations and subpopulations of
lymphocytes. (3) Survival of microbes in the host
or progression of the disease depends on their
ability to evade the immune system. (4) Tissue
injury and disease related to infection are caused
primarily by the overt host response rather than
the microbe itself.

Extracellular Bacteria

Extracellular bacteria replicate outside the host
cells, i.e., in circulation, interstitial space, and the
lumen of the respiratory and the intestinal tracts.
Examples of extracellular bacteria are

Clostridium, Staphylococcus, Bacillus,
Streptococcus, Escherichia coli, and Vibrio spe-
cies. Pathogens cause disease by inducing inflam-
mation or by the direct action of toxins or
enzymes that they produce.

Inflammation

Bacterial cells provoke inflammation that results
in tissue destruction and an influx of neutrophils
and macrophages at the site of infection. During
inflammation, complement activation takes
place, and cytokines are produced by macro-
phages. Enzymes and toxins released from the
dead neutrophils and macrophages at the site can
directly cause cell injury and tissue damage
resulting in suppurative infection characterized
by pus formation. Three cardinal signs of inflam-
mation are redness, swelling, and pain: (1)
increased blood supply to the site of infection
causes “redness,” (2) increased capillary perme-
ability and fluid accumulation result in swelling,
and (3) recruitment of neutrophils and macro-
phages by chemoattractant C5a results in tissue
injury that invokes pain.

Toxins

Exotoxins are protein toxins that are secreted by
the microbes and cause diverse pathological
effects resulting in cell injury or cell death (see
Chap. 4). Shiga toxin and diphtheria toxin inhibit
protein synthesis. Botulinum toxin blocks neu-
rotransmitter release. Cholera toxin stimulates
cAMP synthesis resulting in Cl~ secretion and
H,O loss. Endotoxins are bacterial components,
such as LPS and PGN, and are called pyrogens
because they induce fever in the host. Pyrogens
stimulate the release of cytokines, IL-1 and TNF-
a, activate B cells, and act as an adjuvant to stim-
ulate macrophages to produce more cytokines.
These cytokines induce fever, decrease smooth
muscle  contraction, increase  membrane
permeability, lower blood pressure, and under
severe conditions can prompt septic shock and
death.
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Innate Immunity

The innate immune response against extracellu-
lar bacteria is spontaneous and is mediated by
immune cells and cytokines. (1) Neutrophils,
monocytes, and tissue macrophages actively
phagocytose bacteria. (2) Complement is acti-
vated via the alternative pathway or mannose lec-
tin pathway by bacterial peptidoglycan or
mannose-binding lectin. The complement activa-
tion by-product C3b enhances opsonization,
while MAC induces cell lysis. (3) LPS or PGN
activates macrophages to produce inflammatory
cytokines TNF-a, IL-1, and IL-6, which in turn
activate neutrophils and macrophages for
enhanced bacterial clearance. These cytokines
also induce a fever to retard bacterial growth or
may induce “septic shock” or “endotoxin shock™
leading to fatal consequences.

Adaptive Immune Response

The adaptive or specific immune responses
against extracellular bacteria are mediated by cell
wall components and the exotoxins, which are
summarized below:

1. In the specific immune response, cell compo-
nents (i.e., LPS and PGN) act as T-independent
antigens and activate B cells to produce spe-
cific IgM. Antigen-mediated specific T-cell
activation results in specific cytokine release,
which is responsible for isotype switching to
produce specific immunoglobulin class (IgG,
IgA, IgE).

2. Exotoxins are T-dependent antigens and are
processed by APC (macrophages, B cells) and
presented via MHC class II molecules to acti-
vate CD4* T cells and B cells for cytokine and
antibody production, respectively. Certain
toxins act as superantigens, which induce T
cells to produce increased cytokines in the
absence of antigen processing and classical
MHC presentation leading to toxic shock syn-
drome (TSS). For example, staphylococcal
enterotoxin B (e.g., SEB) binds to MHC class
II molecule on the macrophages directly. This

MHC-SEB complex interacts with T-cell
receptor and activates CD4* T cells to produce
copious amounts of IFN-y, which in turn
induces and enhances MHC expression on
many cell types, antigen (SEB) presentation,
and cytokine production by macrophages
leading to toxic shock syndrome.

3. Antibodies (IgG and IgM) help in the opso-
nization of pathogens, neutralization of tox-
ins, and activation of complement via the
classical pathway. The activation by-products
C3b and MAC cause increased phagocytosis
and cell lysis, respectively.

Evasion of Imnmune System
by Extracellular Bacteria

In order to cause a successful infection, bacteria
must be able to evade the immune system. Indeed,
they have developed various strategies to achieve
that.

1. Antigenic variation is an important strategy
for some microorganisms such as Salmonella
enterica, Haemophilus influenzae, and E. coli.
Bacteria use surface molecules such as pili,
fimbriae, flagella, or other surface proteins for
adhesion and colonization; however, genetic
variation in bacterial surface molecules may
preclude recognition by the antibodies previ-
ously produced against the same organism.

2. Some bacteria (Bacillus anthracis, B. cereus,
and Pneumococcus spp.) exhibit antiphago-
cytic mechanisms. They express capsules
made of sialic acid and hyaluronic acid, both
of which are also present in host cell mem-
brane and prevent binding of C3b. As a result,
these bacterial cells are not recognized by
macrophages for destruction.

3. Sialic acid component of the capsule also
inhibits complement activation and helps
evade pathogen inactivation.

4. Some bacteria (Staphylococcus —aureus,
Streptococcus pyogenes) cover themselves
with host antibody leaving the immune sys-
tem unable to recognize them as foreign. S.
aureus produces protein A, and S. pyogenes
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produces protein G which binds IgG at the Fc
domain masking the bacteria from macro-
phages even though they carry a receptor for
Fe.

5. Some bacteria such as Streptococcus pneu-
moniae, Haemophilus influenzae, Neisseria
gonorrhoeae, and Neisseria meningitides pro-
duce IgA-specific proteases that degrade these
antibodies.

Intracellular Bacteria

Several foodborne pathogens maintain an intra-
cellular lifestyle as part of their infection strat-
egy. After binding to a specific host cell receptor,
intracellular bacteria modulate signaling events
resulting in cytoskeletal rearrangement and facil-
itating their own entry (induced phagocytosis).
Bacteria trapped inside a phagosome either
escape by lysing the vacuolar membrane or pro-
duce effector molecules that sustain their intra-
cellular life cycle. They either spread from cell to
cell or induce apoptosis leading to host cell lysis
as part of their pathogenic mechanism. Examples
of intracellular foodborne bacterial pathogens are
Listeria monocytogenes, Yersinia enterocolitica,
Shigella spp., and Salmonella enterica.

Innate Immunity

Innate immunity including gastric acid, bile, anti-
microbial peptides, mucins, and natural micro-
flora provide some protection; however, many
pathogens are resistant to those. Therefore, the
innate immunity is less effective. Furthermore,
phagocytes (macrophages and neutrophils) are
also less effective since bacteria are resistant to
degradation by lysosomal degradative enzymes.

Adaptive Immunity

The humoral immune response has limited con-
tribution toward protection since the bacteria are
mostly localized inside the host cell; thus, the
cell-mediated immunity provides the most effec-

tive protection. However, it is important to point
out that despite the lack of protection by humoral
immunity, antibodies against bacterial antigens
are found in the serum, thus indicating that the
antigens are processed and presented by MHC
class II pathways for response by CD4" T cells
and B cells. Furthermore, the bacterial antigen—
antibody complex can activate complement
through the classical pathway and can contribute
toward adaptive immunity. The properties of
adaptive immunity are as follows:

1. Cell-mediated immunity (CMI) is the major
protective immune response against intracel-
lular bacteria, where CD8* T cell acts as the
primary effector cell. These cells recognize
the infected target cells expressing antigens
on their surface in association with MHC
class I molecule.

2. Macrophages activated by T-cell-derived
cytokines such as IFN-y also play an impor-
tant role by promoting active phagocytosis of
bacteria.

3. In some cases, the host induces granuloma
(nodule or polyp) formation to contain the
infective agent from spreading, which is seen
in  chronic  infections caused by
Mycobacterium, Histoplasma, and some mold
species. There is an onset of a delayed type of
hypersensitivity reaction (DTH) to these
infections. Both CD4* and CD8* T cells
respond to the soluble protein antigens and
intracellular bacterial antigens, respectively.
Following activation, these cells secrete TNF
and IFN-y, which activate vascular endothe-
lial cells, which in turn recruit neutrophils,
lymphocytes, and monocytes. IFN-y also acti-
vates macrophages, which convert them into
epithelioid or giant cells for enhanced elimi-
nation of pathogens. If the antigen stimulation
continues to persist, macrophages are chroni-
cally activated to secrete additional cytokines
and growth factors, which help recruit fibro-
blast cells to encase the bacteria-containing
cells to form a protective nodule called a
“granuloma.” These nodules of various sizes
are characteristic for many diseases including
tuberculosis and histoplasmosis.
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Evasion of Immune System
by Intracellular Bacteria

Intracellular bacteria utilize various strategies
that allow them to maintain intracellular
lifestyle.

1. Some bacteria (example, Mycobacterium)
inhibit phagolysosomal fusion, thus protect-
ing the bacteria from toxic lysosomal
contents.

2. Escape from phagosome: Listeria monocyto-
genes secretes a hemolysin that forms pores in
the phagosome to help bacteria escape into the
cytoplasm before phagolysosomal fusion
takes place, thus averting degradation by lyso-
somal contents. Furthermore, hemolysin also
blocks antigen processing, and Listeria anti-
gens are not presented on the surface by MHC
class I molecule for recognition by T cells.

3. Intracellular bacteria such as Listeria monocy-
togenes, Salmonella enterica, Yersinia spp.,
and Shigella spp. are capable of scavenging
reactive oxygen species to avert toxic effects
of oxygen radicals. Superoxide dismutase
(SOD) inactivates toxic “O” radicals. Bacterial
catalase breaks down toxic H,O,.

4. Intracellular bacteria have antiphagocytic
activity. For example, Yersinia enterocolitica
outer membrane proteins such as YopE has
antitoxin activity, YopH has tyrosine phospha-
tase activity, and YpkA blocks signaling path-
way that is required for phagocytosis.

5. Intracellular localization also prevents the
bacteria from being seen by the immune
system.

Immunity to Virus

Viruses are obligatory intracellular pathogens,
which upon entry replicate inside the host cell.
Viral surface proteins first bind to a host cell
receptor leading to entry into the cell. Inside the
cell, viral nucleic acid replication, protein synthe-
sis, nucleic acid packaging, and matured virion
synthesis take place. Upon host cell lysis, newly
developed virions are released and proceed to

infect neighboring cells (see Chap. 6). Viral pro-
teins also block host cell protein synthesis and
thus may induce host cell death showing charac-
teristic cytopathic effects. Many viruses infect
immune cells as their primary target. For exam-
ple, HIV-I binds to CD4 molecule on helper T
cells and then enter the cell eventually leading to
acquired immune deficiency syndrome (AIDS)
when the infection has resulted in substantial loss
to the Th population. Epstein—Barr virus (EBV)
binds to type 2 complement receptor (CR2) on B
cells and causes infectious mononucleosis. It is
also associated with Burkitt lymphoma and other
carcinomas. Rhinovirus binds to intercellular
adhesion molecule (ICAM) and causes inflamma-
tion of the nasal passages. SV40 (simian virus)
binds to MHC class I to enter cells and causes
cancer in the monkey.

Innate Immunity

Innate immunity against virus infection is multi-
faceted. (1) Virus infection stimulates the produc-
tion of type I interferon (both IFN-o and IFN-f3)
from infected cells, which inhibits viral replica-
tion by creating the “antiviral state” discussed
earlier. (2) NK cells can kill or lyse a variety of
virally infected cells. Moreover, the type I inter-
feron enhances NK activity. (3) Viral protein can
activate complement cascade in the alternative
pathway and the complement by-product, C3b,
can enhance phagocytosis.

Adaptive Immunity

Both humoral and cell-mediated immunity (CMI)
are important in protecting the host against viral
infection. During the humoral immune response,
the antibody is produced against the viral enve-
lope or capsid proteins, which are responsible for
binding to host cell receptor. Antibodies are gen-
erally very effective in the initial stage of viral
infection. Circulating antibodies bind viral sur-
face proteins and block the viral interaction and
entry into the host cells. On the mucus mem-
brane, sIgA plays an important role since they are
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abundant in the mucus of respiratory and the
digestive tract, which serves as a primary portal
for viral entry. Antibody-dependent immune
responses are as follows. (1) Antibody—viral par-
ticle complex can help enhance phagocytic clear-
ance by macrophages from the blood circulation
by opsonization. (2) Antiviral antibody forming a
complex with a viral antigen can activate comple-
ment through the classical pathway and promote
phagocytosis. (3) Humoral immunity against
viral antigens is used as a prophylactic vaccine to
protect the host from future infections. Attenuated
or killed virus generates circulating antibodies in
serum that prevent viral binding to host cells dur-
ing a later exposure. Current vaccination strategy
embraces the induction of mucosal immunity
since many foodborne viruses (hepatitis A, noro-
virus, and rotavirus) use intestinal mucosa as the
site of entry to initiate infection.

Though the antibodies are important protec-
tive components of immunity to viruses, they
may not be fully effective since viruses hide
inside the cells. Therefore, CMI provides the
most protection. The principal mechanism of
specific immunity against viral infection is the
generation of cytotoxic T cells (CD8* T cells).
These cells recognize endogenously synthesized
viral proteins in association with MHC class I
molecules on the surface of target cells and
destroy them by producing pore-forming cytoly-
sins (perforin and granulysin).

Evasion of Immune System by Viruses

Viruses use several strategies to overcome
immune system. The most important of all is
their intracellular life cycle and utilization of host
cell machinery for replication and spread, in
which immune effector cells are unable to find
them. Antigenic variation is also an important
characteristic. There are a large number of sero-
logically distinct strains present which show
huge antigenic variations in their proteins.
Therefore, protective antibodies or vaccine is
ineffective. This characteristic is most important
with influenza virus (flu virus) in which the
genetic variation is very common. In addition,

some viruses directly infect immune cells and
cause immune suppression. For example, influ-
enza and rhinovirus suppress the immune system,
HIV-I diminishes CD4* T cell populations, and
EBYV inhibits production of IL-2 and IFN-y.

Immunity to Parasites

Many of the foodborne protozoan species (see
Chap. 7) cause chronic disease where the natural
immunity is weak and less effective. Protozoan
species such as  Giardia, Entamoeba,
Cryptosporidium, and Cyclospora invade intesti-
nal cells and cause massive damage to the site of
infection leading to diarrhea, which may be
bloody and mucoid. Helminths such as Trichinella
and Taenia species (tapeworms) invade liver and
muscle tissues and cause inflammation resulting
in chronic infection. During chronic infection,
the clinicopathologic consequences are mostly
due to the host response to the parasites.

Innate Immunity

Acid, mucus, bile, antimicrobial inhibitors, resi-
dent microbiota in the gastrointestinal tract, com-
plement, and phagocytic cells play important
roles in antiparasitic immunity. Complement is
activated through the alternative pathway and
results in the formation of MAC, which causes
lysis of parasites. Many parasites are resistant to
phagocytic killing since they are capable of repli-
cating inside the macrophage. Parasites also
induce inflammation and recruit polymorphonu-
clear cells, macrophages, dendritic cells, and
neutrophils.

Adaptive Immunity

Adaptive, or specific, immunity to parasites is
effective and is mediated by both humoral and
CML. In humoral response, IgE plays an impor-
tant role. Parasitic antigens are presented on the
surface of APC and are recognized by CD4* T
cell, which produces IL-4 and IL-5. IL-4 also
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promotes IgE production from B cells, and IL-5
recruits eosinophils. The IgE-bound parasite
complex is then recognized by eosinophils via
receptor FceR, and consequently, the parasite is
destroyed by toxins (peroxidase, cationic protein,
reactive  oxygen species) produced by
eosinophil.

Parasites also induce granuloma formation,
which is seen in infection caused by Trichinella.
During infection, both CD4* and CD8* T cells
are activated, and they produce cytokines that
recruit macrophages and fibroblasts. Fibroblast
cells help encase the infective agents resulting in
the formation of granulomas. CMI also induces
DTH response. Trichinella (roundworm) eggs
cause liver cirrhosis when deposited in the hepa-
tocytes. Schistosoma mansoni, a waterborne par-
asite (flatworm), form granulomatous polyps in
the nasal passage in herbivores and anal polyps in
humans. Cytotoxic T cells (CD8") destroy host
cells that carry intracellular protozoa and serve as
the primary effector component of the CMI.

Evasion of Immune System
by Parasites

Parasites also use numerous strategies to evade
the immune system. (i) Protozoa grow intracel-
lularly leaving them inaccessible to immune
cells. This strategy is called “anatomic conceal-
ment.” Some parasites develop cysts (example,
Trichinella) that are not detected by immune
cells. (ii) Some parasites mask themselves with a
coat of host cell proteins on the surface. For
example, Schistosoma mansoni larvae coat them-
selves with ABO blood group antigens and MHC
molecules before they reach the lungs masking
them from host immune cells. (iii) Some para-
sites (e.g., Entamoeba histolytica) spontaneously
shed antigen coats after binding to the antibody
and thus are not recognized by phagocytic cells.

Summary

To understand the pathogenic mechanism of
microbial infection, one has to have a clear
knowledge of immune response, both innate and

adaptive, that are in place to protect the host
against infective agents. Microbial dominance
results in the disease, while successful host
response averts the full-blown infection.
Foodborne pathogens affect primarily the diges-
tive system; therefore, the natural immunity of
the gastrointestinal tract is the most important
protective immune response. Moreover, the onset
of symptoms for some diseases (i.e., intoxica-
tion) is very fast — appearing within 30 min to an
hour. Thus, protection by adaptive immune
response would have little impact since it is slow
to develop, typically requiring 4-7 days.
However, the adaptive immune response is essen-
tial for foodborne pathogens that have a pro-
longed incubation time and are responsible for
systemic infection such as Listeria monocyto-
genes, Shigella spp., Campylobacter spp.,
Salmonella enterica, Yersinia spp., hepatitis A
virus, Toxoplasma gondii, Trichinella species,
and so forth. In innate immunity, gastric acids,
bile, mucus, antimicrobial peptides, natural
microflora, macrophages, neutrophils, NK cells,
interferons, and complement proteins play a criti-
cal role. In the adaptive immune response, T and
B lymphocytes produce cytokines and antibod-
ies, respectively. CD4* T cells are most important
for protection against extracellular bacterial
infections and their exotoxins, while CD8* T
cells are involved in the elimination of intracel-
lular bacterial, viral, and parasitic infective
agents. Antibodies neutralize pathogens or toxins
by preventing them from binding to the host cell
receptors, so they become the target for elimina-
tion by macrophages and neutrophils. An anti-
body—antigen complex also activates complement
for inactivation of pathogens via opsonization.
However, the immune system sometimes fails to
protect the host. It is because pathogens have
developed strategies to overcome immune
defense by producing virulence factors that
ensure their invasion, survival, replication, and
spread inside the tissues. It is important to recog-
nize that the pathogenic action by foodborne exo-
toxins is very quick and the host has literally no
time to mount any immune response; thus, a
majority suffers from this form of food poisoning
(intoxication) irrespective of their health status or
immune response.
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General Mechanism
of Pathogenesis

Introduction

The diseases caused by foodborne pathogens are
classified into foodborne infection, foodborne
intoxication, and foodborne toxicoinfection, and
each is described in detail below (Fig. 4.1). The
primary vehicle of transmission of foodborne
pathogens is food and water. The oral route is the
main portal, and the primary site of action is the
gastrointestinal (GI) tract. The GI mucosa com-
prises of epithelium, lamina propria, and a thin
layer of smooth muscle, and it is the major site of
interaction for foodborne pathogens. Most food-
borne microorganisms cause localized infection
and tissue damage, while others spread to the
deeper tissues to induce systemic infection. For a
successful enteric infection, several factors must
work cooperatively in a host. Due to the presence
of multiple protective barriers in the GI tract,
generally, a high dosage is required to cause dis-
ease compared to the other routes of infection,
such as intravenous, intranasal, or intraperito-
neal. Besides, pathogens can transfer via direct
contact with an animal or a human and from envi-
ronments (soil, air) or from an arthropod vector.
Once inside the host, the pathogen must survive
in the changing environment, multiply and prop-
agate, and avoid the host immune defense.
Pathogens must find a suitable niche for coloni-
zation, which is facilitated by adhesion factors,
invasion factors, and chemotaxis. For example,
bacterial affinity for iron propels the organism
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toward the liver, which is rich in iron bound to the
transferrin protein. Bacterial cell envelope con-
sisting of the capsule can help bacterial survival
in the hostile environment, as the capsule protects
the bacterium from being engulfed by profes-
sional phagocytic cells. In addition, bacterial tox-
ins and enzymes protect the cells from elimination
by the host immune system. The presence of
commensal bacteria in the site of infection can
also assist the invading bacterium to find a niche.
For example, in the case of “wound botulism,”
aerobic bacteria first enter the wound, grow and
multiply, and utilize oxygen to create an anaero-
bic microenvironment. As the wound closes from
the action of blood clotting and fibroblast cell
accumulation, Clostridium botulinum, an obli-
gate anaerobe transmitted to the wound through
sharp object or dust, now has a favorable niche
for growth and toxin (botulinum) production.
Patients show a typical sign of botulism, a neuro-
paralytic disorder. Pathogens also damage the
host tissues and cells by using exotoxins, endo-
toxins, or enzymes that induce cell death by
apoptosis or necrosis and promote bacterial sur-
vival, multiplication, and propagation.

Foodborne Infection
Foodborne infection is committed by intact living

microorganisms, which must enter the host to
cause infection. Following ingestion of food or
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4 General Mechanism of Pathogenesis

Pathogen

Food contamination with virus or
parasite (no growth)

Food contamination with
bacteria or molds (growth)

Ingestion of toxin Ingestion of live cells

Ingestion of live cells followed
by toxin production

Fig. 4.1 Flow diagram showing the various forms of foodborne diseases

water, microorganisms pass through the acidic
stomach environment and move to the intestine,
where they attach and colonize using adhesins,
fimbriae (pili) or colonization factor antigens
(CFA), curli, and flagella. In some pathogens, the
ability to form biofilm may aid in pathogen colo-
nization in the intestinal tissues. Invasive patho-
gens can cross the epithelial barrier through
phagocytic M cells located in the lymphoid fol-
licles or Peyer’s patches — a passive entry mecha-
nism (Fig. 4.2). Invasive pathogens also can
translocate across the intestinal barrier by an
active invasion process through intracellular
route and/or disrupted epithelial tight junction
barrier through paracellular route. Some micro-
organisms cause local tissue damage and induce
inflammation, while others spread to the lym-
phoid system including mesenteric lymph nodes
(MLN) and other extraintestinal sites such as the
liver, spleen, gall bladder, kidney, brain, and pla-
centa. Foodborne infection can be acute or
chronic. In acute infection, the onset of a disease
is quick and lasts only for a short duration due to
a rapid immunological clearance of the microor-
ganism. In chronic infection, the disease is pro-
longed and the immune clearance is not effective.

Often, the prolonged infection is perpetuated by a
strong immune response mounted by the host
rather than the infective agent itself, such as seen
in chronic shigellosis cases leading to chronic
bacillary dysentery. Patients recovering from a
foodborne infection may shed the organism for a
prolonged period — observed in salmonellosis, in
hepatitis A, and in Norovirus infection. Some
foodborne infections may lead to chronic debili-
tating sequelae such as Reiter’s syndrome, reac-
tive arthritis, Guillain—Barré syndrome and
Miller Fisher syndrome.

Infectious Dose

The infectious dose of a pathogen or toxin varies
depending on the immunological health status of
the host and the natural infectivity of the microor-
ganism (Table 4.1). The infectious dose decreases
if the pathogen 